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General Introduction

NANOTECHNOLOGY AND NANOMATERIALS: DEFINITIONS

Nanotechnology is an emerging technology that rapidly evolved in the past decades. It
includes the synthesis, production and utilization of materials, devices and systems in the
nanometre range (Prajitha et al. 2019; Benelmekki 2015; Vance et al. 2015; Bouwmeester et
al. 2009). Manipulations and size reductions of materials into the nano-scale (10° m), created
materials with novel physicochemical properties that are called nanomaterials which are
further developed into new and diverse applications (Benelmekki 2015; Chaudhry et al. 2008).
Nanomaterials (NMs) are defined as “a natural, incidental or manufactured material
containing particles, in an unbound or aggregate or agglomerate state and where, for 50% or
more of the particles in the number size distribution, one or more external dimensions is in the
size range of 1 nm to 100 nm” (EU 1169/2011). The particles in a nanomaterial with one or
more external dimensions in the size range of 1 nm to 100 nm are referred to as nanoparticles
(NPs). The implementation of these definitions into practice remains challenging where
competent analytical and detection methods are required to identify and quantify the NMs

and NPs (Rasmussen et al. 2019; Boverhof et al. 2015; Bleeker et al. 2013).

SAFETY CONSIDERATIONS OF NPS

It is most likely that most human exposure to NPs results from unintentional exposure.
A common route of human exposure to NPs is the presence of the NPs in the food production
chain (Jeevanandam et al. 2018). For example, the study of Gatti et al. in which 86 wheat
breads and 49 wheat biscuits from 14 different countries were analysed, revealed that 40% of
the samples analysed contained micro- and nanoparticulate contaminants of several elements
including silver (Gatti et al. 2008). Besides, there is an increasing number of commercially
available products that contain NPs intentionally e.g. clothing, textiles, cosmetics, electronics
and food packaging which adds up to the total human exposure to NPs (Bouwmeester et al.
2014; Duran and Marcato 2013; Chaudhry et al. 2008). In food related applications, NPs like
Ag, zinc oxide (Zn0O) and magnesium oxide (MnQO) NPs are used in packaging materials because
of their antimicrobial properties (Cao et al. 2016; Chaudhry et al. 2008). While titanium dioxide
(TiO2) and silica (SiO2) NPs, registered food additives in the EU under E numbers E171 and

E551, respectively, are used as colorants, thickeners, anticaking agents and carriers for
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fragrances and flavours (Peters et al. 2020; McClements and Xiao 2017; Higashisaka et al.

2015).

The utilization and inclusion of NPs in different products and applications that are used
daily by the consumers have increased the concerns over the safety of the NPs and their
potential to induce adverse health effects (Boverhof et al. 2015; Drake and Hazelwood 2005;
Oberdoérster et al. 2005). Consequently, an increased number of studies and projects have
commenced to study and identify the potential hazards associated with the use of NPs which
became later on the core focus of the emerging field of nanotoxicology (Oberdérster 2010;

Buzea et al. 2007).

APPROACHES TO CHARACTERIZE NPS IN TOXICOLOGICAL STUDIES

Soon it was realized that toxicological studies with NPs require a stringent
characterization of the NPs that are used in the experiments. This implies a sound
characterization of the NPs and consideration of this characterization in terms of the observed
effects on cells and organisms. Given the diversity of NPs’ properties that could be considered,
several analytical techniques have been explored and developed for this purpose (Lopez-
Serrano et al. 2014). The suitability of different analytical approaches has been extensively
studied and reviewed elsewhere (Abdolahpur Monikh et al. 2019a; Mattarozzi et al. 2017).
The analytical techniques that have been used for the work described in this thesis are

described briefly hereafter.

Dynamic light scattering (DLS)

DLS was developed decades ago and many DLS instruments are widely available and
used nowadays for particle size and size distribution measurements as a function of light
scattered by the NPs in homogenously dispersed suspensions (Langevin et al. 2018; Ramos
2017). The polydispersity index (PDI) is an important output from the DLS measurement which
characterizes the width of the NPs size range. The size of the NPs measured by DLS does not
represent the size of the NPs core, it represents what is called the hydrodynamic size which
reflects the size of the NPs including the core, as well as other molecules surrounding the core

and that move with it (Babick 2020; Ramos 2017).
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DLS seems to be a versatile method, but if it is used to measure the sizes of NPs in a
suspension it must be carefully performed. Notably, applying DLS to NPs in biological media
that contain complex ingredients like proteins or the presence of NPs
aggregates/agglomerates in a suspension can create a measurement bias in terms of reported
size distributions of the NPs. Also, DLS-based size measurements are based on the assumption
that the NPs are spherical which adds complexity for analysis of non-spherical NPs (Mattarozzi
et al. 2017). Still, DLS is a sensitive and non-invasive method that offers one of the most
practical and fast ways to study the size distribution of NPs of different types of materials

(Babick 2020; Sakho et al. 2017).

Transmission electron microscopy (TEM)

TEM has evolved over many years to be one of the highly sophisticated instruments that
has widespread applications in several disciplines. The capability of TEM to capture high
resolution images of surfaces has been utilized in the field of nanotoxicology to determine the
size, shape and morphology of the NPs even when localized and distributed within cells or
tissues (Mihlfeld et al. 2007). Sometimes, the capability of TEM to distinguish between the
NPs and cellular organelles is a challenge requiring the use of complementary methodologies
such as X-ray energy dispersive spectroscopy (EDS) or electron energy-loss spectroscopy
(EELS) which generate additional information on the compositional distributional of the NPs
(Su2017; Mihlfeld et al. 2007). TEM imaging provides high resolution characterization of NPs
but at the same time requires considerable resources and experience for sample preparation

and well-trained operators.

Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS and its variants have emerged as powerful analytical approaches of high
sensitivity and precision in detecting and quantifying inorganic materials and they are now
being used extensively also in toxicological studies with NPs (Auffan et al. 2014; McTeer et al.
2014; Au et al. 2010). Among the variants of ICP-MS, the development of single particle (sp)
ICP-MS was shown to be a very powerful and advantageous approach for NPs detection and
measurement in toxicological studies. Using spICP-MS, the size, mass and number-based size

distribution of metallic NPs can be calculated. spICP-MS can quantify NPs at low concentration
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without prior separation of NPs from their dissolved ions (e.g. ICP-MS and atomic absorption
spectroscopy) (Goenaga-Infante and Bartczak 2020; Abdolahpur Monikh et al. 2019b; Ding et
al. 2018; Weigel et al. 2017; Hsiao et al. 2016; van der Zande et al. 2016; Peters et al. 2015).
This analytical approach has been extensively used for the work described in this thesis on

silver (Ag) NPs.

PHYSICOCHEMICAL PROPERTIES OF NPS

A solid description and characterization of the physicochemical properties of NPs are of
importance to understand the toxicological behaviour of NPs. It is well established that the
(biological) environment that the NPs encounter affects several of the physiochemical
properties of the NPs such as surface chemistry, charge and dissolution rate (Casals et al. 2017;
Bouwmeester et al. 2011a; Park et al. 2011; Oberdorster et al. 2005). A selected number of

these properties that are of main importance for the work of this thesis are described briefly.

Size

The size of the NPs is considered one of the important parameters influencing the
cellular uptake and internalization of the NPs (Sun et al. 2017; Varela et al. 2012). It is
important to realize that NPs do not have a single size but come with a size distribution which
is an inherent consequence of the synthesis of NPs. In case a material of a certain size is
produced, great care is taken by manufacturers of NPs to minimize the size distribution within

a batch of NPs, but some variability in NP sizes is always present.

An important question is whether the size of NPs has a consequence for their ability to
be taken up by cells or not. It is suggested that the optimal particle diameter for in vitro cellular
internalization of spherical NPs is 50 nm while NPs of smaller (15 — 30 nm) or bigger (70 — 240
nm) sizes tend to have lower cellular internalization (Foroozandeh and Aziz 2018; Wang et al.
2010). But no scientific consensus has been reached on this matter, as other studies estimated
a different size range to be the optimum for cellular internalization. This includes for example
studies exposing human cervical cancer cells to spherical gold (Au) NPs with sizes of 14, 30,
50, 74 and 100 nm reporting an optimum range for cellular uptake of 50 — 74 nm (Zhang et al.

2009; Chithrani et al. 2006). An even larger optimum size for cellular uptake has been found

12
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following exposure of cells to polystyrene (PS) NPs with sizes of 50, 100, 200, 500 and 1000
nm which pointed towards the 100 nm PSNPs as the ones that were internalized most readily
(Yin Win and Feng 2005). These discrepancies clearly illustrate that it is difficult to define a
straightforward relation between size and cellular internalization. Most likely other properties
of the NPs, such as the chemical composition, surface chemistry or charge, interfere with the

ability of NPs to be taken up by cells.

Surface chemistry and charge

Other important properties of the NPs that influence their biological interactions are the
surface chemistry and surface charge. Changing the surface charge of the NPs influences the
colloidal properties of NPs, which amongst others, could result in aggregation (Kadiyala et al.
2010). The surface charge also influences the interaction of the NPs with other molecules and
proteins in the biological fluids (Behzadi et al. 2017). Furthermore, several studies, using
different in vitro cellular models, have reported that the surface charge of the NPs (positive,
neutral or negative) influences their cellular internalization, toxicity and bioavailability (Nagy

etal. 2011; Asati et al. 2010; He et al. 2010; Villanueva et al. 2009).

The effect of the NPs surface chemistry on toxicity can be illustrated using the example
of SiO2 NPs. The SiO2 NPs can be relatively easily functionalized with different chemical
structures. The introduction of very reactive silanol functional groups on the surface of SiO;
NPs renders them to be very toxic to the macrophages, while this toxicity was significantly
reduced when aminopropyltriethoxysilane (APTES) groups were attached on the SiO, NPs’
surfaces (Lehman et al. 2016). Examples of the influence of other functional groups on the
surface of NPs and the consequences for interactions with cells have been described

elsewhere (Zhao et al. 2019).

Protein corona

An additional tier of complexity is added upon the contact of NPs with
biological/physiological media where different proteins and biomolecules can be adsorbed
onto the surfaces of the NPs forming a so-called protein corona (Riediker et al. 2019; Monopoli
et al. 2012; Lesniak et al. 2010). It was found that the NPs protein corona can influence the

biological and toxicological interactions of the NPs (Nath Roy et al. 2017; Pederzoli et al. 2017;
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Mirshafiee et al. 2016; Pino et al. 2014; Lesniak et al. 2010; Lynch et al. 2009). For example,
A549 lung cells exposed to SiO; NPs in serum-free medium (to prevent corona formation) had
higher cellular internalization, association and cytotoxicity compared to exposure to the SiO;

NPs under serum-rich conditions (Lesniak et al. 2012).

Not only the presence of the protein corona has an effect on the biological interactions
and effects of the NPs, but also the composition of the corona affects these characteristics
(Tedja et al. 2012). Recently, it has been shown that SiO, NPs with a different protein corona
can be recognized by different cell receptors, resulting in different mechanisms of cellular
uptake (Francia et al. 2019). The main protein candidates in the protein corona would be
mainly lung surfactant proteins, serum proteins, or enzymes and food biomolecules
depending on whether the exposure took place via the inhalation, intravenous, or oral route,

respectively (Riediker et al. 2019).

Dissolution

The potential of part of the NPs, especially metal-based NPs, to dissolve is another
property of the NPs that defines their biological interactions and influences their
biopersistence and possible accumulation (Borm et al. 2006). Dissolution and ion release could
take place before, during or after the contact of NPs with biological media, e.g. in stock
suspensions containing NPs or in the cell culture medium used in in vitro cell models (Maurer
et al. 2014; Borm et al. 2006). The dissolution rate of NPs differs between the NPs, as the
dissolution of AUNPs was limited (0.6 -3) (Carlander et al. 2019) while AgNPs were found to
dissolve up to 90% (Kittler et al. 2010) and ZnO NPs (Eixenberger et al. 2017) and CuO NPs (Liu

et al. 2020) can dissolve completely.

Dissolution of NPs is a dynamic process that is influenced by intrinsic properties of the
NPs like the size, surface chemistry or chemical composition and by properties of the
surrounding environment like the temperature, pH, ionic strength, light and presence of
organic components in the suspensions (Misra et al. 2012). The size of the NPs is an important
factor influencing the NP dissolution, as it was found that small AgNPs with a size of 10 nm
dissolved and released relatively more silver ions (Ag*) than the larger AgNPs (40, 50 and 75
nm) (Gliga et al. 2014). Furthermore, the study of Studer et al. demonstrated that the surface

chemistry of the NPs also affects the dissolution of the NPs where coating of metal oxide NPs
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with inert materials (i.e. carbon) reduced their dissolution (Studer et al. 2010). This illustrates
the complexity behind the dissolution behaviour of NPs and the difficulty in identifying a key

parameter ruling the process.

NPs dissolution and ion release can also take place intracellularly upon cellular
internalization. This process of continuous ion release is known as the ‘trojan horse’
phenomenon (van der Zande et al. 2016; Hsiao et al. 2015; Maurer et al. 2014). Several studies
have investigated this phenomenon using in vitro artificial lysosomal fluid, as it is assumed
that the dissolution of NPs happens in the lysosomes where an acidic pH exists. Chao et al.
reported about 90 % dissolution of ZnO NPs within 24 hr incubation in this fluid (Cho et al.
2011). This phenomenon was observed with several metal NPs accompanied by an increase
of the cytotoxicity of these NPs upon their dissolution (van der Zande et al. 2016; Aueviriyavit
et al. 2014; Beer et al. 2012; Vandebriel and De Jong 2012; Bouwmeester et al. 2011b).
Obviously, the cytotoxicity of NPs upon dissolution depends also on the (intrinsic) toxicity of
the ions released (Cho et al. 2011). Clearly, the release of ions upon the dissolution of NPs can
have an important impact on the toxicity of NPs. The dissolution of NPs therefore has
implications for the risk assessment where it should be considered whether the observed

effects relate to the NPs themselves or to the ions released by them.

EXPOSURE TO NPS AND THEIR TOXICOLOGICAL FATE

Humans are exposed to different NPs via different routes e.g. inhalation, dermal and
oral routes (De Matteis 2017; Bouwmeester et al. 2009). Assessing the potential risks
associated with exposure to NPs using animal studies will require high numbers of
experimental animals, especially considering the enormous diversity of NPs that are currently
engineered and developed, which is highly undesirable. Alternatively, applying the principles
of the ‘3Rs’ which stands for reducing, refining and replacing animal in vivo models in the field
of nanotoxicology is currently reducing the number of experimental animals. This is done by
the development of in vitro models to screen for possible adverse effects that might be
induced by the wide diversity of NPs (EFSA Scientific Committee et al. 2018). Consequently,
there is an increasing demand on developing and optimizing reliable and robust in vitro

methods for NPs hazard identification research (Kroll et al. 2009).
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The aim of the present thesis was to investigate the potential of different in vitro
methods combined with advanced analytical techniques as a screening strategy to study the
toxicokinetics and toxicodynamics of NPs. The work described in this thesis was focused on in
vitro models used to study NPs following oral exposure. Several in vitro models have been
used in the current thesis to investigate the cellular uptake and transport (toxicokinetics) of
NPs through different biological barriers (intestinal and placental barriers). Also, the potential
toxicity (toxicodynamics) of these NPs e.g. their cytotoxicity, developmental toxicity, reactive
oxygen species (ROS) generation and genotoxicity were assessed using a battery of in vitro
models combined with advanced analytical techniques. For the current studies, two different
types of NPs were used as model NPs: polystyrene NPs and silver NPs with different sizes and

surface chemistries.

Polystyrene nanoparticles (PSNPs)

PSNPs are polymeric NPs that have been widely utilized in food packaging to improve
the properties such as barrier selectivity, mechanical strength and heat resistance and to
reduce the production costs (Chiu et al. 2015; Lee et al. 2014; Arora and Padua 2010).
Concerns were raised about the potential migration of these PSNPs into food or drinks, which
might put the safety of the food products that are in contact with these PSNPs containing
packages into question (Chaudhry et al. 2008). Apart from their use in packaging materials,
PSNPs represent a good model for NPs because of their high commercial availability in
different sizes and surface modifications, low costs and the flexibility to add fluorescent labels
to facilitate their detection and quantification (Varela et al. 2012). In this thesis PSNPs of
different sizes and surface chemistries were used to assess the importance of these NPs

properties on cellular interactions and effects.

Silver nanoparticles (AgNPs)

AgNPs are among the most produced NPs worldwide and are frequently used in food
related products because of their antimicrobial properties (Vance et al. 2015; Nowack et al.
2011; Bouwmeester et al. 2009). Additionally, the increased use of AgNPs by various other
industrial sectors leads to an increased possibility for AgNPs release into the environment and
subsequent entry into the food production chain where chronic exposure of human to too

high levels of ionic silver might induce argyria in humans (Béhmert et al. 2014; Wijnhoven et
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al. 2009). AgNPs are prone to several physicochemical processes e.g. dissolution,
agglomeration and complexation with ligands present in their environment (Kaegi et al. 2011;
Kim et al. 2010). Upon environmental release or in organisms AgNPs can thus undergo
(dynamic) modifications, which is also called the aging of AgNPs. An important aging process
is the sulfidation of AgNPs, resulting in the formation of silver sulphide (Ag2S) NPs. The
formation of Ag,S NPs can take place involving the original AgNPs directly, or by precipitation
of Ag ions, formed through dissolution of the AgNPs, into Ag,S aggregates in the nano-range
(Thalmann et al. 2014). The stability of Ag,S NPs was found to be high with very low solubility
resulting in Ag2S NPs being the dominant silver species in the environment (He et al. 2019).
Therefore, in this thesis we used Ag»S NPs representing such aged AgNPs next to pristine

AgNPs of different surface chemistries.

In vitro models of digestion

The main physiological function of the human gastrointestinal (Gl) tract is to digest food
into basic components via digestion processes and facilitate the absorption of nutrients. Upon
oral exposure, NPs will encounter very different environmental conditions upon moving
through the Gl tract. The digestion is a very dynamic process with elevated temperature, high
ionic strength and varying pH along the Gl tract (the mouth has neutral pH, the stomach has
very low pH (ranging from 1 to 5, depending on whether the stomach is empty or full) while
the small intestine has neutral pH) which can all significantly influence the dissolution and

aggregation rates of the NPs (Ban et al. 2018; Kastner et al. 2018; Kastner et al. 2017).

In media of high ionic strength and pH close to the isoelectric point of the NPs, the net
surface charge of the NPs tends to be neutral while the high ionic strength will also reduce in
the influence of the repulsive electrostatic double layer (EDL) forces, together enhancing the
effects of van der Waal's (vdW) attraction forces resulting in increased chances of
agglomeration of the NPs. In contrast, in low ionic strength media, the EDL extends from the
NPs surfaces leading to repulsion between the NPs opposing agglomeration (Muraleetharan
et al. 2019). These factors significantly influence the colloidal stability of the NPs and are
explained in the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory (Muraleetharan et al.

2019; Bian et al. 2011).
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In the stomach, the food content is mixed mechanically by peristalsis with gastric juices
and after residing for 1-2 hr the resulting mixture is released into the duodenum where it is
mixed with pancreatic digestive enzymes, bicarbonate and bile from the liver, which
neutralizes the pH of the mixture. Under continuing peristalsis, the final output is pushed
through the intestines and the constituents (for example sugar, amino acids or fatty acids) are
absorbed through the Gl epithelia to enter the portal vein and reach the systemic circulation
upon passing the liver (Pindakova et al. 2017; Barrett 2014; Goodman 2010). The Gl epithelia
also have an important gatekeeper function as the cells form a barrier that prevents and/or

controls the penetration of several substances including NPs (Goodman 2010).

To emulate the in vivo digestive processes, various in vitro models have been developed
with different level of complexity depending on their purpose of use (Egger et al. 2016). These
models are utilized also to characterize the changes that NPs undergo during the digestion
processes (Lefebvre et al. 2015). Digestion models usually include incubation of the NPs in
artificial juices resembling three major steps of the digestion, including the oral, gastric and
intestinal phases (EFSA Scientific Committee et al. 2018; Egger et al. 2016). Several models are
simplified, some are only simulating gastric digestion using a saline buffer at low pH (Mwilu et
al. 2013; Mahler et al. 2009) and others are simulating only the small intestinal conditions
especially when lipid digestion processes are of interest (Li and McClements 2010). Most
advanced models include dynamic digestion, where the shearing, mixing and retention times
within the intact Gl tract are mimicked and completely integrated including feedback controls
of several parameters (e.g. pH and temperature) (Vardakou et al. 2011; Kong and Singh 2010).
For a specific food ingredient or drug related research questions, these dynamic digestion
models offer clear advantages, but these models require costly specialized equipment and
expertise. In addition, the use of tubing raises concerns for NPs research purposes because of
the potential of NPs to adhere to the tubing. Therefore, in this thesis a well described static in

vitro digestion model has been used.

Several static in vitro digestion models have been described in the literature (Van de
Wiele et al. 2015; Van de Wiele et al. 2007; Oomen et al. 2003a; Ruby et al. 1996). In this
thesis, a model that was originally developed by Oomen et al. was used. It incorporates oral,
gastric and small intestinal conditions (Brodkorb et al. 2019; Versantvoort et al. 2005; Oomen

et al. 2003a). It has been used extensively in studies determining the bioaccessibility of orally
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ingested substances e.g. heavy metals (Oomen et al. 2003b), aflatoxin B1 (Versantvoort et al.
2005) and NPs (Peters et al. 2012; Walczak et al. 2012). This static model allows easy sampling
while adequately simulating the main biochemical dynamics in the human Gl tract that might

influence the fate of ingested NPs.

In vitro models of a healthy intestinal epithelial barrier

Besides NP digestion, NP absorption through the intestinal epithelium is also a key
element for the risk assessment of NPs (Lefebvre et al. 2015). In vitro cell models of the
intestinal epithelium gained a lot of attention as an alternative, fast and high-throughput
method for biological barrier permeability screening in studying the toxicokinetics of NPs
(Lefebvre et al. 2015). To mimic the intestinal epithelium, several cell lines are frequently used
e.g. Caco-2 and HT-29-MTX cell lines which form monolayers with tight junctions (Devriese et
al. 2017; Dharmsathaphorn et al. 1984; Polak-Charcon et al. 1978). Among these different cell
lines, cells form the Caco-2 line are the most commonly used intestinal in vitro cell model and
this model is well established for toxicokinetic studies of xenobiotics (Lefebvre et al. 2015;
Chen et al. 2010). However, Caco-2 cells, do not produce a mucus layer which next to its
protective role for the underlying tissues, also represents an efficient acellular barrier for the
oral cavity, the oesophagus, the stomach and the intestine (Frohlich and Roblegg 2012;
Hubatsch et al. 2007).

Therefore, it is of relevance to include a mucus layer in an in vitro model used to study
the potential transport of NPs, which also serves to protect the Caco-2 cells against the
harmful components in the digestive fluids (chyme). This is an important added functionality
when combining an in vitro digestion model with an in vitro transport model as performed in
this thesis. Such a protective mucus layer can be formed in vitro following the co-culture of
Caco-2 cells with the mucus secreting HT29-MTX cells and this combined culture has been
used previously to assess the permeability and transport of NPs e.g. TiO, NPs (Garcia-
Rodriguez et al. 2018) and Fe;O3 NPs (Strugari et al. 2018) (Table 1) and was also used in this

thesis.
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General Introduction

In vitro placental transport models

The transport of NPs via the placental barrier has been investigated in several studies
using an ex vivo model of a perfused human placenta (Juch et al. 2013; Tina Buerki-Thurnherra
2012; Saunders 2009). Although this model maintains the complexity of intact human
placenta, this model has some disadvantages as it is laborious and can only be used for short
exposure conditions (Juch et al. 2013). Furthermore, the placental ex vivo model mainly
corresponds to the late pregnancy stages, which results in difficulties in drawing conclusions

upon early pregnancy exposure to NPs (Juch et al. 2013; Tina Buerki-Thurnherra 2012).

Several in vitro placental barrier models have been developed using human placental
cells, e.g. BeWo, Jar and JEG-3 cells, to study placental transport of different drugs and
substances including NPs (Blazquez et al. 2014; Ikeda et al. 2011; Manley et al. 2005). Among
these different cell lines, the BeWo cells and its b30 subclone are the most commonly used
cell lines to study placental transport. Culturing the BeWo b30 cells on permeable membranes
in transwells where a continuous cell layer is formed results in a model where the maternal
and foetal side are represented by respectively the apical and basolateral compartments of
the transwells (Correia Carreira et al. 2015b; Correia Carreira et al. 2015a; Saunders 2009; Liu
et al. 1997). This model has been used to study the transport of different NPs e.g. 10-30 nm
PEGylated AuNPs (Myllynen et al. 2008), 23-28 nm iron oxide (Fe;03) and SiO, NPs (Correia
Carreira et al. 2015b), 50 and 100 nm PSNPs (Kloet et al. 2015; Cartwright et al. 2012), 140-
289 nm dexamethasone loaded poly lactic-co-glycolic acid (PLGA) NPs (Ali et al. 2013) and 25
and 50 nm rhodamine labelled SiO> NPs (Poulsen et al. 2015) (Table 1). Most of these studies
focused on the effect of the NPs size and material on the potential transport via the in vitro
placental model. In this thesis the BeWo be 30 model was used to study the impact of the
aged AgNPs and surface chemistries of pristine AgNPs on their potential transport via the

placental barrier.

In vitro developmental toxicity models

The ability of the NPs to reach and cross the placenta points towards the potential of
the NPs to reach the foetus making it relevant to consider their potential to induce

developmental toxicity (Riediker et al. 2019; Wick et al. 2010). The data on the potential of
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NPs to induce developmental toxicity are limited and are obtained mainly from rodent in vivo
studies (Ema et al. 2016; Garcia et al. 2016; Hougaard et al. 2015; Powers et al. 2013). One of
the in vitro alternative assays for developmental toxicity testing is the embryonic stem cell

test (EST).

The EST has an added value as it does not require pregnant animals and it has been
validated for use as an in vitro developmental toxicity assay by the European Centre for the
Validation of Alternative Methods (ECVAM) (de Jong et al. 2011; Seiler and Spielmann 2011;
Augustine-Rauch et al. 2010; Genschow et al. 2004). In the EST, the potential developmental
toxicity of substances is tested by assessing the ability of a substance to inhibit the capacity of
mouse embryonic stem cells (mESCs) to differentiate into beating cardiomyocytes
(Campagnolo et al. 2013; Buesen 2004). The test has been used previously to investigate the
potential developmental toxicity of several NPs e.g. SiO, NPs (Park et al. 2009), AuNPs and
cobalt ferrite NPs (Di Guglielmo et al. 2010) (Table 1). Most of these studies focused on the
effect of the size and material of the NPs on the potential developmental toxicity, whereas
the consequences of surface chemistry of the NPs were not studied in depth. This is therefore

studied in chapter four in the current thesis using pristine and aged AgNPs.

In vitro genotoxicity models

Following the increased human exposure to NPs with their highly reactive surfaces,
concerns have been raised about the genotoxic potential of NPs (Petersen and Nelson 2010;
Landsiedel et al. 2009; Singh et al. 2009; Gonzalez et al. 2008). The mechanisms behind NP
induced genotoxicity remain to be elucidated. But according to the most widely accepted
hypothesis, the genotoxicity mechanisms of NPs are classified into three groups, including; i)
direct effects from the surface of the NPs, ii) redox mechanisms including production of ROS
and/or iii) activation of membrane receptors induced upon the exposure and the intracellular
diffusion of the NPs (Elespuru et al. 2018; Benameur et al. 2012; Xie et al. 2011; AshaRani et
al. 2009; Landsiedel et al. 2009).

Several studies have reported the potential of different NPs such as AgNPs (AshaRani et
al. 2009), TiO2 NPs (Osman et al. 2010; Rahman et al. 2002), ZnO NPs (Osman et al. 2010;
Gopalan et al. 2009) and copper oxide NPs (Karlsson et al. 2008) to induce genotoxic effects.

For example, it was reported that TiO, and SiO; NPs could reach the cellular nucleus and
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interact directly and induce physical damage to the genetic material by forming intranuclear
protein aggregates (Liu et al. 2007; Chen and von Mikecz 2005; Geiser et al. 2005). While the
NPs made of transition metals (e.g. cobalt, cadmium, chrome, titanium and zinc) were found
to be able to induce generation of ROS (Singh et al. 2009; Brown et al. 2001). The ROS are
highly reactive entities that could be generated at the NPs surfaces and these ROS can interact

with the DNA and induce DNA damage leading to genotoxic effects (Abdal Dayem et al. 2017).

Different in vitro assays have been developed to detect and assess the genotoxicity of
NPs which could measure several genotoxicity endpoints, i.e. primary DNA alterations, gene
mutations or chromosome mutations (Benameur et al. 2012). The Ames (bacterial reverse
mutation) test is a well-established and OECD validated assay to detect gene mutations where
one or more strains of mutated bacterial strains of Salmonella typhimurium (S. typhimurium)
and/or Escherichia coli are used (Benameur et al. 2012; Landsiedel et al. 2009; OECD 1997).
However, this bacterial assay is not recommended for testing NPs genotoxicity because of the
lack of the bacterial cells of any endocytic mechanism of NPs uptake which reduces the
probability of the NPs to penetrate the rigid outer double membrane of the Gram negative
bacteria (Elespuru et al. 2018; Clift et al. 2013). This was reported in several studies on the
potential mutagenicity of several NPs e.g. TiO, and AgNPs (Butler et al. 2015; Butler et al.
2014). While other studies showed a weak potential of S. typhimurium to take up NPs e.g.

TiO2, ZnO, cerium oxide NPs and carbon nanotubes (Clift et al. 2013; Kumar et al. 2011).

Various alternative assays have been developed, like the comet assay and the y-H.AX
assay. In this thesis, we evaluated the y-H,AX assay as an alternative method to detect the
potential of AgNPs to induce DNA-double-strand breaks (DSBs) (Louisse et al. 2019; Wan et al.
2019; Watters et al. 2009; Kuo and Yang 2008). The assay was shown able to detect DNA-DSBs
induction by several xenobiotics and also by different NPs e.g. silver, cobalt, cerium oxide and
nickel oxide NPs (Akerlund et al. 2018; Kénen-Adigiizel and Ergene 2018; Wan et al. 2017;
Zhao et al. 2016). The sensitivity of the assay is due to the close correlation of the
phosphorylation of H,AX to each DNA-DSBs taking place (Wan et al. 2019; Sedelnikova et al.
2002). Accordingly, this assay was chosen to evaluate its capability to detect the potential of

AgNPs to induce DNA-DSBs in a HepG2 liver cell in vitro model.
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OUTLINE OF THE THESIS

The aim of the present thesis was to investigate the potential of different in vitro
methods combined with advanced analytical techniques as a screening strategy to study the
toxicokinetic and toxicodynamic properties of silver and polystyrene nanoparticles. This work

is presented in six chapters:

The present chapter, chapter 1, provides an introduction and background information
on nanotoxicology and presents an overview of several in vitro alternative models of which

some were used in the present thesis.

In chapter 2, the influence of the size and surface chemistry of pristine PSNPs on the
protein corona formation and subsequent uptake/association and transport through a Caco-
2 intestinal cell model is characterized. Also, the relation between surface modification and

uptake/association was studied.

In chapter 3, the impact of the biochemical conditions within the human digestive tract
on the intestinal transport of AgNPs of different surface chemistries across an intestinal in
vitro model of differentiated Caco-2/HT29-MTX cells was studied. An in vitro digestion model
was used to simulate the human digestion process. AgNPs of different surface chemistries and
silver nitrate (AgNO3) as a source of ionic silver were used. Using ICP-MS and spICP-MS, the
size distribution, dissolution, particle concentration (mass- and number-based) and total silver
content of the AgNPs were characterized before and after digestion and in the apical,

basolateral and cellular compartments of the Caco-2/HT29-MTX intestinal transport model.

In chapter 4, a combination of the BeWo b30 placental transport model and the EST was
used to investigate the capability of pristine AgNPs of different surface chemistries and aged
AgNPs (Ag2S NPs) to cross the placental barrier and their capability for inducing in vitro
developmental toxicity. Again, AgNOs as a source of ionic silver, was tested for comparison.
ICP-MS and spICP-MS were used to characterize the size distribution, dissolution, particle
concentration (mass- and number-based) and total silver content of the AgNPs in the apical,
basolateral and cellular compartments of the BeWo b30 placental transport model at different

time points.
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In chapter 5, the In-Cell Western- y-H,AX assay was evaluated as an alternative in vitro
assay to detect the potential of aged AgNPs and pristine AgNPs to induce phosphorylation of
H,AX, reflecting induction of DNA-DSBs, in HepG2 liver cells. AgNOs was used to quantify the
effects of ionic silver. Additionally, the potential of these AgNPs to induce ROS production as
a potential underlying mechanism of inducing DNA-DSBs, was assessed, both under cell-free

conditions and in HepG2 cells.

In chapter 6, the findings described in the thesis are critically discussed and in addition,

suggestions for future research are presented.
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Chapter 2

ABSTRACT

Upon ingestion, nanoparticles can interact with the intestinal epithelial barrier potentially
resulting in systemic uptake of nanoparticles (NPs). NPs properties have been described to
influence the protein corona formation and subsequent cellular adhesion, uptake and
transport. Here, we aimed to study the effects of NPs size and surface chemistry on the protein
corona formation and subsequent cellular adhesion, uptake and transport. Caco-2 intestinal
cells, were exposed to negatively charged polystyrene nanoparticles (PSNPs) (50 and 200 nm),
functionalized with sulfone or carboxyl groups, at nine nominal concentrations (15-250
pug/mL) for 10 up to 120 minutes. The protein coronas were analysed by LC-MS/MS. Subtle
differences in the protein composition of the two PSNPs with different surface chemistry were
noted. High-content imaging analysis demonstrated that sulfone PSNPs were associated with
the cells to a significantly higher extent than the other PSNPs. The apparent cellular adhesion
and uptake of 200 nm PSNPs was not significantly increased compared to 50 nm PSNPs with
the same surface charge and chemistry. Surface chemistry outweighs the impact of size on the
observed PSNPs cellular associations. Also, transport of the sulfone PSNPs through the
monolayer of cells was significantly higher than that of carboxyl PSNPs. The results suggest
that the composition of the protein corona and the PSNPs surface chemistry influences cellular
adhesion, uptake and monolayer transport, which might be predictive of the intestinal

transport potency of NPs.
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INTRODUCTION

Commercial, therapeutical and technological interests in engineered nanoparticles (NPs)
are still increasing because of their unique physicochemical properties that make them
promising materials for a wide range of new applications. NPs are currently being used in the
agri-food sector in particular within domains like food processing, packaging and as
nutraceutical delivery systems (Peters et al. 2016; Bouwmeester et al. 2014; Das et al. 2011).
The unique size-related properties may also pose a risk to human health because of their
interactions with biomolecules, cells and organs, potentially leading to adverse outcomes
(Zhang et al. 2013; Hansen et al. 2008). The oral route of exposure is considered one of the
main exposure routes, especially for NPs exploited in agri-food applications. To assess the
likelihood of NPs to internalize and cross the intestinal epithelial barrier several in vitro
intestinal epithelial models have been developed (Walczak et al. 2015; Yun et al. 2013; des
Rieux et al. 2006; Shakweh et al. 2004). Rapid screening of the intestinal transport potential

of NPs is important in a tiered risk assessment or grouping approach (Arts et al. 2015).

The cellular uptake/transport of NPs is highly dependent on both the intrinsic and
extrinsic properties of NPs. It is well known that intrinsic NPs properties, such as size (des
Rieux et al. 2006) and surface modifications affect cellular uptake (Bhattacharjee et al. 2013;
He et al. 2010). Upon contact with biological matrices like gastrointestinal juices and body
fluids NPs are immediately covered with proteins generating the so-called protein corona
(Lynch et al. 2014). The composition of the protein corona formed on the NPs surfaces is highly
influenced by the physicochemical properties of the NPs (Ritz et al. 2015; Hiihn et al. 2013).
Consequently, the NPs corona is considered as one of the major players affecting the biological
interactions of the NPs, including their cytotoxicity, uptake and transport (Ritz et al. 2015; Kim
et al. 2014; Walczyk et al. 2010). Additionally, the correlation between NPs properties and
their cellular uptake/transport appears to be cell type dependent, indicating that different
kinds of uptake/transport mechanisms could be in place (Frohlich 2012; Yin Win and Feng
2005). Due to these complexities, no key descriptor has been identified so far for NPs

uptake/transport.

Here we aimed to study the effects of the size and surface chemistry of NPs on the protein

corona formation and their subsequent cellular adhesion, uptake and transport. Several
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methods are available to study the cellular interactions of NPs at a single-cell level. High
content (HC) imaging analysis has proven to be a highly successful and powerful tool in the
field of drug discovery and toxicology, but it has rarely been used to study the behaviour and
uptake of NPs (Anguissola 2014; Ramery and O'Brien 2014). Here, HC imaging was used to
study the cellular associations of fluorescently labelled, negatively charged, polystyrene
nanoparticles (PSNPs) on a single-cell level, using Caco-2 monolayers as an in vitro method
that mimics the human intestinal epithelium. Also, the transport of these PSNPs was assessed
to gain insights into the correlation between the cellular adhesion/uptake and transport of
these PSNPs. Lastly, the composition of the protein corona was quantitatively determined

using label-free liquid chromatography mass spectrometry (LC-MS/MS).

MATERIALS AND METHODS

Nanoparticles

Two 50 nm negatively charged, red fluorescently labelled PSNPs with different surface
modifications were obtained from Magsphere® (Pasadena, USA). Namely, 2.5% (w/v)
sulfonated particles and 2.5% (w/v) carboxylated PSNPs, further referred to as 50 nm (SM)
and (CM) respectively. 50nm and 200nm negatively charged, 2.5% (w/v) yellow green
fluorescently labelled carboxylated PSNPs (Fluoresbrite®) were obtained from Polysciences
(Warrington, USA), further referred to as 50 nm (CP) and 200 nm (CP). All PSNPs suspensions
were stored at 4°C and all experiments were performed using the same batch of PSNPs. Serial
dilutions of the PSNPs were freshly prepared for every experiment in complete cell culture
medium. Absence of detectable leakage of the fluorophores from the PSNPs used was
confirmed by centrifugation of NPs after 24 hr incubations in cell culture medium at 37°C

(Walczak et al. 2015).
Cell culture

Adherent human epithelial colorectal adenocarcinoma cells (Caco-2; ATCC® HTB-37™),
were used at passage numbers 25-40. They were cultured and maintained in 75 cm? cell
culture flasks (Corning”; New York, USA) at 37°C in a humidified 5% CO, atmosphere. Complete

cell culture medium was prepared by supplementing Dulbecco's Modified Eagle Medium
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(DMEM) culture medium (LONZA; Verviers, Belgium) with 10% (v/v) heat inactivated Foetal
Bovine Serum (FBS) (Gibco®, Life technologies; New York, USA), 1% (v/v) of Penicillin-
Streptomycin (Sigma-Aldrich; Steinheim, Germany) and 1% (v/v) of MEM Non-Essential Amino
Acids (NEAA) (Gibco®, life technologies; New York, USA). The complete medium is further
referred to as DMEM"*.

Physicochemical characterization of PSNPs

Size and surface charge of PSNPs were characterized using dynamic light scattering (DLS)
and zeta-potential measurements, respectively. Briefly, DLS measurements were performed
on 10 pg/mL PSNPs suspended in water and/or DMEM* using an ALV dynamic light scattering
setup (ALV-Laser Vertriebsgesellschaft; Germany), consisting of a Thorn RFIB263KF
photomultiplier detector, ALV-SP/86 goniometer, ALV 50/100/200/400/600 pum pinhole
detection system, ALV7002 external correlator and a Cobolt Samba-300 DPSS laser. Each
sample was measured 10 times for 30 seconds at an angle of 90°. The results are expressed as
the hydrodynamic diameter that was calculated using AfterALV® software (AfterALV 1.0d,
Dullware; USA). The zeta-potential was measured using a Malvern Zetasizer 2000 (Malvern
Instruments; Malvern, UK) on 10 pg/mL PSNPs suspended in DMEM®. All samples were

analysed in triplicate.

In vitro sedimentation, diffusion and dosimetry (ISDD) model for PSNPs

The deposited fraction of the administered doses of the PSNPs (target cell dose) was
calculated using the In vitro Sedimentation, Diffusion and Dosimetry (ISDD) model (Hinderliter
et al. 2010). The following parameters were used as input in the ISDD model: the
hydrodynamic diameters of the PSNPs in water and DMEM* measured by DLS (Table 1),
medium column height (10.9 mm), temperature (310°K), media density 1 g/mL and media

viscosity 0.0009 N.s/m? (Elliott 2017; Fréhlich et al. 2013).

Cell viability

Cytotoxic effects of the PSNPs were determined using a Cell Proliferation Reagent WST-
1 (Roche; Mannheim, Germany). Each well was seeded with 1x10° cells/cm? in DMEM* in 96-

well flat bottom plates (Greiner bio-one; the Netherlands). Plates were incubated at 37°C, 5%
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CO; for 24 hr. Attached cells were then exposed to 100 uL/well of freshly prepared serial
dilutions of 50 nm- (SM), (CM), (CP) and 200 nm (CP) PSNPs (15, 25, 50, 75, 100, 200, 250, 500
and 750 pg/mL) for 3 and 24 hr. Afterwards the exposure medium was discarded and 10 pL of
WST-1 solution was added with 90 puL of DMEM* (without phenol red) to each well. The plates
were incubated for 4 hr at 37°C, 5% CO; and absorbance was read at 490 nm and 630 nm on
a plate reader (BioTek Synergy™ HT Multi-Mode Microplate reader; USA). Cell viability for
each concentration of PSNPs was expressed as a percentage of the control. DMEM™* was used
as a negative control and Triton-X100 (0.25%) (Sigma) was used as a positive control that

decreased the viability to 29 + 0.2 %.
PSNPs cellular adhesion and uptake studies and HC imaging

A cell suspension of 5x10* cells/cm? was seeded in 96-well flat bottom black plates
(Grenier bio-one; Frickenhausen, Germany) and incubated at 37°C, 5% CO; for 24 hr.
Subsequently, the culture medium was aspirated and cells were exposed to 100 pL/well of 15,
25, 50, 75, 100, 200 and 250 pg/mL of each of the PSNPs (n=2) for 10, 20, 30, 60 and 120
minutes for the (SM) PSNPs and for 30, 60 and 120 minutes for the other PSNPs. Exposure
medium was then aspirated and the cells were washed once with 100 uL/well PBS buffer at
37°C. As the PSNPs had different fluorescent labels, two different staining protocols were
used. The cells exposed to the red 50 nm (SM) and (CM) PSNPs were incubated with a mixture
(100 pL/well) of 4 uM Hoechst (Molecular Probes’, life technologies; USA) (blue; nucleus stain)
and 1 pM Calcein AM cell permeant dye (Molecular Probes’, life technologies) (green;
cytoplasm). The cells exposed to the yellow 50- and 200 nm (CP) PSNPs were incubated with
a mixture (100 pL/well) of 4 uM Hoechst (blue; nucleus) and 1 uM deep red MitoTracker
(Molecular Probes’, life technologies) (red; mitochondria). Cells were incubated in the dark at

37°C, 5% CO; for 30 minutes.

Cellular adhesion and uptake of PSNPs was analysed using a Cellavista™ HC imaging
system (SynenTec Bio Services; Munster, Germany). This HC imaging system uses an
automated, quantitative fluorescence microscope with image acquisition and software to
analyse multiparameter fluorescent cellular signals to quantify the local fluorescence intensity
(Franscini et al. 2011). The output data were further processed using Microsoft Excel°2016

and Prism® (v.5.0; GraphPad®, USA). PSNPs adhesion and uptake was expressed as a
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fluorescence intensity per cell and as a median fluorescence intensity of the entire cell
population. Distribution profiles of PSNPs association and uptake in a cell population were
made with Prism®. The number of cells correlating to each concentration bin was expressed

as a percentage of the total number of exposed cells.
PSNPs cellular transport

Caco-2 cells were seeded at a density of 40,000 cells/cm? on transwell permeable PET
inserts (0.4 pum pore size, 1.12 cm? surface area, Corning’; New York, USA). Cells were
maintained for 21 days (37°C, 5% CO;) and the apical and basolateral medium were changed

every other day.

The integrity of the cell barrier was monitored by measuring the transepithelial electrical
resistance (TEER) values with a chopstick electrode (STX01) connected to a Millicell ERS-2
Epithelial Volt- Ohm Meter (Millipore®; USA). Inserts with TEER values of 200 Q.cm? and higher
were used in the experiments. Additionally, the transport of lucifer yellow and 4- and 10 kDa-
fluorescein isothiocyanate (FITC)-dextrans (Sigma-Aldrich; USA) was analysed by measuring
the fluorescence intensity in the basolateral compartment after 1 hr exposure at 37°C at
485/530 nm using a BioTek Synergy™ HT Multi-Mode Microplate reader. Control samples
received EGTA (Sigma-Aldrich) for 1 hr at 37°C to induce leakage of the cellular barrier (data

not shown).

PSNPs exposure media were prepared at a concentration of 250 ug/mL in DMEM*,
further diluted in DMEM* when necessary and directly applied apically onto the cells (500
ul/insert) on day 21 of culture. After 24 hr of exposure, the basolateral medium was collected
and fluorescence was measured at excitation/emission wavelengths of 530/590 nm and
485/530 nm, for red and yellow green PSNPs, respectively using a microplate reader. The
results are expressed as a percentage of transported PSNPs from the total nominal dose of

exposure. All experiments were conducted in triplicate.
Confocal microscopy

For confocal microscopy, 1.5x10* cells/cm? were seeded into 8 well p-Slides (Ibidi’;

Martinsried, Germany) and incubated at 37°C, 5% CO; for 24 hr. Afterwards, medium was
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discarded and cells were fixed with 200 uL/well of 4% paraformaldehyde for 15 minutes at
room temperature. The fixation solution was discarded and cells were washed 3 times with
400 pL of PBS for 2 — 5 minutes, which was then replaced by 200 uL/well of permeabilization
solution (FIX & PERM” Cell Fixation & Cell Permeabilization Kit, life Technologies). After 15
minutes incubation at room temperature the cells were washed 3 times with 400 pL PBS for
2-5 minutes and incubated for 30 minutes at room temperature with 400 uL/well blocking
buffer (1% BSA in PBS). The blocking buffer was discarded and 100 pL of LAMP-1 mouse
primary antibody (a lysosomal marker) was added to the cells and incubated for 60 minutes
at room temperature. Cells were washed three times with 100 puL PBS and 100 pL/well of the
secondary antibody (Alexa Fluor 488 for cells exposed to the red PSNPs or Alexa Fluor 594 for
cells exposed to the yellow PSNPs) added and incubated with the cells for 30 minutes at room
temperature in the dark. The samples were then washed 3 times with PBS before addition of
100 pL/well of DAPI (Molecular Probes’, life technologies) which was incubated for 10 minutes
at room temperature in the dark. Samples were washed three times with PBS and cells were
stored in PBS 200 pL/well in the dark until analysis. The cells were analysed using a confocal
laser scanning microscope (LSM 510-META, Zeiss, Germany) using 405, 488 and 543 nm lasers
and the following filters for emission; BP420-480, BP505-530 and LP615.

Characterization/quantification of protein corona of NPs

PSNPs protein corona collection:

All 50 nm PSNPs at a concentration of 1 mg/mL and an equal total surface area of 200
nm PSNPs were incubated in DMEM* for 10, 20, 30, 60 and 120 minutes at 37°C. Afterwards,
the samples were centrifuged (Hettich; Tuttlingen, Germany) for 40 minutes at 18000 g/15°C.
The pellets were three times re-suspended in 1 mL PBS and centrifuged for 25 minutes at
18000 g/4°C. Laemmli loading buffer (Biorad — USA) containing B-mercaptoethanol was used
to re-suspend the final pellet before boiling for 5 minutes at 95°C followed by short
centrifugation.

The total protein content in the samples was measured with a RC-DC Protein Assay (BIO-RAD)
according to the manufacturer recommended protocol. All experiments were conducted in

triplicate. DMEM* was included as a control.
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One dimensional sodium-dodecyl polyacrylamide gel-electrophoresis (1D - SDS-PAGE):

The required amount of protein (8 pug/well) was loaded onto pre-cast 12% SDS-PAGE
gels of 1 mm thickness (BIO-RAD). 1D gel electrophoresis was then performed at 90 V for
about 80 minutes. A protein ladder of 10-250 kDa was included in each gel. The gels were
washed once with MQ water then with a water-based solution of 40% ethanol and 10% acetic
acid for 15 minutes. Subsequently, the gels were stained overnight with Colloidal Coomassie
Stain G-250 (BIO-RAD) on a rotating plate. After de-staining, the gels were scanned and the
density of the bands was determined using an Odyssey scanner (Li-Cor 1SO 9001, Odyssey

Biosciences, Bad Homburg, Germany).

Proteomic analysis:

On-beads digestion - as described in (Wendrich et al. 2017) - and puColumn (C18) cleaning
procedures were applied to the protein corona samples before measurement by reversed-
phase nano LC-MS/MS. Briefly, 18 uL of the collected protein corona samples of all PSNPs
incubated in DMEM* for 10 and 30 minutes at 37°C were injected onto a Magic C18AQ 200A
5 um beads (Bruker, USA) pre-concentration column (prepared in house) using a vacuum
pump at a maximum pressure of 270 bar. Peptides were eluted and then injected into a 0.10
x 250 mm Magic C18AQ 200A 3 um beads analytical column (prepared in-house) and eluted
using an acetonitrile gradient at a flow of 0.5 pL/min with a Proxeon EASY nanolLC (Thermo
Fisher Scientific, Waltham, MA, USA). The 1 hour gradient consisted of an increase from 8 to
33% acetonitril in water with 5mL/L acetic acid in 50 min, followed by a fast increase up to
80% acetonitril in water and 5mL/L acetic acid (in both the acetonitril and the water) in 3
minutes as a column cleaning step. Following, an electrospray potential of 3.5 kV was applied.
Full scan positive mode fourier transform mass analysers (FTMS) spectra were measured
between m/z 380 and 1400 on an LTQ-Orbitrap XL (Thermo electron, San Jose, CA, USA) at
high resolution (60000). Tandem mass spectrometry (MS/MS) scans of the four most
abundant 2 and 3* charged peaks in the FTMS scan were recorded in a data dependent mode
in the linear trap. LC-MS runs with all MS/MS spectra obtained were analysed with MaxQuant
1.5.2.8 (Cox et al. 2011; Cox and Mann 2008).

The concentrations of the identified proteins from the PSNPs coronas were determined

using MassPREP tryptically digested standards (Water; Milford, USA). Standards contained a
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mixture of yeast enolase (SwissProt P00924), phosphorylase b (SwissProt P00489), bovine
haemoglobin (SwissProt HBA P01966, HBB P02081), yeast alcohol dehydrogenase (ADH,
SwissProt P00330) and bovine serum albumin (BSA, SwissProt P02769) dissolved into a range
of concentrations between 0.5 — 8 pmole in 1 mL/L formic acid. Before analysis on the LC-
MS/MS, 5 uL of each concentration of each standard was mixed with a sample of all PSNPs.
This sample consisted of protein coronas isolated from equal amounts of all PSNPs used in this
study after the digestion and cleaning up procedures - in a final volume of 50 pL in 1mL/L

formic acid.

Data processing and analysis:

To quantitatively identify the proteins in the PSNPs coronas a bovine database
downloaded from Uniprot (released in July 2016) (http://www.uniprot.org, 20.343 entries)
(Consortium 2017), as well as a small database containing the 4 internal standard proteins
were used together with a contaminants database that contains sequences of common
contaminants like Trypsins (P00760, bovine and PO0761, porcine) and human keratins (Keratin
K22E (P35908), Keratin K1C9 (P35527), Keratin K2C1 (P04264) and Keratin K1Cl (P35527))
(Wendrich et al. 2017). The “label-free quantification” options were enabled and the
MaxQuant protein Groups output file was filtered stringently by accepting only peptides and
proteins with a false discovery rate (FDR) of less than 1% and proteins with at least 2 identified

peptides of which at least one should be unique and at least one should be unmodified.

From the set of proteins standards, iBAQ intensities of phosphorylase b (SwissProt
P00489) were selected for quantification of all proteins identified in the PSNPs corona and
DMEM* samples. Identified proteins were grouped based on their biological function using
the aforementioned Uniprot database (Ritz et al. 2015). The mass of each group was
expressed as a percentage of the total mass of proteins and as number of molecules per cm?

(total copy number).
Statistical analysis

Each data point represents the average of three independent experiments (n = 3) and
the results are shown as a mean * standard deviation after analysis by Prism°®. A one-way

analysis of variance (ANOVA) with a Bonferroni’s post-test was used to test statistical
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significance after testing the normality distribution of the data sets using Kolmogorov-Smirnov

test. A p-value < 0.05 was considered significant.

RESULTS

Physicochemical characterization of the PSNPs

To characterize and assess the stability of the PSNPs suspensions, the hydrodynamic
diameters (dn) and zeta-potentials ((-potential) were measured in DMEM* at the same
incubation times used in the experiments. Compared to the samples in water among all PSNPs
tested, only the 50 and 200 nm (CP) showed significant increases in size upon incubation in
DMEM?*, while the incubation time showed a significant influence only on the size of 200 nm
(CP). The Z-potentials of all the PSNPs suspended in DMEM* were similar and stable during 24
hr incubation (Table 1).

Cell viability

Cytotoxicity experiments (WST-1 assay) were performed to derive non-toxic
concentrations of PSNPs for the uptake studies. Results demonstrated that after 3 and 24 hr
exposure the cellular viability of Caco-2 cells was not affected (viability was always higher than
85% and 80% after 3 and 24 hr, respectively compared to controls) in any of the

concentrations tested (Figure 1 A and B).

Cellular adhesion and uptake of PSNPs

Cellular association of PSNPs was quantified using HC imaging analysis. The HC images
are taken from above the cells, thereby merging the fluorescent signal of both internalized
and membrane adhered PSNPs into one image. PSNPs internalization in Caco-2 cells was
therefore confirmed using confocal microscopy (Figure 2). The PSNPs partially co-localized
with lysosomes after 24 hr exposure indicating (partial) internalization of the PSNPs in the

lysosomes.
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Figure 1: Caco-2 cell viability after exposure to a concentration series of 50 nm- (SM), (CM), (CP), and
200 nm (CP) PSNPs for A) 3 hr and B) 24 hr using the WST-1 viability assay. Viability is given as a

percentage of the control (% + SD; n=3).
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Figure 2: Confocal microscopy images of Caco-2 cells A) w/o exposure to PSNPs — as control for the

(SM) and (CM) PSNPs. After exposure for 24 hr to a nominal concentration of 25 ug/mL B) 50 nm
(SM) and C) 50 nm (CM). D) Caco-2 cells — w/o exposure to PSNPs — as control for the (CP) PSNPs.
After exposure for 24 hr to E) 50 nm (CP) and F) 200 nm (CP). Nuclei were stained in blue, lysosomes

in red and PSNPs in green.

Cellular adhesion and uptake of PSNPs were measured on a cell-per-cell basis using an
HC imaging system during 10 to 120 minutes exposure to concentrations ranging between 15
and 250 pg/mL and expressed as median fluorescence intensity per cell. The cellular adhesion
and uptake of the 50 nm (SM) PSNPs by Caco-2 cells were, at all time-points, significantly
higher compared to the 50 nm (CM), (CP) and 200 nm (CP) PSNPs (Figure 3A). Cellular
distribution profiles show that cellular association with the PSNPs increased upon increasing
the PSNPs concentration, seen as a right shift of the median in the adhesion and uptake
distribution curves (Figure 3B). The graph also shows that at concentrations of 75 ug/mL and
higher, part of cell population has fluorescence signals that reached or exceeded the

maximum detection limit of the HC imaging system. For all the PSNPs, cellular adhesion and
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uptake increased with increasing concentration (Figure 3C). At the higher concentrations, the
increase of cellular adhesion and uptake decline and stop, which is most likely due to the
detection limit of the system. For the PSNPs that associated to the largest extent with the
cells, namely the 50 nm (SM) PSNPs, the cellular adhesion and uptake distribution profile over
the entire cell population was further analysed (Figure 3B) at the single cell level with HC
imaging. The results obtained clearly point to an increased fluorescent signal associated with

single cells with increasing dose levels.

Finally, the apparent cellular adhesion and uptake of the two PSNPs with different sizes
(i.e. 50 and 200 nm) but with the same surface chemistry, were not significantly different at
all concentrations and time points tested (Figure 3C). However, the ISDD model output (Table
1) indicates a 1.4-fold lower fraction deposited of the 200 nm (CP) PSNPs at 30 minutes
compared with the 50 nm PSNPs with the same surface chemistry. The apparent cellular
adhesion and uptake are comparable for both PSNPs. After correction of the lower deposition
of the 200 nm (CP) PSNPs, the cellular adhesion and uptake of the 200 nm (CP) PSNPs at 30
minutes are 1.4-fold higher for the 200 nm (CP) compared with the 50 nm (CP) PSNPs with the

same surface chemistry.

Transport of PSNPs across a monolayer of Caco-2 cells

To assess if cellular adhesion and uptake of PSNPs are predictive for transport across a
monolayer of Caco-2 cells, we performed additional experiments. A differentiated monolayer
of Caco-2 cells was exposed to 250 pg/mL of each of the four PSNPs for 24 hours. The longer
exposure of 24 hours was required to reach detectable concentration in the apical
compartment of the transwell system. The transport markers used including lucifer yellow and
dextrans showed very minimal transport through Caco-2 monolayers and upon the application
of EGTA to open the tight junctions, the permeability of these monolayers increased
significantly (data not shown), indicating the functionality of tight junction integrity of the

monolayers used in the transport studies (Walczak et al. 2015; Bouwmeester et al. 2011).

Transport of the PSNPs was determined by PSNPs fluorescence measurement in the
basolateral medium post exposure and expressed as a percentage of the amount of PSNPs

fluorescence in the medium that was applied apically at the start of the experiment (Figure 4).
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Figure 3: Cellular association of A

PSNPs  with  different  surface
chemistries by Caco-2 cells. Adhesion
and uptake were determined by
single-cell HC image analysis of
PSNPs  fluorescence. A) Time
dependent adhesion and uptake of 4
types of PSNPs in Caco-2 cells
exposed to a nominal concentration
of 50 ug PSNPs/mL for 10 up to 120
minutes. B) Cellular association
distribution profiles of 50 nm (SM)
PSNPs in the entire cell population at
exposure to nominal concentration
ranging from 15 to 250 ug/mL for 30
minutes. Note that the readings at
the highest concentrations are
hampered by saturation of the HC
signal.

C) Concentration dependent cellular
association of 4 types of PSNPs after
30 minutes of exposure (the
fluorescence intensities of 50 nm
(SM) is plotted on the left y-axis while
the rest of the PSNPs fluorescence
intensities are plotted on the right y-
axis).

#: significant difference versus all
lower concentrations (P<0.05).

*: significant difference between

indicated concentrations (P<0.05).
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The 50 nm (SM) PSNPs showed the highest transport among all PSNPs tested (13.9%;
p < 0.05), followed by the 50 nm (CP) PSNPs (2.82%; p < 0.05). While the transport of the
other carboxylated PSNPs — 50 nm (CM) and 200 nm (CP) — did not show significant transport
to the basolateral compartment (<1%). However, if the 1.6-fold lower deposited PSNPs
fraction after 24 hr incubation of the PSNPs is taken into account (Table 1), the amount of
the 200 nm (CP) PSNPs is comparable to the transported amount of the 50 nm PSNPs with
the same surface chemistry. Here, we assume that the transport of the PSNPs increases with
the concentration at the cell surface as shown for the cellular adhesion and uptake (Figure

3).
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Polystyrene nanoparticles

Figure 4: Transport of PSNPs with different surface chemistries by Caco-2 cells. Transport
of 4 types of PSNPs in Caco-2 cells exposed to a nominal concentration of 250 ug
PSNPs/mL for 24 hr. (*) Significant difference from all PSNPs. (#) Significant difference
from 50 nm (CM) and 200 nm (CP) PSNPs (p<0.05).

Characterization of PSNPs protein corona

All PSNPs were incubated in DMEM® at 37°C for 10 and 30 minutes. The protein corona
was then collected and analysed using SDS-PAGE. The gel was loaded with the same amount
of protein for all tested PSNPs. The gels did not show large differences between the different
PSNPs nor between the 10- and 30-minutes incubation time (Figure S1). Furthermore, the
protein corona was quantified and characterized using label-free nano-LC/MS-MS, which

resulted in approximately 172 different adsorbed proteins.
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Figure 5: Composition of the protein corona on PSNPs with different surface chemistries determined
with nano-LC-MS/MS. The proteins were classified into 7 groups according to their biological
function using proteomics databases. A) Distribution of the protein groups in DMEM* and in the
protein coronas of the PSNPs, expressed as a percentage of the total protein mass. B) Number of
protein molecules per particle clustered per protein group. C) Top 20 proteins with the highest
protein adsorption on the respective PSNPs. Proteins are ordered alphabetically. The colour code

indicates the protein group and the size of the spot represents the mass fraction (%), which is also

given in numbers.
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The complete list of identified proteins is provided in Table S1. Proteins were clustered
into 6 classes according to their biological function (and 1 “other” group). Comparing the
relative amount (i.e. abundance) of a protein class on each nanoparticle to the protein class
distribution as present in the cell culture medium, we observed an enrichment of proteins
involved in binding, apolipoproteins and acute phase proteins and a less pronounced
enrichment of coagulation and complement factors (Figure 5a). Subsequently, the total

number of protein molecules per particle was calculated.

On a single 50 nm PSNPs around 2,200 to 4,000 protein molecules were absorbed (with
the number of proteins on the different types of 50 nm PSNPs not being significantly
different), while on the 200 nm PSNPs about 59,000 proteins were absorbed (Figure 5b). The
number of proteins per surface area is between 3x103 and 5x10*2 proteins per cm?for the 50
nm while it is about 6x10'3 proteins per cm? for the 200 nm PSNPs. Comparable or slightly
more proteins are absorbed per cm? on the 200 nm sized PSNPs compared to the 50 nm
PSNPs, an observation that might be explained by less steric hindrance on the larger particles.
Among the top 20 most abundant proteins in the coronas of the 4 PSNPs, the protein Alpha-
1B-glycoprotein (A1BG) ranked highest (Figure 5c). More detailed statistical evaluation of the
protein concentration on a single protein level in the coronas of the three different 50 nm
PSNPs demonstrated differences in Alpha-2-macroglobulin (A2M), Alpha-fetoprotein (AFP),
Apolipoprotein A-Il (APOA2), Beta-2-glycoprotein 1 (APOH) and Haemoglobin foetal subunit
beta (LOC781674 or HBB).

Corona concentrations of most of these proteins we lower in the corona’s of the 50 nm
(SM) PSNPs, this was reaching significance only compared to the (CM) PSNPs for the A2M, AFP
and HBB, while compared to both (CM) and (CP) PSNPs, the concentrations proteins APOA2
and APOH were lower in the corona’s of (SM) PSNPs (Figure 6). For this evaluation only
proteins with two or more copy numbers on at least one of the three different PSNPs were

considered (~70 proteins in total).
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Figure 6: Comparison of differently adsorbed proteins to the surface of 50 nm PSNPs with a

different surface chemistry. Only proteins with 2 or more copy numbers on at least 1 of the

3 different PSNPs were considered. Asterisks indicate significance difference (p<0.05).

DISCUSSION

Here, the effects of size and surface chemistry of NPs on the protein corona formation
and subsequent cellular association (i.e. adhesions and uptake) and transport across a
monolayer of Caco-2 cells is reported. Fluorescently labelled PSNPs were selected as model
particles owing to their dispersion stability in cell culture media and the commercial

availability in different sizes and surface modifications.

Characterization of the PSNPs, by determining the hydrodynamic size and zeta-potential
of the PSNPs in cell culture medium, showed that all 50 nm PSNPs suspensions were stable
during the exposure times in the experiments. The DLS method as used here has been
evaluated in an inter-laboratory testing project (Langevin et al. 2018) to characterize the size
of the PSNPs in water or DMEM* and it was found that the proteins present in the cell culture
medium resulted in a signal indicating a hydrodynamic diameter of 2742 nm. The zeta-
potential measurements of all PSNPs in cell culture medium were comparable and stable over

time, irrespective of the PSNPs surface chemistry with a negative charge on the PSNPs’ surface
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resulting from the PSNPs, the proteins adsorbed on the surface of the PSNPs or from

measuring protein aggregates of medium rather than PSNPs (Walczak et al. 2015).

The absence of cytotoxic effects of all PSNPs concentrations used in this study was in
concordance with findings from previous studies using 50 nm PSNPs functionalized with
carboxyl (CM and CP) and sulfone (SM) groups, using a variety of cell models (Anguissola 2014;
Wang et al. 2013). Confocal microscopy imaging in different planes of the cells showed
internalization of the PSNPs and partial co-localization of the PSNPs with lysosomes after 24
hr of exposure. Thereby, confirming previous studies indicating uptake of negatively charged
60 nm and 100 nm PSNPs (Aberg 2016) and 50 nm and 100 nm silica (SiO2) NPs into the
lysosomes (Shapero et al. 2011; Xia et al. 2008) and localization of NPs in the cytoplasm around
the nucleus (for 50, 90 and 100 nm PSNPs) (Hemmerich and von Mikecz 2013; Bhattacharjee
etal. 2012; Xia et al. 2008; Yacobi et al. 2008).

The cellular fluorescence as determined by HC resulting from sulfone (SM)
functionalized PSNPs associated with Caco-2 cells was significantly higher compared to cells
exposed to carboxylated (CP and CM) PSNPs of the same size. Cellular association of all
functionalized PSNPs was dose dependent. Contrary to our expectations, no linear phase in
the PSNPs uptake kinetics by Caco-2 cells was observed, or this happened before the first time
point (10 minutes) assessed in this experiment. Accordingly, no uptake rates of these PSNPs
could be derived. The PSNPs association kinetics as observed here could be due to two
processes taking place in parallel: namely PSNPs cell membrane adhesion and cellular
internalization. Lesniak et al.2013, has reported very comparable time dependent changes in
cellular fluorescence intensities in A549 (carcinoma human alveolar basal epithelial cells)
exposed to 40 nm PSNPs over time. It was shown that during the first 10 minutes of exposure,
cellular adhesion of PSNPs occurs rapidly, whereas after that the adsorption grows much
slower (Lesniak et al. 2013; Salvati et al. 2011; Shapero et al. 2011) . This confirms the fast
increment in fluorescence at the cells as observed by us, in the first 10 minutes of exposure.
Recent modelling of these processes (in A549 cells) confirmed these time lines, until 20
minutes after exposure, the PSNPs were mainly associated with the cell membranes, while
after 2-3 hr exposure, the PSNPs were found close to the lysosomes located centrally in the
cells (Aberg 2016). The subsequent increment in fluorescence between 60 and 120 minutes

as we reported here, might suggest PSNPs uptake by the Caco-2 cells. In addition, earlier
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studies using 100 nm polylactic polyglycolic acid (PLGA) NPs showed that their uptake by Caco-

2 cells is taking place between 1 and 2 hr of exposure (Desai et al. 1997).

Earlier studies focused on potential optimal size for cellular uptake. By exposing Caco-2
cells to 25, 50, 100, 200 and 500 nm PSNPs, preferred uptake of 100 nm PSNPs was found
using a microplate reader (Kulkarni and Feng 2013). Uptake of 50 nm mesoporous silica NPs
by Hela cells was higher compared to 100 nm NPs after 5 hr exposure (Lu et al. 2009).
However, in EAhy926 cells, uptake of 200 nm PSNPs was higher than 20 nm PSNPs after 24 hr
exposure (Frohlich et al. 2012).

Comparing our observations and the data from literature point to cell type specific
differences in uptake processes (Ritz et al. 2015; Daniela Baumann 2013). Here, we only
compared studies using NPs with a comparable (effective) density. Comparing NP uptake data
between studies needs to be performed with care as the reported cellular uptake is largely
dependent on the particokinetics (i.e. diffusion and sedimentation) that is affected by the
effective density of NPs (Hinderliter et al. 2010). Indeed when correcting the applied
concentrations for the ISDD estimated deposited fraction (Hinderliter et al. 2010), the cellular
association/uptake of 200 nm (CP) PSNPs becomes up to 1.4-fold higher compared to 50 nm
PSNPs with the same surface chemistry, whereas without this correction the estimated uptake
levels were found to be similar. Nonetheless, the surface chemistry was observed to outweigh
the impact of size on the observed PSNPs cellular associations with the sulfone functionalized
PNPSs being higher associated to the cells than the carbonyl functionalized nanoparticles.
Reported differences in NP uptake thus not always reflect differences in biological processes,

but merely the physiochemical interaction of NPs with the exposure media.

The type of surface functionalization on NPs was found earlier to be one of the major
factors determining adhesions, uptake, transport and distribution of NPs, which appears to be
mainly driven by the size of the protein corona (Walczak et al. 2015; Liu et al. 2012). Here, we
extended our previous semi-quantitative protein corona analysis using SDS-PAGE (Figure S1)
with a quantitative proteomic analysis using label-free LC-MS/MS, as described by (Ritz et al.
2015). As previously and commonly, done, the present study was performed in the presence
of foetal bovine serum. It should be noted that different types of protein mixtures are being
used for in vitro studies, which might affect the outcome and thus the comparability of studies

(Daniela Baumann 2013). The proteomic analysis showed that the protein corona isolated
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from the PSNPs was composed of 172 different proteins. We observed an enrichment of
proteins involved in binding, apolipoproteins and acute phase proteins’ groups and a less
pronounced enrichment of complement factors proteins group. Among these proteins, the
alpha-1B-glycoprotein (A1BG) protein was most abundantly present on all types of NPs, but
the function of this protein is currently unknown. In other studies apolipoproteins have been
identified as a dominant protein group in NPs protein coronas (Tenzer 2013; Lundqvist et al.
2008; Cedervall 2007). Comparing the protein corona composition among the PSNPs studied
here, it was found that A2M, AFP, APOA2, APOH and HBB proteins were significantly less
absorbed on the (SM) functionalized PSNPs. Strikingly, the cellular association and transport
across a monolayer of Caco-2 cells of these (SM) functionalized PSNPs was also significantly

different compared to the carboxylated PSNPs.

Two studies have successfully attempted to correlate the composition of the protein
composition of the NPs protein corona with cellular interaction (Liu et al. 2015; Walkey et al.
2014). In these two correlative studies, different proteins were identified to correlate with
cellular association of NPs. Some of the identified apolipoproteins and A2M were also found
in our study to be differently enriched in the coronas of our PSNPs. It has however proven to
be difficult to identify a set of specific proteins that is directly linked (mechanistically) with
cellular membrane association and subsequent NPs update. Previously, using corona
enrichment studies, it has been described that APOA2 and APOH interfere with the cellular
uptake of NPs (Ritz et al. 2015). Here, we show that different surface chemistry of PSNPs to
some extent specifically enriches some proteins, like lipoproteins, binding proteins and acute
phase proteins in the corona. Some of these proteins have been associated with differential
cellular interaction. And vyet, the unresolved question is, what effects the presence of
exogenous proteins from for instance food (allergy epitopes) proteins can have on the cellular
interaction. As it was found that specific food related proteins in the NPs corona enhance the

uptake of these NPs (Di Silvio et al. 2016).

Cellular association experiments using Caco-2 cells grown for 24 hr can be performed
much faster compared to monolayer transport studies that require 21 days to differentiate
Caco-2 cells. Therefore, cellular association profiles of the PSNPs studied here were compared
with transported amounts of these PSNPs across a monolayer of Caco-2 cells. Both, the cellular

association of the (SM) functionalized PSNPs and transported amount of these particles were
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higher than for the other PSNPs. This supports the previous conclusion that the adhesion
properties of NPs to the cell membrane are key determinants of NPs uptake (Lesniak et al.
2013) and thus likely also predictive for NPs transport. They could serve as a rapid screening
of the intestinal transport potential of NPs in a tiered risk assessment or grouping approach

(Arts et al. 2015).

CONCLUSIONS

The cellular uptake of NPs is highly dependent on both the intrinsic and extrinsic
properties of NPs. Based on our findings, we conclude that NPs surface chemistry is a more
important NPs property than NPs size, for the cellular association of PSNPs. The type and
composition of the protein corona formed on the NPs surface is affected by the
physicochemical properties of the NPs. The protein corona is consequently one of the major
players affecting the NPs cellular interactions including their cytotoxicity, membrane
adhesion, uptake and transport. Further studies are required to identify the set of corona
proteins that affect the uptake and transport of NPs. Membrane adhesion and cellular uptake
profiles correlate with the observed transport across a monolayer of Caco-2 cells, indicating

membrane adhesion studies can potentially be used to predict the transport potential of NPs.
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Figure S 1: SDS-PAGE showing the protein corona of PSNPs after 10, 20, 30, 60 and 120
minutes incubation in DMEM*. A) 50 nm (SM), B) 50 nm (CM), C) 50 nm (CP), and D) 200 nm
(CP). The amount of proteins at all-time points for each PSNPs was adjusted to load the same

amount. The molecular weights of the proteins in the standard ladder are given on the left

side of each gel. DMIEM* js the medium control.
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ABSTRACT

Nanomaterials especially silver nanoparticles (AgNPs) are used in a broad range of products
owing to their antimicrobial potential. Oral ingestion is considered as a main exposure route
to AgNPs. This study aimed to investigate the impact of the biochemical conditions within the
human digestive tract on the intestinal fate of AgNPs across an intestinal in vitro model of
differentiated Caco-2/HT29-MTX cells. The co-culture model was exposed to different
concentrations (250 — 2500 pg/L) of pristine and in vitro digested (IVD) AgNPs and silver nitrate
for 24 hr. ICP-MS and spICP-MS measurements were performed for quantification of total Ag
and AgNPs. The AgNPs size distribution, dissolution and particle concentration (mass- and
number-based) were characterized in the cell fraction and in the apical and basolateral
compartments of the monolayer cultures. A significant fraction of the AgNPs dissolved (86 -
92% for the (LA) AgNPs and 48 — 70% for the (Cit) AgNPs) during the digestion. Cellular
exposure to increasing concentrations of pristine or IVD AgNPs resulted in a concentration
dependent increase of total Ag and AgNPs content in the cellular fractions. The cellular
concentrations were significantly lower following exposure to IVD AgNPs compared to the
pristine AgNPs. Transport of silver as either total Ag or AgNPs was limited (< 0.1%) following
exposure to pristine and /VD AgNPs. We conclude that the surface chemistry of AgNPs and
their digestion influence their dissolution properties, uptake/association with the Caco-
2/HT29-MTX monolayer. This highlights the need to take in vitro digestion into account when

studying nanoparticle toxicokinetics and toxicodynamics in cellular in vitro model systems.
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INTRODUCTION

Nanomaterials are used in a broad range of products and applications such as textiles,
medical devices, water disinfection, personal hygiene and food products (Abdelkhaliq et al.
2018; Imai 2017; Lichtenstein et al. 2015; Chaudhry et al. 2008). Because of the antimicrobial
potential of silver nanoparticles (AgNPs), they are amongst the most frequently used
nanoparticles (NPs) in food associated products (e.g. packaging and kitchen utensils) (Choi et
al. 2018; Lichtenstein et al. 2015). Therefore, oral ingestion is considered as a main exposure
route for humans to AgNPs. From a risk assessment perspective, understanding the fate,
cellular interactions (i.e. cellular uptake) and bioavailability of AgNPs upon digestion is of key
importance to assess their impact on health (Lichtenstein et al. 2017; Hsiao et al. 2016;

Lichtenstein et al. 2015; Bouwmeester et al. 2011)

Upon oral ingestion of AgNPs, these particles pass through several compartments of the
gastrointestinal tract (mouth, stomach and intestine), each with a specific pH and biochemical
composition. These varying conditions can affect the AgNPs physicochemical properties (e.g.
agglomeration and dissolution) and accordingly affect their bioavailability and toxicological
properties (Lichtenstein et al. 2017; Sieg et al. 2017; Bohmert et al. 2014; Murdock et al. 2008).
Upon reaching the intestine, the biological interactions (e.g. uptake and transport) of the
AgNPs with the intestinal epithelial cells determine their bioavailability and possible
subsequent systemic effects upon oral ingestion (McCracken et al. 2015). AgNPs size and
surface chemistry play an important role in their stability, cellular internalization and transport
(Lichtenstein et al. 2017; Mwilu et al. 2013). Several in vitro models have been developed to
represent the intestinal epithelial barrier (Lefebvre et al. 2015) which are exposed to NPs to
simulate real-life human exposure conditions to NPs (Sieg et al. 2017; Nel et al. 2006). Among
these model, the co-cultures of monolayers of Caco-2 intestinal cells and HT29-MTX mucus
secreting cells are widely used as an in vitro intestinal epithelium model (Georgantzopoulou
et al. 2016; Lefebvre et al. 2015; Stone et al. 2009; Bailey et al. 1996). These models however

do not consider possible effects of digestion on toxicokinetics and toxicodynamics of NPs.

Detection, characterization and quantification of (metal) nanoparticles is of importance
in studying the fate of NPs. For this, several analytical methods have been developed (Lopez-

Serrano et al. 2014). Single particle-inductively coupled plasma mass spectrometry (spICP-MS)

75



Chapter 3

has shown high efficacy and sensitivity to detect metal NPs at low concentrations in addition
to its ability to distinguish between metal ions and NPs (Abdolahpur Monikh et al. 2019; Ding
et al. 2018; Weigel et al. 2017; van der Zande et al. 2016). In addition, spICP-MS provides
information on the size, size distribution and mass- and number-based NPs concentration
(Hsiao et al. 2016; Peters et al. 2015; Laborda et al. 2011). To study the cellular uptake and
internalization of AgNPs, however, additional techniques need to be used. For this we used
confocal fluorescence microscopy exploiting the light scattering properties of AgNPs in

combination with immunohistochemistry (van der Zande et al. 2016; Kittler et al. 2010).

Here, we aimed to investigate the impact of in vitro digestion (IVD) on two 50 nm AgNPs
with different surface chemistries, while silver nitrate (AgNOs) was used as an ionic control.
An in vitro human digestion model was used to mimic the oral, gastric and small intestinal
conditions (Lichtenstein et al. 2015; Walczak et al. 2012; Versantvoort et al. 2005). The size,
size distribution, dissolution and particle concentration (mass- and number-based) of the
AgNPs after in vitro digestion using spICP-MS and ICP-MS were measured and quantified. Also,
we investigated the impact of in vitro digestion on the uptake/association and transport of
the AgNPs in or through the intestinal barrier using an in vitro Caco-2 and HT29-MTX co-

culture transwell model.

MATERIALS AND METHODS

Nanoparticles and chemicals

Two 50 nm negatively charged AgNPs with different surface modifications were
purchased from Nanocomposix Inc. (USA); lipoic acid BioPure™ (pH=6.1) in milli-Q water and
citrate BioPure™ (pH = 7.4) in 2 mM citrate buffer, further referred to as (LA) and (Cit) AgNPs,
respectively. The silver mass concentration in the stock suspensions of both AgNPs was 1
mg/mL. All the AgNPs suspensions were stored at 4°C in the dark. Dilutions of the AgNPs were
freshly prepared for every experiment in complete cell culture medium (DMEM®), prepared
by supplementing Dulbecco's Modified Eagle Medium (DMEM) culture medium (LONZA;
Switzerland) with 10% (v/v) heat inactivated Foetal Bovine Serum (FBS) (Gibco®, Life
technologies; USA), 1% (v/v) of Penicillin-Streptomycin 10,000 units penicillin and 10 mg
streptomycin/mL (Sigma-Aldrich; USA) and 1% (v/v) of MEM Non-Essential Amino Acids
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(NEAA) (Gibco®, life technologies; USA). Silver nitrate (AgNOs) (Sigma; USA) was used as a
control (source of Ag* ions) in all the experiments. Dilutions of AgNOs were freshly prepared

for every experiment in DMEM*.

Physicochemical characterization of AgNPs

Hydrodynamic diameters of AgNPs were determined using dynamic light scattering
(DLS). Measurements were performed on samples containing 10 mg/L AgNPs suspended in
nano-pure water using an ALV dynamic light scattering setup (ALV-Laser Vertriebsgesellschaft;
Germany), consisting of a Thorn RFIB263KF photomultiplier detector, an ALV-SP/86
goniometer, an ALV 50/100/200/400/600 um pinhole detection system, an ALV7002 external
correlator and a Cobolt Samba-300 DPSS laser. Measurements were performed att =0 hr and
att=24hratroom temperature, samples were incubated at 37°C. For each condition, samples
were analysed in triplicate; each measurement consisted of 10 technical replicates
measurements of 30 seconds each, at an angle of 90°. The results are expressed as the average
hydrodynamic diameter (nm) * standard deviation (SD) that was calculated using AfterALV®

software (AfterALV 1.0d, Dullware; USA).

The AgNPs surface charges were determined by measuring the zeta-potential of 10
pug/mL AgNPs suspensions in nano-pure water using a Malvern Nanosizer (Malvern

Instruments; UK). All samples were analysed in triplicate.

The total silver content of pristine AgNPs suspensions and AgNOs solution was analysed
using a NexION 350D (PerkinElmer; USA) ICP-MS. Before analysis, samples were digested using
an aqua-regia (1: 3 (v/v), 70% HNOs: 37% HCI) acid digestion for 30 minutes at 60°C and diluted
with nano-pure water. Silver was measured using the selected element-monitoring mode with
m/z values of 107 and 109. A matrix-matched calibration curve of an ionic Ag standard (AgNOs)
(Merck; Germany) ranging from 0.1 to 50 pg/L was included. Rhodium (Merck; Germany) was
used as an internal standard. The limit of detection (LODconc) and limit of quantification
(LOQconc) were 4 and 13.5 ng/L respectively and they were calculated by the measurement of
blank samples as mass concentration in the blank + 3 x SD and 10 x SD, respectively. All

samples were analysed in triplicate.
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The particle size, size distribution, mass- and number-based particle concentration of
pristine AgNPs suspensions and AgNOs solution were quantified using spICP-MS. The method
for the spICP-MS measurements was described previously (Peters et al. 2015). Briefly, the
sample flow rate to the nebulizer was determined before the start of each series of
measurements. The dwell time was set at 3 milliseconds and the total acquisition time was
set at 60 seconds. A diluted suspension of 60 nm gold NPs (Nanocomposix; USA) with a mass
concentration of 50 ng/L was used before each analysis to verify the performance of the ICP-
MS and to determine the transport efficiency. A calibration curve of ionic silver (AgNO3s) with
a concentration range of 0.1 — 20 pg/L was used. The time scan data of the spICP-MS
measurements were exported as CSV files and the calculation of the particle size, size
distribution and mass- and number-based concentrations from the splCP-MS data were
performed using a dedicated spreadsheet. Details about the spreadsheet have been described
previously (Peters et al. 2015). The LODconc and LOQconc Were estimated to be 22 and 75 ng/L
respectively and they were calculated by the measurement of blank samples as mass
concentration in the blank + 3 x SD and 10 x SD, respectively. The NP size was calculated based
on the particle mass, assuming spherical particles. The size detection limit (LODsjze) was 20 nm
and accordingly any silver particles with sizes below this limit were included in the ionic silver

fraction.

In vitro digestion of AgNPs and AgNO3

The two AgNPs suspensions and the AgNOs solution were digested using an in vitro
human gastrointestinal digestion model with a pH gradient ranging from 7 (mouth), to 5
(stomach), to 7 (intestine). The pH of 5 in the stomach is meant to resemble the conditions
upon food consumption which leads to a decrease of stomach acidity, opposed to a pH of ~2
under fasted conditions (Minekus et al. 2014). Briefly, all digestive juices were freshly
prepared and warmed to 37°C before use as described in Table 1 (Walczak et al. 2012;

Versantvoort et al. 2005).

A volume of 1 mL, with a concentration of 500 mg/L of AgNPs suspensions or 95 mg/L
AgNOs solution, was mixed with 3 mL of saliva (pH =6 .8 £ 0.1) and incubated (head-over-heals
at 55 rpm) for 5 minutes at 37°C to simulate the digestion in the mouth. Subsequently, 6 mL

of gastric juice (pH = 1.3 £ 0.1) was added to the mixture and the pH was checked and adjusted
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to 5+ 0.5 with NaOH (5 M) to simulate the digestion in the stomach. The samples were further
incubated while rotating at head-over-heals at 37°C for 2 hr. Lastly, 6 mL of duodenal juice
(pH=8.1) and 3 mL of bile (pH = 8.2) were added to the mixture and the pH was checked and
adjusted to 6.5 + 0.5 with NaOH (1M) or HCI (37%) to simulate the digestion in the small
intestine. Again, the samples were incubated while rotating head-over-heals at 37°C for 2 hr.

The complete mixture of all the digestive juices is further referred to as chyme.

The total silver content of the IVD AgNPs suspensions and AgNOs solution was analysed
using ICP-MS as described earlier. spICP-MS measurements were used to quantify the particle
size, size distribution and mass- and number-based concentrations of the IVD AgNPs
suspensions and AgNOs solution as described earlier. The silver ions calibration curves were

prepared in a similar matrix as the samples of interest.

Table 1: Composition of the artificial digestion fluids of the in vitro digestion

model (per 1000 mL)*

Saliva Gastric fluid Duodenal fluid Bile fluid
(PH=6.810.1) (pPH=1.3+0.1) (pPH=8.1+0.1) (pPH=8.2+0.1)
e 896 mg KCl e 2,752 mg NaCl 7,012 mg NacCl e 5,259 mg NaCl

e 200 mg KSCN

e 1,021mg
NaH2P0O4.H.0

e 570 mg NaxSO4

e 298 mg NaCl

e 1,694mg
NaHCOs

e 200 mgurea

e 290 mgamylase

e 15 mg uric acid

e 25 mg mucin

o nano-pure water

306 mg NaH2P04.H20
824 mg KClI

302 mg CaClz

306 mg NH4Cl

6.5 mL 37% HCI

650 mg glucose

20 mg glucuronic acid
85 mg urea

330 mg glucosamine-
hydrochloride
1gBSA

2.5 g pepsin

3 g mucin

nano-pure water

3,388 mg NaHCOs3
80 mg KH2PO4
564 mg KCl

50 mg MgCl..6H,0
180 mL HCI (37%)
100 mg urea

151 mg CaClz

1 g BSA

9 g pancreatin

1.5 g lipase

nano-pure water

e 5,785 mg NaHCOs3
e 376 mg KCl
e 150 mL HCI (37%)
e 250 mgurea
e 167.5mgCaCl;
e 1.8gBSA
e 30ghile
e nano-pure water
Sodium carbonate
solution

e 84.7 gNaHCO3

o nano-pure water

*(Walczak et al. 2012; Versantvoort et al. 2005)
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Cell culture

A co-culture of adherent human epithelial colorectal adenocarcinoma cells (Caco-2;
ATCC® HTB-37™; USA) and human colon adenocarcinoma mucus secreting cells (HT29-MTX;
ECACC; Ireland) was prepared of cells at passage numbers of 25 - 40 and 8 - 40, respectively.
Both cell lines were cultured and separately maintained in 75 cm? cell culture flasks (Corning”;

USA) at 37°C in a humidified 5% CO; atmosphere in DMEM"*,
Cell viability

Cytotoxic effects of the pristine and IVD AgNPs and AgNOs were determined using the
WST-1 cell viability assay (Roche; Germany). Each well was seeded with 100 pL of a 1x10°
cells/mL suspension with a 3: 1 ratio Caco-2: HT29-MTX in DMEM* in 96-well flat bottom plates
(Grenier bio-one; the Netherlands). Plates were incubated at 37°C, 5% CO; for 24 hr. The
attached cells were then exposed to 100 pL/well of freshly prepared dilutions (100 — 100,000
ug/L) of pristine and (500 — 2500 pg/L) IVD AgNPs suspensions and/or (125 — 500 pg/L) AgNOs
solution. All the IVD AgNPs and AgNOs dilutions had a 9: 1 DMEM*: chyme ratio, to prevent
toxicity of the chyme. After 24 hr of exposure, the exposure medium was discarded and the
cells were washed once with 100 uL/well HBSS buffer before addition of 10 puL of WST-1
solution with 90 uL of DMEM* (without phenol red) to each well. The plates were incubated
for 4 hr at 37°C, 5% CO; and absorbance was read at 490 and 630 nm on a plate reader
(BioTek Synergy™ HT Multi-Mode Microplate reader; USA). The cell viability was expressed as
% of control. DMEM™* was used as a negative control and Triton-X100 (0.25%) (Sigma) was used

as a positive control.
In vitro intestinal monolayer barrier integrity assessment

The Caco-2 and HT29-MTX cells were grown in a ratio of 3: 1 (Kleiveland 2015; Walczak
et al. 2015a) at a density of 4 x 10* cells/cm? on the upper side of transwell polyester inserts
(0.4 um pore size, 1.12 cm? surface area) (Corning; USA) for 21 days. The integrity of the
monolayer was assessed before AgNPs exposure by measuring the transepithelial electrical
resistance (TEER) values using a Millicell ERS-2 Epithelial Volt- Ohm Meter (Millipore; USA). On
day 21, only inserts with TEER values above 200 Q.cm? before exposure were used. In addition,

a maximum of 20% reduction in TEER values was accepted after exposure.
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Additionally, the transport efficacy of each of three different integrity markers namely;
lucifer yellow (LY) (Sigma; USA) and low (4 kDa) and high (10 kDa) molecular weights
fluorescein isothiocyanate dextrans (FITC-D) (Sigma; USA) was evaluated in the presence and
absence of EGTA (a tight-junction disruptor) (Sigma, USA) to assess the cell monolayer
integrity. In the absence of EGTA, 500 pL/insert of 1 mg/mLin DMEM* of the integrity markers
were added apically. After 1 hr incubation at 37°C, the basolateral medium was collected and
the transport of the markers was determined by measuring the fluoresce at 485/530 nm using
the fluorescence plate reader. For samples evaluated in the presence of EGTA, 500 uL of a
solution of 2.5 mM EGTA/DMEM* was added apically and basolaterally followed by incubation
of the monolayers for 1 hr at 37°C. The wells were then refreshed with 2.5 mM EGTA/DMEM*
solution in the basolateral compartment while apically the integrity markers in DMEM* were
added at a concentration of 1 mg/mL. The cells were incubated for 1 hr at 37°C and the
basolateral medium was collected and analysed for the presence of the markers as described

above.
Cellular uptake/association and transport of AgNPs and AgNO;

The cellular monolayer was exposed apically to 500 pL/insert of 250, 500 and 2500 pg/L
of pristine or IVD AgNPs suspensions and to 250 pg/L of pristine or IVD AgNOs solutions for 24
hr at 37°C, 5% CO;. Then, the media from the apical and basolateral compartments were
collected and the cells were collected by trypsinization and sonication (40 kHz for 15-20
minutes) to lyse the cells. The total silver content of all the samples was analysed using ICP-
MS as described earlier. spICP-MS was used to quantify the particle size, size distribution and

mass- and number-based concentrations of all samples as described above.
Confocal microscopy

For confocal imaging, Caco-2/HT29-MTX co-cultures were cultured in transwells and
exposed to both pristine and IVD AgNPs suspensions and AgNOs solution using similar
conditions as used in the uptake/association and transport experiments. After exposure, the
exposure medium was discarded and the cells were fixed with 4% paraformaldehyde (Sigma;
USA) for 15 minutes. The cells were washed 3 times with PBS for 5 minutes after discarding

the fixation solution. The cells were permeabilized with 0.25% Triton X-100/PBS for 15
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minutes. The cells were then washed again 3 times with PBS for 5 minutes before incubating
them with the blocking buffer (1% BSA in PBS) for 30 minutes. After discarding the blocking
buffer, Phalloidin - Alexa 488 (6 units) (Dyomics; Germany) was added to stain cellular actin
and the cells were incubated for 30 minutes. Cells were washed three times with PBS before
incubating the cells for 10 minutes with RedDot-2 (1: 200) (Biotium; USA) to stain the nuclei.
Finally, the cells were washed with PBS and stored in the dark until analysis. The cells were
analysed using a confocal laser scanning microscope (SP5X-SMD; Leica Microsystems,
Germany). Samples were excited with 665 and 495 nm lasers and backscattered light was used
to detect AgNPs using a 543 nm laser. All preparations steps have been done at room

temperature.

Transmission electron microscopy energy-dispersive spectroscopy (TEM-EDS)

analysis

Following the 24 hr exposure of the Caco-2/HT29-MTX co-culture to pristine or IVD
AgNPs or AgNOs, samples from the basolateral compartments were withdrawn. The samples
were deposited on a holey carbon coated Cu TEM grid (Agar Scientific; UK) and dried at room
temperature before examination using a TEM-EDS system. The grid examination was

performed on a JEM-2100 equipped with EDS system of Ol Aztec 80 mm X-max detector.
Statistical analysis

Each data point of all the experiments performed represents the average from three
replicates (n = 3) and the results are shown as mean * standard deviation after analysis by
Prism® (v.8.0.1; GraphPad®, USA) software. Bonferroni’s post-test was used to test statistical
significance upon performing a one-way analysis of variance (ANOVA). A p-value < 0.05 was

considered significant.

82



Impact of in vitro digestion on gastrointestinal fate and uptake of silver nanoparticles with different surface modifications

RESULTS

Physicochemical characterization of the pristine AgNPs suspensions and AgNOs

solution

Two differently coated AgNPs were used in this study: lipoic acid-coated (LA) AgNPs and
citrate-coated (Cit) AgNPs. The nominal sizes provided by the supplier of the (LA) and (Cit)
AgNPs measured by transmission electron microscopy (TEM) were 51 £+ 5 and 52 + 6 nm,
respectively. The hydrodynamic sizes and the T - potential of both AgNPs, measured in nano-
pure water after 0 and 24 hr incubation at 37°C, are listed in Table 2. There were no significant

differences in the hydrodynamic diameters or the charges of both AgNPs over time.

Table 2. Physicochemical characteristics of AgNPs

. Incubation time Hydrodynamic diameter (nm) + SD { - potential (mV) £ SD
Medium (hr) (LA) AgNPs (Cit) AGNPs (LA) AgNPs (Cit) AgNPs
Nano-pure 0 56+8 51+1 -56 + 10 377
water 24 49+2 48 +4 -36+10 -29+12

The suspensions of both AgNPs and AgNOs were analysed as pristine suspensions and
after in vitro digestion (IVD suspensions) to quantify the total silver content and silver in
particulate form (AgNPs) using ICP-MS and splCP-MS, respectively (Figure 1).

The AgNPs content in the pristine suspensions of both types of AgNPs was equal to the total
Ag content and corresponded to the theoretical (nominal) concentration. The pristine solution

of AgNO3s did not contain detectable levels of AgNPs.

Upon IVD, the total Ag content of both AgNPs suspensions and the AgNOs solution
remained unchanged (compared to the pristine suspension) except the highest concentration
of AgNPs (Figure 1A). The AgNPs content of both types of AgNPs was significantly reduced

upon digestion at all concentrations tested.
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Figure 1: Silver content in pristine and in vitro digested (IVD) AgNPs suspensions and
AgNOs solution. A) Silver content measured as total Ag using ICP-MS. B) Silver content
measured as AgNPs using splCP-MS. Concentrations are given as the mean * SD (n=3).
* Significant difference between the pristine and IVD suspension of the same AgNPs (p

<0.05).
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The IVD (LA) AgNPs suspension showed a reduction in particulate silver (mass-based)
between 86 — 92% while the IVD (Cit) AgNPs suspension showed a reduction between 48 —
70% in particulate silver (mass-based), compared to the pristine suspensions. Interestingly, a
low but significantly elevated concentration of newly formed silver particulates (de novo) was

observed in the AgNOs solution upon digestion (Figure 1B).
Assessment of AgNPs and AgNOs cytotoxicity

The viability of the Caco-2/HT29 co-culture was assessed using the WST-1 assay (cellular
mitochondrial activity determination) upon 24 hr exposure to increasing concentrations of
pristine or IVD AgNPs suspensions and AgNOs solution (Figure 2). The pristine AgNOs induced
concentration dependent cytotoxicity. The cell viability of all the concentrations used in the
subsequent experiments of pristine or IVD AgNPs suspensions (up to 2500 pg/L) and AgNO3
solution (up to 500 pg/L) was higher than 85%.

Cellular barrier integrity assessment

For the transport studies, monolayers of Caco-2/HT29-MTX coculture were grown for
21 days in transwells to allow cells to form a tight junction and differentiated monolayer. Only
monolayers that had TEER values > 200 Q.cm? were used for subsequent cellular
uptake/association and transport studies. The monolayer integrity was also confirmed by
assessing the transport of lucifer yellow (LY) and 4 kDa and 10 kDa FITC-dextrans in the
presence or absence of a tight junction disruptor (EGTA). The transport of the three markers
was very limited (< 0.5%) in the absence of the EGTA, while upon addition of EGTA the

transport increased significantly (up to 20 - 140-fold) (Figure S 1).

Cellular uptake/association of AgNPs and AgNOs by monolayers of intestinal

epithelial cells

Monolayers of 21 days old Caco-2/HT29-MTX coculture were exposed for 24 hr to
increasing concentrations of either pristine or IVD AgNPs suspensions or AgNOs solution. The
resulting cellular uptake/association of Ag was quantified and expressed as total Ag and AgNPs

(Figure 3).
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Figure 2: Cell viability of a Caco-2/HT29-MTX co-culture after 24 hr exposure to a
concentration range of pristine; A) (LA) and (Cit) AgNPs and B) AgNOs, and IVD; C) (LA) and
(Cit) AgNPs and D) AgNOs using the WST-1 viability assay. Viability is given as a percentage
of the control (mean + SD; n=3). * Significant difference between AgNPs at the same
concentration (p < 0.05). “* Significant difference between any concentration and the control

within the same treatment (p < 0.05).

The total Ag and AgNPs content in the cell fraction increased in a concentration -
dependent manner for both AgNPs irrespective of their treatment (pristine or IVD) (Figure 3).
Upon the pristine AgNPs exposure, the total Ag contents in the cellular fraction of (LA) AgNPs
samples were significantly higher than that in the (Cit) AgNPs samples (Figure 3A). While the
cellular fraction content of AgNPs exposed to (LA) AgNPs was significantly higher at the highest
concentration compared to (Cit) AgNPs samples (Figure 3B). After IVD, comparable levels of

Ag and AgNPs were detected in the (LA) and (Cit) AgNPs samples except for the highest
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concentration where the (Cit) AgNPs samples had a significant higher Ag and AgNPs
concentrations than the (LA) AgNPs samples (Figure 3C and D). In the cell fraction samples
upon exposure to both pristine and IVD AgNOs, mainly total Ag was detected, but after IVD a

limited number of AgNPs was detected.
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Figure 3: Silver uptake/adhesion of (LA) and (Cit) AgNPs and AgNOs in differentiated Caco-
2/HT29-MTX cells after 24 hr exposure, measured and expressed as total Ag after; A) exposure
to pristine AgNPs and AgNOs. C) exposure to in vitro digested AgNPs and AgNQOs. Also expressed
as AgNPs after; B) exposure to pristine AGNPs and AgNOs. D) exposure to in vitro digested AGNPs
and AgNOs. Concentrations are given as the mean * SD (n=3). Values with different letters are

significantly different at the same concentration (p < 0.05).
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In general, the cellular silver contents as total Ag or AgNPs upon exposure to IVD AgNPs
was significantly lower compared to exposure to pristine AgNPs. Confocal microscopy was
applied to evaluate cellular internalization of both AgNPs (pristine or IVD). Various planes
through the cells were assessed showing that clusters of silver or AgNPs were mainly localized

in the cytoplasm and to some extent in the nucleus (Figure 4).

Transport of AgNPs and AgNOs across monolayers of intestinal epithelial cells

The transport of either pristine or IVD AgNPs and AgNOs through the Caco-2/HT29-MTX
monolayers was minimal (< 0.1%) either as total Ag or AgNPs. Also, using TEM-EDS, no AgNPs
could be detected in samples from the basolateral compartments in any of the exposure
groups. Only in small areas of the examined grids, an increased number of silver counts were

found, but they were not visible in a particulate form (data not shown).

spICP-MS size distribution in pristine and IVD suspensions

The spICP-MS measurements were transformed into size distribution plots depicting the
number of particles corresponding to each AgNPs diameter cluster (5 nm) on y- and x- axis,
respectively (Figure 5). The number of particles measured in the AgNPs suspensions and
AgNOs solution are presented in Table S1. There was no apparent difference in the size
distributions of the pristine suspensions of both AgNPs, with a median size of 50 nm (Figure 5

A and B). No AgNPs could be detected in the pristine solution of AgNOs (Figure 5 C).

In vitro digestion affected the size and size distribution of (LA) AgNPs, as the mass -
concentration were reduced (~90% lower) compared to the pristine samples (Figure 5D; also
reflected in Figure 1). In addition, the size distribution curves of the IVD suspensions showed
broadened distributions, indicating the presence of both smaller and larger particles. The size
distribution of the (Cit) AgNPs was less affected by in vitro digestion, where the majority of
both the pristine and IVD (Cit) AgNPs had a median size of 50 nm (Figure 5 B and E). The total
number of particles was reduced (~38% lower) compared to the pristine particles. Upon in
vitro digestion, newly formed silver particulates (de novo) were found in the AgNOs solution
with a median size of 25 nm (Figure 5 F). All the size distributions of the three concentrations
of AgNPs were following similar trend, accordingly all the size distributions reported in Figure

5 are only for of 500 pg/L of AgNPs and 250 pg/L AgNOs for simplicity and clarity purposes.
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spICP-MS size distribution in cellular fraction

The size distributions (Figure 6) and number of particles (Table S1) of both AgNPs
measured in the cellular fraction were different depending on the surface chemistry of the
AgNPs and on whether they were pristine or IVD. Following exposure to pristine (LA) AgNPs,
a broad size distribution was observed without a clear peak (Figure 6 A). This distribution was
highly different from the size distribution in the pristine suspension (Figure 5 A). For the
pristine (Cit) AgNPs, the cellular fraction has AgNPs with a median size of 35 nm and the size
distribution (Figure 6 B) was comparable to that of the pristine (Cit) AgNPs suspension (Figure
5 B). Among pristine AgNPs, the number of NPs in the cell fraction exposed to (LA) AgNPs
(3.1x10° + 4.6x10%) was significantly lower than the number of particles detected in the cells
exposed to (Cit) AgNPs (2.6x10°8 + 1.7x10°). The size distribution of IVD (LA) AgNPs in the cell
fraction - compared to the IVD suspension distribution of these AgNPs (Figure 5 D) - was right

skewed with a median size of 45 nm (Figure 6 D).

The broadening of the size distribution and longer tail showed the appearance of
bigger particles (aggregates) up to 200 nm. The size distribution of IVD (Cit) AgNPs in the cell
fraction (Figure 6 E) also showed a longer tail compared to the IVD (Cit) AgNPs suspension
(Figure 5 E), showing bigger particles (aggregates) up to 200 nm with a median size of 50 nm.
Among IVD AgNPs, the number of NPs in the cell fraction exposed to (LA) AgNPs (4.2x10° +
3.6x10%) was comparable to the number of particles detected in the cells exposed to (Cit)

AgNPs (4.4x10° + 6x10%).

The cellular fraction exposed to pristine AgNOs contained particulate Ag with a median
size of 30 nm (Figure 6 C), while the pristine AgNOs solution did not contain particles (Figure
5 C). Upon exposure to IVD AgNOs solution, the cellular fraction contained silver particulates
with a median size of 50 nm (Figure 5 F and Figure 6 F). The number of particles measured in
the cellular fraction upon exposure to AgNPs and AgNOs are presented in Table S1. All the size
distributions of the three concentrations of AgNPs were following similar trend, accordingly
all the size distributions reported in Figure 6 are only for of 500 pg/L of AgNPs and 250 pg/L

AgNO:s for simplicity and clarity purposes.
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DISCUSSION

This study aimed to investigate the impact of the different biochemical conditions within
the human digestive tract - mimicked in in vitro incubations - on the intestinal fate and
subsequent cellular uptake/association and passage across a monolayer of differentiated
Caco-2/HT29-MTX intestinal cells. We observed that a significant fraction of the AgNPs
dissolved after the in vitro digestion. Exposure of the monolayers of intestinal cells to
increasing concentrations of pristine AgNPs resulted in a concentration dependent increase
of total Ag and AgNPs contents in the cellular fractions. These concentrations were
significantly lower following the exposure to the IVD AgNPs. Finally, passage of silver as total

Ag or AgNPs was not detectable following the exposure to either pristine or IVD AgNPs.

The in vitro digestion model used here was adopted from the model described by
Versantvoort (Walczak et al. 2012; Versantvoort et al. 2005). The pH in the gastric digestion
phase was set at 5 + 0.5 to simulate the gastric environment upon ingestion of a meal (Minekus
etal. 2014; Gardner et al. 2002; Richardson and Feldman 1986). While this is the most realistic
exposure scenario, it might underestimate the dissolution of AgNPs if consumed in fasted
(empty stomach) conditions, where the stomach pH is lower (pH 2) (Liu et al. 2012). Before in
vitro digestion (i.e. the pristine suspensions), both AgNPs suspensions contained similar
masses of total Ag and AgNPs, indicating that before in vitro digestion, the silver was present
mainly in particulate form. In addition, the spICP-MS derived size distributions of both AgNPs

suspensions were highly comparable.

Upon completion of all three digestion phases (oral, gastric and intestinal), the total Ag
content in both of the IVD AgNPs suspensions and the AgNOs solution was similar to that of
the corresponding pristine suspensions and solution, except for the highest concentration of
both AgNPs, with the total Ag content being ~10% and ~40% lower for (LA) and (Cit) AgNPs,
respectively. The reduction in total Ag content of samples taken from the highest
concentrations could be due to a lower (analytical) recovery due to adsorption of AgNPs to
the digestion matrix and tubing and/or to the short centrifugation step applied to the AgNPs
samples after digestion to spin down large protein precipitates before ICP-MS measurement
(Versantvoort et al. 2005) to which the AgNPs could potentially adsorbed (Noireaux et al.

2019). This centrifugation set is required to avoid the presence of large proteins that
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destabilize the plasma of the ICP-MS (Noireaux et al. 2019). On the other hand, a significant
reduction in the mass- and number-based AgNPs content was observed for both AgNPs upon
completion of all digestion phases, demonstrating that the in vitro digestion could induce
dissolution, aggregation, or protein binding of the AgNPs (Bohmert et al. 2014). Significantly
more of the (Cit) AgNPs endured the digestion conditions than the (LA) AgNPs, which is most
likely due to the differences in surface chemistry of the AgNPs which is influencing the
adsorption and agglomeration characteristics of the AgNPs. For example, the dissolution of
(Cit) AgNPs in fresh river water was reported by Li and Lenhart to be much slower than that
of tween coated AgNPs, where (Cit) AgNPs needed an incubation of 15 days to dissolve to the
same extent as the tween coated AgNPs within 6 hr (Li and Lenhart 2012). Besides, in cell
culture medium, (Cit) AgNPs have been shown to dissolve much slower compared to 5-kDa
PEG-thiol-coated AgNPs (Zook et al. 2011). Dissolution of (LA) coated AgNPs, reported in the

present study, has not been studied before.

Interestingly, a significant number of silver particles was detected in the AgNOs solution
after in vitro digestion, whereas in its pristine solution no particles were detected. The
digestive juices have a high ionic strength including a high concentration of chloride, which is
known to form particulate complexes with silver ions or the de novo formed AgNPs (Huynh
and Chen 2011; Zook et al. 2011). This could explain the higher amount detected of cellular
de novo formed AgNPs upon exposure to pristine AgNOs; than exposure to IVD AgNOs.
Formation of de novo complexes of silver ions with chloride, sulphur or thiocyanate has been
described before both in vitro (Késtner et al. 2018; Wildt et al. 2016; Walczak et al. 2012) and

in vivo (Levard et al. 2011; Loeschner et al. 2011).

In the present study, we used monolayers of differentiated Caco-2/HT29-MTX cells. The
presence of mucus producing cells increases the physiological relevance of the model
compared to using Caco-2 cells alone (Georgantzopoulou et al. 2016; Yuan et al. 2013; Mahler
et al. 2009; Hilgendorf et al. 2000). Non-cytotoxic concentrations of AgNPs (and ionic controls)
were used in our study. As chyme from the in vitro digestion model results in cytotoxic
responses, the chyme was diluted in a 1: 9 ratio with cell culture medium as described
previously to avoid any cytotoxic effects (Lichtenstein et al. 2015; Walczak et al. 20153;
Bohmert et al. 2014).
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After 24 hr of exposure to suspension of three concentrations of either pristine or IVD
AgNPs, the total Ag and AgNPs contents of the cellular fraction increased in a concentration
dependent manner. Both the total Ag and AgNPs contents in the cellular fractions were
significantly lower following exposure to IVD AgNPs compared to the exposure to similar
concentrations of pristine suspensions of AgNPs. Similar observations were reported for a
differentiated Caco-2 cell model exposed to pristine and IVD AgNPs, although in that study
only the total Ag content was measured (Lichtenstein et al. 2015). Furthermore, cellular
uptake of total and partiulate silver or titanium was also shown to be concentration

dependent after 24 hours exposure in Neuro-2a cells (Hsiao et al. 2016).

The total Ag concentration found in the cellular fraction was in general higher than the
AgNPs concentration, whereas upon digestion, the total Ag and AgNPs levels in the cellular
fractions were highly comparable. As AgNPs tends to dissolve intracellularly (Singh and
Ramarao 2012) and form protein corona upon IVD (Walczak et al. 2015a), it is likely that the
in vitro digestion is protecting the AgNPs from dissolving inside the cells. In general, the AgNPs
content in the cellular fraction appeared to be higher in the (LA) AgNPs samples than in the
(Cit) AgNPs samples, following exposure to pristine AgNPs. The difference in the cellular total
Ag content between (LA) and (Cit) AgNPs could be explained by possible formation of different
types of protein coronas on the AgNPs due to their differences in surface chemistry, as
previously described for AgNPs and other NPs (Abdelkhalig et al. 2018; Monteiro-Riviere et al.
2013; Tenzer et al. 2013; Lesniak et al. 2012). Another factor influencing the interaction of
AgNPs with cells could be the stability of the coating which might be affected by the ionic

strength, protein content, or pH of the medium (Sharma et al. 2014).

Although splICP-MS is a very sensitive technique to quantify total Ag and AgNPs
concentrations, it does not provide insights in the (sub)cellular localization of the Ag. Here,

the confocal imaging showed that a fraction of the AgNPs was internalized in the cells.

Following exposure of the monolayers to AgNOs (pristine and IVD), AgNPs were detected
in the cell fraction which suggests the de novo formation of AgNPs. However, the sizes of these
AgNPs differed with a peak shift from 30 nm in the pristine samples to 50 nm in the digested
samples. The de novo AgNPs are most likely to be firstly formed as silver salt complexes

following the in vitro digestion and upon cellular exposure and internalization, these
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complexes may further interact with other cellular molecules rich in sulphur (i.e. cysteine and
glutathione) and grow forming de novo nanoparticles in situ (Wildt et al. 2016; Maurer et al.

2014; Loeschner et al. 2011).

Lastly, we assessed the passage of total Ag and AgNPs across the monolayers of Caco-
2/HT29-MTX cells. We performed all our experiments in transwells and sampled the
basolateral compartment following an exposure to both pristine and IVD AgNPs suspensions;
the transport of silver as either total Ag or AgNPs was < 0.1%. From an analytical perpective,
the sensitivity and power of the methods used for detection and quantification of Ag and
AgNPs (ICP-MS and spICP-MS respectively) were high compared to other methods that have
been used before. That explains, why we could use low exposure concentrations (i.e. 250 pg/L)
and still were able to detect total Ag and AgNPs in the cellular fractions. Other studies reported
that the silver content in the cellular fractions after a higher exposure concentration (i.e. 1000
ug/L) of either pristine or IVD AgNOs solutions for the same exposure time was lower than the

LOQ (20 pg/cm?) (Lichtenstein et al. 2015).

In addition, the basolateral samples were screened for AgNPs using TEM-EDS, but again
no particles were detected. Previously, we have shown minimal passage (less than 1%) of
smaller (20 nm) AgNPs across a monolayer of Caco-2/M-cells exposed for 4 hr (Bouwmeester
et al. 2011). For larger AgNPs it can be expected that the passage/transport is lower, in
addition, we currently used membranes with a smaller pore size that might hinder the
transport of the AgNPs (Cartwright et al. 2012). However, in vivo studies indicate that silver
can reach the systemic circulation, as oral feeding studies with rodents have reported low oral
bioavailability of silver after exposure to AgNPs of different sizes (van der Zande et al. 2012;

Loeschner et al. 2011).

The Caco-2/HT29-MTX intestinal model shows potential for screening AgNPs. Addition
of M-cells to the model is not of added value in the current case, as it was reported before to
reduce the transport of NPs to a similar level of transport through Caco-2 monolayer where
no mucus is present (Walczak et al. 2015b). In another study, AgNPs transport via a Caco-2/M-
cell intestinal model could be detected (Bouwmeester et al. 2011) but the AgNPs used were
of smaller size and in pristine status which might facilitate the possibility of detection. Applying

longer exposure periods or higher non-toxic concentrations of AgNPs might increase the
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chance of detecting and quantifying transported AgNPs, owing to the limitation of the AgNPs
stock concentration and the necessity to high dilution upon the digestion to avoid chyme
toxicity. The broad spectrum of AgNPs with diverse physicochemical characteristics might
exhibit different behaviours upon in vitro digestion and intestinal uptake and transport which
highlight the importance of detailed characterization of AgNPs studied and the difficulty to

group the AgNPs.

CONCLUSIONS

The surface chemistry of AgNPs had a significant influence on their dissolution and on
their biological interactions with the Caco-2/HT29-MTX intestinal model. The (LA) AgNPs
dissolved to a significantly higher extent during the digestion process compared to (Cit) AgNPs.
Cellular uptake/association was in general higher for the (LA) AgNPs, although this difference
disappeared after digestion. Upon in vitro digestion, the cellular uptake/association of both
AgNPs decreased compared to the cellular uptake/association of pristine AgNPs. Transport of
AgNPs across the monolayers of intestinal cells was < 0.1%. De novo formation of AgNPs was
shown in the suspensions and in the cellular fractions upon digestion and cellular exposure of

cells to AgNPs and AgNO:s.

The combination of in vitro digestion and intestinal barrier models used here confirms
the interference and the influence of the digestion process on the biological interaction of the
AgNPs upon oral ingestion. This highlights the need to take in vitro digestion into account
when studying nanoparticle toxicokinetics and toxicodynamics in cellular in vitro model
systems. Additionally, this combination is of added value to the safer-by-design NPs
development by identifying the physicochemical property (here the surface chemistry) that

affects the uptake/association and cellular internalization.
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Figure S1: Cell barrier integrity of a Caco-2/HT29-MTX co-culture transwell model expressed as
the % transport (mean + SD) of lucifer yellow (LY), and 4 kDa and 10 kDa FITC-dextrans in
presence and absence of EGTA (tight junction disruptor). * Significant difference in transport

between presence and absence of EGTA (p < 0.05).

103



Chapter 3

Table S1: The number of particles in pristine and IVD AgNPs suspensions and in the cell

fraction
Status AgNPs Sample Concentration (ug/L) Number of particles + SD

250 5.9 x 10+ 1.4 x 10°
Suspension 500 9.8 x10°+ 2.3 x 10°
2500 2.7x107+1.9x10°

(LA) AgNPs
250 1.8x10°+4.9x 10*
Cell fraction 500 3.1x10°+4.6 x 10*
2500 1.3x10°+5.1 x 10°

Pristine

250 8.1x10°%+ 1.3 x 10°
Suspension 500 1.4x107+2.8x10°
2500 3.5x107+5.0 x 10°

(Cit) AgNPs
250 1.3x10%°+1.6x10°
Cell fraction 500 2.6x105+ 1.7 x 10°
2500 4.5x10%+2.3 x10°
250 3.2x10°+4.7 x 10*
Suspension 500 7.1x10°+2.2 x 10°
2500 1.9x10%+4.5x10°

(LA) AgNPs
250 2.4x10°+ 2.8 x 10*
Cell fraction 500 4.2 x10°+ 3.6 x 10*
2500 1.3x10%°+1.7 x10°

IVD

250 3.0x 105+ 7.8 x 10°
Suspension 500 7.4%x10%+2.8 x10°
2500 2.0x107+5.8 x 10°

(Cit) AgNPs
250 2.1x10°+2.6 x 10*
Cell fraction 500 4.4%x10°+6.0 x 10*
2500 1.9x10°+1.8x 10°
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ABSTRACT

Silver nanoparticles (AgNPs) are used extensively in various consumer products because of
their antimicrobial potential. This requires insight in their potential hazards and risks including
adverse effects during pregnancy on the developing foetus. Using a combination of the BeWo
b30 placental transport model and the mouse embryonic stem cell test (EST), we investigated
the capability of pristine AgNPs with different surface chemistries and aged AgNPs (silver
sulphide (Ag2S) NPs) to cross the placental barrier and induce developmental toxicity. The
uptake/association and transport of AgNPs through the BeWo b30 was characterized using
ICP-MS and single particle (sp)ICP-MS after different exposure time points. The developmental
toxicity of the AgNPs was investigated by characterizing their potential to inhibit the
differentiation of mouse embryonic stem cells (mESCs) into beating cardiomyocytes. The
AgNPs are able to cross the BeWo b30 cell layer to a level that was limited and dependent on
their surface chemistry. In the EST, no in vitro developmental toxicity was observed as the
effects on differentiation of the mESCs were only detected at cytotoxic concentrations. The
aged AgNPs were significantly less cytotoxic, less bioavailable and did not induce
developmental toxicity. Pristine AgNPs are capable to cross the placental barrier to an extent
that is influenced by their surface chemistry and this transport is likely low but not negligible.
Next to that, the tested AgNPs have low intrinsic potencies for developmental toxicity. The
combination of the BeWo b30 model with the EST is of added value in screening and

prioritization the developmental toxicity of AgNPs.
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INTRODUCTION

Engineered nanoparticles (NPs) have gained much attention in the last decades due to
their unique properties compared to the corresponding bulk material, resulting in applications
in a wide diversity of products (Nam and Luong 2019; Prajitha et al. 2019; Missaoui et al. 2018).
Silver nanoparticles (AgNPs) are used in very diverse consumer related products such as
textile, toys and food containers, where they are generally applied because of their
antimicrobial properties (Thomas 2014; Samberg et al. 2012). This widespread use has
increased the potential for human exposure to AgNPs (Meghan E. Samberg and Monteiro-

Riviere 2014).

Humans can be exposed to various forms and types of AgNPs resulting from their release
during a product’s life cycle (Dekkers et al. 2016). AgNPs with different chemical surface
modifications are currently being explored to find the optimum between maximal
functionality for the application balanced against minimal toxicological hazards, which is
known as the Safe-by-Design approach (Arts et al. 2015; Lynch et al. 2014). Upon release of
AgNPs into the environment, they are susceptible to sulfidation processes resulting in silver
sulphide nanoparticles (Ag2S NPs), which are considered the main form of particulate silver in
the environment (Liu et al. 2018). In addition, in vivo systemically available AgNPs or ionic
silver have also been shown to transform into Ag>S NPs (Loeschner et al. 2011). Direct use of
Ag2S NPs has also been described in engineering and biomedical applications (Liu et al. 2018;
Li et al. 2017). Ag2S NPs have been shown to be stable in soils resulting in a potential uptake
and accumulation of Ag,S NPs in plants and the human food chain (Wang et al. 2017). In our
studies, we therefore not only included AgNPs with different chemical surface modifications,

but also Ag>S NPs.

Previously, we studied the potential transport of AgNPs with different surface
modifications across monolayers of intestinal epithelial cells in vitro (Abdelkhaliq et al. 2020).
We showed that in vitro simulated human digestion had a drastic effect on the dissolution of
AgNPs, an effect that was surface coating dependent. A concentration dependent cellular
uptake and/or association, albeit low, was observed. Also available sub-chronic data from

rodent studies indicate systemic uptake and retention of Ag in tissues (van der Zande et al.
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2012; Loeschner et al. 2011). Therefore, in the current work we assessed whether AgNPs
would also be able to pass the placental barrier and if so, to what extent. In addition, to obtain
further insight in possible hazards for the developing foetus, the in vitro developmental

toxicity of the AgNPs was investigated using the mouse embryonic stem cell test (EST).

The placental barrier has received special consideration in the field of toxicology as
foetal exposure to NPs might be associated with reduced foetal growth and embryotoxicity
(Aengenheister et al. 2018b; Cartwright et al. 2012; Saunders 2009; Tran et al. 2007). NPs
uptake and transport across the placental barrier has been reported to be dependent on the
surface chemistry, size and the chemical composition of the NPs (Aengenheister et al. 2018a;
Muoth et al. 2016). To date, several alternative in vitro and ex vivo models have been
developed and used to study the transport of NPs across the human placental barrier, i.e. ex
vivo placental perfusion and in vitro models using primary cells and cell lines (Aengenheister
et al. 2018b; Levkovitz et al. 2013; Wick et al. 2010). BeWo b30 placental cell layer has been
used as a model to study the barrier for maternal-foetal exchange (Poulsen et al. 2015; Omata
et al. 2013). This model is considered an easy and robust screening method to predict the
placental transfer of xenobiotics, nutrients, compounds and NPs (Correia Carreira et al. 2015;
Rytting 2015; Bode et al. 2006). The BeWo b30 cells form a polarized cell layer and express
placental differentiation markers (Li et al. 2013; Parry and Zhang 2007; Bode et al. 2006;
Vardhana and lllsley 2002). Additionally, the BeWo b30 cell layer model has been optimized
for NPs transport studies using fluorescent polystyrene (PS) NPs (Cartwright et al. 2012). The
human silver concentration in blood is usually below 1 pg/L, but can reach levels of up to 194
pg/L in individuals with a compromised skin treated with silver containing creams (Hadrup et
al. 2018; Chaby et al. 2005; Bader 1966). In our in vitro study we exposed layers of BeWo b30

cells to AgNPs concentration of 1 mg/L.

Combining the BeWo cell layer model with the EST has proven to be a way to predict
relative in vivo developmental toxicity (Dimopoulou et al. 2018; Li et al. 2016; Li et al. 2015).
The EST has been validated by the European Centre for the Validation of Alternative Methods
(ECVAM) (Lee et al. 2012a; Seiler and Spielmann 2011), where the differentiation of the mouse

embryonic stem cells (mESCs) into beating cardiomyocytes is representing the early stages of
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embryonic development (Gao et al. 2017; Tandon and Jyoti 2012). Only few studies used the

EST to examine the developmental toxicity of AgNPs (Gao et al. 2017).

This study aims to determine the potential prenatal developmental toxicity of pristine
AgNPs with different surface chemistries compared to the ‘aged’” AgNPs and AgNO:s. For this,
a combination of the BeWo b30 placental transfer model and the EST was used.
Uptake/association and transport of ionic silver and AgNPs across the placental cell layer were
determined using inductively coupled plasma mass spectrometry (ICP-MS) and single particle
(sp) ICP-MS, respectively. Confocal imaging was used to assess cellular penetration of AgNPs

into the differentiated cardiomyocytes.

MATERIALS AND METHODS

Nanoparticles and chemicals

Negatively charged 20 nm ‘aged’ silver sulphide nanoparticles (Ag2S NPs) suspensions in
milli-Q water were obtained from Applied Nanoparticles (Barcelona, Spain) with a mass
concentration of 4.7 g/L. Three types of 50 nm AgNPs with different surface modifications
were purchased from Nanocomposix Inc. (San Diego, CA, USA); negatively charged lipoic acid
BioPure (LA) AgNPs (pH = 6.1) suspended in milli-Q water, negatively charged citrate BioPure
(Cit) AgNPs (pH = 7.4) suspended in 2 mM citrate buffer and positively charged branched
polyethylenimine (BPEI) BioPure AgNPs (pH = 7.0) suspended in milli-Q water. The silver mass
concentration in the stock suspensions of the three AgNPs was 1 g/L. All AgNPs suspensions
were stored at 4°C in the dark. Silver nitrate (AgNOs) (Sigma Aldrich; St. Louis, MO, USA) was
used as a control (source of Ag*) in all experiments. Dilutions of the AgNPs or AgNOs; were
freshly prepared for every exposure experiment in complete cell culture media (depending on

the cell line used in the experiment). 5-Fluorouracil (5-FU) was purchased from Sigma-Aldrich.

Physicochemical characterization of AgNPs

Hydrodynamic diameters of the AgNPs were determined using dynamic light scattering
(DLS). Measurements were performed on samples containing 10 mg/L AgNPs suspended in

nano-pure water using an ALV dynamic light scattering setup (ALV-Laser Vertriebsgesellschaft;
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Germany), consisting of a Thorn RFIB263KF photomultiplier detector, an ALV-SP/86
goniometer, an ALV 50/100/200/400/600 um pinhole detection system, an ALV7002 external
correlator and a Cobolt Samba-300 DPSS laser. The measurements were performed
immediately after preparation at room temperature. For each condition, samples were
analysed in triplicate; each measurement consisted of 10 technical replicate-measurements
of 30 seconds each, at an angle of 90°. The results are expressed as the average hydrodynamic
diameter (nm) % standard deviation (SD) that was calculated using AfterALV software

(AfterALV 1.0d, Dullware; USA).

The total silver content of the AgNPs suspensions and AgNOs solution was analysed
using a NexION 350D inductively coupled plasma mass spectrometer (ICP-MS) (PerkinElmer,
Waltham, MA, USA). Before analysis, samples were digested using an aqua-regia (1:3, 70%
HNO3s: 37% HCI) acid digestion for 30 minutes at 60°C and diluted with nano-pure water. Silver
was measured using the selected element-monitoring mode with m/z values of 107 and 109.
A calibration curve of an ionic Ag standard (NIST-AgNOs3) (Merck; Darmstadt, Germany)
ranging from 0.1 to 50 pg/L was included. Rhodium (Merck) was used as an internal standard.
The limit of detection (LODconc) and limit of quantification (LOQconc) Were estimated to be 2
and 6 ng/L, respectively. The cell culture media (vehicle controls) did not contain detectable

levels of Ag. All samples were analysed in triplicate.

The particle sizes, size distributions, particle mass- and number-based concentrations of
the AgNPs in the AgNPs suspensions and AgNOs solution were quantified using single particle
(sp) ICP-MS. The method for the spICP-MS measurements was described previously (Peters et
al. 2015) . Briefly, the sample flow rate to the nebulizer was determined before the start of
each series of measurements. The dwell time was set at 3 milliseconds and the total
acquisition time was set at 60 seconds. A diluted suspension of 60 nm gold (Au) NPs
(Nanocomposix) with a mass concentration of 50 ng/L was used before each analysis to verify
the performance of the ICP-MS and to determine the transport efficiency. A calibration curve
of ionic silver (NIST-AgNOs) with a concentration range of 0.1 — 20 pg/L was used for particle
mass and size determination. The time scan data of the spICP-MS measurements were
exported as .csv files and the particle size, size distribution and mass- and number-based

concentrations were calculated from the splCP-MS data, using a dedicated spreadsheet.
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Details about the spreadsheet have been described previously (Peters et al. 2015). The LODconc
and LOQconc Were estimated to be 20 and 67 ng/L, respectively. The NP size was calculated
based on the particle mass, assuming spherical particles. The size detection limit (LODsize) was
20 nm and accordingly silver particles with sizes below this limit were included in the ionic

silver fraction.

Cell culture

ES-D3 adherent mouse embryonic multipotent stem cells (mESCs; ATCC; Wesel,
Germany) were used at passage numbers between 4 and 12. The cells were cultured and
maintained in 25 cm? cell culture flasks (Corning; Oneonta, NY, USA) coated with 0.1% gelatine
at 37° C in a humidified 5% CO; atmosphere in complete cell culture medium (DMEM?).
DMEM* was prepared by supplementing HyClone AdvanceSTEM Low Osmo Dulbecco's
modified Eagle's medium (DMEM) culture medium (GE Healthcare Life Sciences; USA) with
20% (v/v) heat inactivated Foetal Bovine Serum (FBS) (ATCC; Manassas, VA, USA), 1% (v/v)
Penicillin-Streptomycin-Glutamine 10,000 units penicillin, 10 mg streptomycin/mL and 29.2
mg/mL L-glutamine (Gibco, Life Technologies; Paisley, UK). The cells were sub-cultured every
2 - 3 days using non-enzymatic cell dissociation solution (Sigma Aldrich) to detach the cells.
The cells were maintained in an undifferentiated state by adding mouse leukaemia inhibitory

factor (mLIF; Sigma-Aldrich).

The adherent placental choriocarcinoma clone b30 (BeWo b30) was kindly provided by
the Institute of Public Health of the Faculty of Health Sciences (University of Copenhagen,
Denmark) with permission from Dr. Alan Schwartz (Washington University, St. Louis, MO) and
confirmed to be mycoplasma free. The cells were used at passage numbers between 14 and
22. The cells were cultured and maintained in 75 cm? cell culture flasks (Corning) at 37°Cin a
humidified 5% CO; atmosphere in complete cell culture medium (DMEM*). The DMEM* was
prepared by supplementing DMEM culture medium-GlutaMAX supplement-pyruvate (Gibco,
Life Technologies) with 10% (v/v) heat inactivated FBS (Gibco, Life Technologies), 1% (v/v)
Penicillin-Streptomycin 10,000 units penicillin and 10 mg streptomycin/mL (Gibco, Life
Technologies). The cells were sub-cultured every 3 - 4 days using trypsin-EDTA (Sigma Aldrich)

to detach the cells.
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Cell viability

Cytotoxic effects of the AgNPs and AgNOs were evaluated using the ATPlite
luminescence assay system (PerkinElmer; Waltham MA, USA). In 96-well black flat bottom
plates (Greiner bio-one; Frickenhausen Germany) each well was seeded with 100 pL of 1x10°
cells/mL BeWo b30 cell suspension in DMEM"*. Plates were incubated at 37° C and 5% CO; for
24 hr. The attached cells were then washed with 100 pL/well pre-warmed HBSS buffer w/o
phenol red and exposed to 100 puL/well of freshly prepared dilutions (0.1 — 100 mg/L) of AgNPs
or AgNOs. After 24 hr exposure, the exposure medium was aspirated and 50 pL/well of
mammalian cell lysis solution were added and the plates were shaken (700 rpm) for 5 minutes
at room temperature using an orbital shaker (Heidolph-Trimax 1000; Schwabach, Germany).
Next, 50 uL/well of substrate solution were added and the plates were shaken (700 rpm) for
5 minutes at room temperature and then incubated for 10 minutes in the dark at room
temperature. The luminescence was then measured using a plate reader (BioTek Synergy™ HT
Multi-Mode Microplate reader; Winooski VT, USA). The cell viability was expressed as
percentage of the control. DMEM®* was used as a negative control and Triton-X100 (0.25%)

(Sigma-Aldrich) was used as a positive control.

BeWo b30 placental cell layer barrier integrity assessment

BeWo b30 cells were grown at a density of 1 x 10* cells/cm? on the upper side of
transwell polycarbonate inserts (3 um pore size, 1.12 cm? surface area) (Corning) for 6 days
(based on (Cartwright et al. 2012)). The integrity of the cell layer was assessed before exposure
by measuring the transepithelial electrical resistance (TEER) using a Millicell ERS-2 Epithelial
Volt- Ohm Meter (Millipore; Darmstadt, Germany). On day 6 post-seeding, only inserts with
TEER values between 80 — 100 Q.cm? were used for further experiments. The TEER was also
measured after exposure to confirm the barrier integrity and comparability of the TEER values

before and after exposure.

Additionally, the cell layer integrity was evaluated before exposure to AgNPs
suspensions and AgNOs solution by measuring the transport efficacy of three different
markers namely; lucifer yellow (LY) (Sigma-Aldrich) and low (4 kDa) and high (10 kDa)

molecular weight fluorescein isothiocyanate dextrans (FITC-D) (Sigma-Aldrich). To the apical
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compartment, 500 uL/insert of 1 mg/mL of each of the integrity markers in DMEM* were
added separately. After 1 hr incubation at 37° C, the basolateral medium was collected and
the transport of the markers was determined by measuring the fluorescence at 485/530 nm
using a fluorescence plate reader (BioTek Synergy™ HT Multi-Mode Microplate reader) and

expressed as a percentage of the exposure concentration.
BeWo b30 cellular uptake/association and transport of AgNPs and AgNOs

Six-day old BeWo b30 cell layer were exposed apically to 500 pL/insert of 1 mg/L of the
AgNPs suspensions or the AgNOs solution for 4, 6, 18 and 24 hr at 37°C and 5% CO.. Then, the
media from the apical and basolateral compartments were collected. The cells were collected
by trypsinization (500 plL) and sonication (40 kHz for 15-20 minutes) to form cell lysate. The
total silver content in all samples (apical, basolateral and cell lysate) was analysed using ICP-
MS. The particle size, size distribution and mass- and number-based concentration in in all
samples (apical, basolateral and cell lysate) after 24 hr exposure using spICP-MS. The total Ag

mass balance in the placental transport model upon exposure to AgNPs and AgNO3 was > 90%.
In vitro developmental toxicity assessment of AgNPs and AgNOs

For the assessment of cell viability of mESCs used in the EST, the potential cytotoxicity
of AgNPs and AgNOs was evaluated after 24 and 120 hr exposure, reflecting the shortest and
longest exposure time during the EST. Each well was seeded with 100 pL of a 2x10* (for the
24 hr exposure) or 1x103 cells/mL (for the 120 hr exposure) cell suspension in DMEM* without
mLIF in 96-well black flat bottom plates (Greiner bio-one). The viability was assessed as

mentioned above.

The potential of the AgNPs and AgNOs to inhibit mESCs differentiation into beating
cardiomyocytes was evaluated using the EST. The cells were exposed from day 3 to 10 of the
10-day mESCs differentiation. The wells of the 96-well plate (Corning) were filled with 200
uL/well PBS. To start the assay hanging droplets (20 uL) of a 3.75 x 10* cells/mL mESCs
suspension were placed on the inner side of a lid of a 96-well plate. Sterile lids of Eppendorf
tubes were placed on each corner of the 96-well plate lid to avoid contact of the droplets with

the plate. Then the plate was sealed with Micropore tape (3M; Germany) to prevent
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evaporation of the hanging drops. The plates were incubated for three days at 37°C and 5%
CO; in a humidified atmosphere to allow the formation of embryoid bodies (EBs). On day 3,
the formed EBs were transferred to 6 cm non-treated tissue culture petri dishes (Greiner bio-
one) with 5 mL of DMEM* containing AgNPs or AgNOs and incubated at 37°C and 5% CO; in a
humidified atmosphere for 2 days to allow growth of the EBs. A concentration range between
0.1 — 25 mg/L was used for each type of AgNPs, while for AgNOs a concentration range
between 0.05 — 5 mg/L was used. DMEM* was used as a negative control and 1 uM 5-FU was
used as a positive control. On day 5, the EBs were transferred to a 24-well plate (Corning)
where each well contained one EB in 1 mL of the same concentration of AgNPs or AgNOs. On
day 10, using a light microscope, the wells were visually inspected for contracting
cardiomyocytes. The number of wells/plate containing contracting cardiomyocytes were
recorded where the experiment was considered valid if at least 21 of the 24 wells of the
negative control sample contained contracting cardiomyocytes. For each concentration of
each treatment, the fraction of successfully differentiated EBs into contracting
cardiomyocytes was calculated and expressed as percentages of the number of wells with
beating cardiomyocytes from the number of wells initially seeded with EBs for each

concentration.

Characterization of AgNPs dissolution in DMEM*

The stability and dissolution properties of the four AgNPs were evaluated in 1 mg/L
AgNPs suspensions in DMEM* upon incubation in the dark at 37°C. At 0 and 120 hr, aliquots
from each AgNPs suspension were extracted for analysis. spICP-MS was used to quantify the
total Ag content, particle size, size distribution and mass- and number-based concentration in

all samples as described earlier.

Confocal microscopy of differentiated cardiomyocytes

For confocal imaging, the EBs formed in the EST were transferred into 8-well p-Slides
(Ibidi; Grafelfing, Germany) for exposure and differentiation into cardiomyocytes. The EBs
were exposed to the AgNPs suspensions or AgNOs solution using similar conditions as used in
the EST. After 5 days exposure, the exposure medium was discarded and the cells were fixed

with 4% paraformaldehyde (Sigma-Aldrich) for 15 minutes at room temperature. The cells
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were washed 3 times with PBS for 5 minutes after discarding the fixation solution. The cells
were permeabilized with 0.25% Triton X-100/PBS for 15 minutes at room temperature. The
cells were then washed again 3 times with PBS for 5 minutes before incubating them with the
blocking buffer (1%BSA in PBS) for 30 minutes at room temperature. After discarding the
blocking buffer, Phalloidin - Alexa 488 (6 units) (Dyomics; Jena, Germany) was added to stain
cellular actin and the cells were incubated for 30 minutes at room temperature. Cells were
washed three times with PBS before incubating the cells for 10 minutes at room temperature
with RedDot-2 (1: 200) (Biotium; Fremont, CA, USA) to stain the nuclei. Finally, the cells were
washed with PBS and stored in the dark until analysis. The cells were analysed using a confocal
laser scanning microscope (SP5X-SMD; Leica Microsystems, Wetzlar, Germany). Samples were
excited with 665 and 495 nm lasers and backscattered light was used to detect AgNPs using a

543 nm laser.

Statistical analysis

Each data point represents the average of three replicates (n = 3) and the results are
shown as mean * standard deviation. Prism (v.8.0.1; GraphPad, USA) software was used for
statistical analysis using a one-way analysis of variance (ANOVA) with a Bonferroni’s post-test.

A p-value <0.05 was considered significant.

RESULTS

Physicochemical characterization of the AgNPs suspensions and AgNOs solution

Four AgNPs were used in this study: lipoic acid-coated (LA), citrate-coated (Cit),
branched polyethylenimine-coated (BPEI) AgNPs and silver sulphide nanoparticles (Ag.S) NPs
that are regarded as aged AgNPs (Liu et al. 2018). The hydrodynamic sizes of all the AgNPs
were measured in nano-pure water at room temperature using DLS (Table 1). Only the (BPEI)
AgNPs were positively charged, while the other AgNPs were negatively charged. All the AgNPs
suspensions and the AgNOs solution, prepared in DMEM?*, were analysed immediately after
preparation to quantify the total silver content and the fraction of silver in particulate form

using ICP-MS and spICP-MS, respectively (Figure S1). In addition, sp-ICP-MS was used to
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characterize the suspensions of AgNPs, the results are presented in Figure 4 and explained
along with the results of the transport study across the layer of BeWo cells. The sp-ICP-MS
characterization of AgNPs in the cell culture medium used for the EST can be found in the
supplementary information (Figure S2).

Upon preparing the (1 mg/L) AgNPs suspensions and AgNOs solution (t = 0), the
percentages of dissolution of (LA), (Cit) and (BPEI) AgNPs in the DMEM®* were between 15 —
25%, while in the Ag;S NPs suspension it was 31%. The AgNOs solution did not contain
detectable levels of AgNPs. The dissolution of the AgNPs in DMEM* was measured following a
maximal incubation of 120 hr which represents the total exposure time in the mESCs
differentiation assay (Table 1). For the (LA) and (BPEI) AgNPs suspensions, the percentage of
dissolution of AgNPs increased over these 120 hr by ~2 fold, while for (Cit) AgNPs and Ag»S
NPs no significant difference in the percentage of dissolved AgNPs between the two time

points was detected (Table 1).

Table 1. Physicochemical characteristics of AgNPs

Size (TEM) Hydrodynamic size - potential Dissolution (%) £ SD**

nm x SD** (DLS) nm  SD* (mV) £ SD** 0hr 120 hr

(LA) AgNPs 51+5 70+8 -54+3 15+4 32+2%

(Cit) AgNPs 48+5 61+5 46+1 25+3 31+1

(BPEI) AgNPs 47 5 62+1 +73 %1 17+1 29 + 2

Ag>S NPs 28 £ 20 201 £ 28 -22+1 311 25+6
AgNOs3 - - - - -

* Measured in nano-pure water
** Measured in complete cell culture medium (DMEM?*).

* Provided by Nanocomposix Inc.

# Significant difference between 0 and 120 hr incubation within the same AgNPs (p-value <0.05).

Cytotoxicity assessment of AgNPs and AgNOs in BeWo b30 cells

The viability of BeWo b30 placental cells was assessed upon 24 hr exposure to a
concentration series of AgNPs suspensions or AgNOs solutions (Figure 1). Exposure to AgNOs
showed the highest cytotoxicity with an ICso of 2 mg/L, while exposure to Ag,S NPs resulted in

substantially less cytotoxicity with an ICso > 100 mg/L (Table 2). For the subsequent BeWo b30
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cell layer exposure studies, a non-toxic concentration of the AgNPs was used (1 mg/L).

Following the 24 hr exposure to 1 mg/L for AgNOs, the cell viability was decreased to 67%.
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Figure 1: Concentration dependent effect of (LA)-, (Cit)-, (BPEI) AgNPs, Ag>S NPs, and
AgNO:s on the viability of BeWo b30 cells after 24 hr exposure quantified using the ATPlite

viability assay. Viability is given as a percentage of the control (mean = SD; n=3).

Table 2: The ICso values of AgNPs and AgNOs in BeWo b30

placental cells after 24 hr exposure

Treatment I1Cs0 (mg/L)
(LA) AgNPs 11
(Cit) AgNPs 6.2
(BPEI) AgNPs 4.3
AgaS NPs >100
AgNO: 2

ICsp: the concentration where 50% of BeWo b30 cells are viable
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Cellular uptake/association and transport of AgNPs and AgNOs through the BeWo

b30 placental barrier

For the uptake/association and transport studies cell layer of BeWo b30 placental cells
were used after 6 days of differentiation. Good integrity was confirmed by TEER values ranging
between 80 - 100 Q.cm? (as defined by others (Li et al. 2013)) and low transport values of
three paracellular transport marker compounds (i.e. 8, 6, 7% for LY and 4kDa and 10kDa FITC-
dextrans, respectively). The BeWo b30 cell layer were exposed for 4, 6, 18 and 24 hr to 1 mg/L
of the different AgNPs suspensions, or the AgNOs solution. The silver content in the media
from the apical, cellular and basolateral compartments was quantified using ICP-MS
measurements at all exposure times and expressed as total Ag (i.e. ionic silver and particulate
silver; Figure 2). In addition, the silver fraction as AgNPs was quantified using sp-ICP-MS
measurements, but only after 24 hr exposure (Figure 3). The TEER measurements performed
after the exposure to the AgNPs and AgNOs indicated that the BeWo b30 barrier integrity was

not affected.

The total Ag content (as determined by the ICP-MS measurements) in the apical
compartment declined significantly in a time-dependent manner in the (LA), (Cit), (BPEI)
AgNPs and AgNOs exposure groups (Figure 2A). In the Ag,S NPs exposure group, the total Ag
content of the apical compartment declined rapidly at early time points but remained stable
from 4 hr exposure onwards. This early decline was significantly larger compared to the
decline observed for the other AgNPs. The fractions of total Ag present as AgNPs in the apical
compartments upon 24 hr exposure to (LA), (Cit), (BPEI) AgNPs and Ag,S NPs were comparable

(Figure 3A; Table 3). The fraction of AgNPs was lower for the AgNOs group.

For the cellular compartment of the BeWo b30 cell model, the total Ag content increased
significantly in a time-dependent manner for the (LA), (Cit) and (BPEI) AgNPs, except for the 6
hr time point where the increase versus the 4 hr time point was not statistically significant
(Figure 2B). While the time-dependent increase in the total Ag content was less pronounced
upon exposure to Ag>S NPs or AgNOs, the total Ag concentration in the cellular compartment
increased significantly after 24 hr exposure compared to that observed after 4 and 6 hr

exposure.
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In the cellular compartment, the concentration of AgNPs upon 24 hr exposure to (BPEI)
AgNPs was higher compared to what was observed following exposure to the other AgNPs
and AgNOs (Fig 3B). However, upon expressing the AgNPs concentrations in the cellular
compartment after 24 hr exposure as percentages of the total Ag present in the cellular

compartments, these percentages between (LA), (Cit) and (BPEI) AgNPs were comparable.

Upon exposure to Ag,S NPs, the cellular compartment contained a lower percentage of
AgNPs (Figure 3B, Table 3). The cellular compartment exposed to AgNOs contained only 4% of

AgNPs of the total Ag content in this compartment (Figure 3B, Table 3).

In spite of the time-dependent decrease in the amount of total Ag in the apical
compartment and an increase in the amount of total Ag in the cellular compartment (Figure
2A and B), no time-dependent transport of total Ag across the cell layer to the basolateral
compartment was observed upon exposure to all the AgNPs, apart from incidental significant
differences for the (Cit) AgNPs (Figure 2 C). Upon AgNOs exposure, the total Ag content in the
basolateral compartment showed a time-dependent increase. Additionally, AgNPs were
detected in the basolateral compartment. The highest percentage of AgNPs from the total Ag
content was detected in the basolateral compartments exposed to the (LA) AgNPs followed
by (Cit) and (BPEI) AgNPs and Ag,S NPs (Figure 3C and Table 3). Following exposure to AgNO3

only 2% of the compartment’s total Ag content was present as AgNPs.
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Figure 2: Total silver content in the A) apical, B) cell lysate, and C) basolateral compartments of the

BeWo b30 placental transfer model after 4, 6, 18 and 24 hr exposure to 1 mg/L of (LA), (Cit), (BPEI)

AgNPs, Ag,S NPs, or AgNOs, measured using ICP-MS. Concentrations are given as the mean + SD (n=3).

Values with different letters are significantly different within the same treatment (p < 0.05).
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Figure 3: Total silver content (on the left axis) versus the AgNPs content (mass-based on the
right axis) in the A) apical, B) cell lysate, and C) basolateral compartments of the BeWo b30
placental transfer model after 24 hr exposure to 1 mg/L of (LA), (Cit), (BPEI) AgNPs, Ag.S NPs,
or AgNOs, measured using splCP-MS. Concentrations are given as the mean + SD (n=3). Values

with different letters are significantly different within the same treatment (p < 0.05).
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Table 3: The fraction of AgNPs as % of total Ag content in the apical, cellular and
basolateral compartments of the BeWo b30 placental cell model after 24 hr

exposure as calculated from the data presented in figure 3.

Compartment
Treatment
Apical Cellular Basolateral
(LA) AgNPs 55% 33% " 77% *#
Cit) AgNPs 54% 35% " 64%
g
(BPEI) AgNPs 52% 32% " 63% *
Ag>S NPs 48% 6% " 59% f#
AgNO; 2% 4% 2%

* Significant difference compared to the apical compartment of the same exposure group (p-value <0.05).

# Significant difference between cell and basolateral compartments of the same exposure group (p-value <0.05).

Size distribution of AgNPs before and after BeWo b30 exposure

The size distributions of the AgNPs were assessed in the different compartments (apical,
cellular and basolateral) of the BeWo b30 model. The sp-ICP-MS data were transformed into
size distribution plots depicting the number of particles corresponding to the size, clustered
in 5 nm diameter clusters (Figure 4). The size distributions of the (LA), (Cit) and (BPEI) AgNPs
exposure suspensions were comparable, with median particle sizes of 50, 45 and 45 nm,
respectively (Figure 4 A, B and C). The size distribution of Ag>S NPs suspension demonstrated
a right-skewed size distribution with a median particle size of 35 nm (Figure 4 D). No AgNPs

were detected in the AgNOs solution (Figure 4 E).

After 24 hr exposure, the total number of AgNPs that was detected in the apical
compartments decreased for all four AgNPs (Figure 4 F-1) where the (BPEI) AgNPs (Figure 4 H)
showed the largest decrease. The size distributions of all the AgNPs in the apical compartment
were right skewed. The size distributions of (LA) and (Cit) AgNPs were the least affected with
a median size of 45 and 40 nm, respectively (Figure 4 F and G). The size distribution of both
the (BPEI) AgNPs and Ag2S NPs indicated an increased median size of 70 nm and 50 nm,
respectively, indicating agglomeration of the particles. (Figure 4 H and 1). Some AgNPs were

detected in the AgNO3 sample with a median size of 30 nm (Figure 4 ).
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The size distributions of all AgNPs in the cellular compartments were also right skewed.
For the (LA) and (Cit) AgNPs (Figure 4 K and L), this was more pronounced than in the apical
compartments, with median sizes of 50 and 45 nm, respectively. It was less pronounced for
the (BPEI) AgNPs and Ag,S NPs (Figure 4 M and N), with median sizes of 40 nm and 35 nm,
respectively. The AgNPs that were detected in the cellular compartment upon exposure to

AgNO3 had a median size of 40 nm (Figure 4 O).

The size distributions of all AgNPs in the basolateral compartments were right skewed
and were very similar in shape but different in number of particles. The (LA) and (Cit) AgNPs
were less right skewed (Figure 4 P and Q) than in the cellular compartments and had median
sizes of 50 and 40 nm, respectively. The size distribution curve of (BPEI) AgNPs was very wide,
with a median size of 45 nm (Figure 4 R). The Ag>S NPs had a median size of 45 nm and featured
a size distribution pattern very similar to that in the starting suspension (Figure 4 S and D). For

AgNOs, AgNPs with median size of 35 nm were detected (Figure 4 T).
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Figure 4: Number-weighted size distributions of
AgNPs generated by spICP-MS measurements of the
suspensions (1 mg/L) of A) (LA) AgNPs, B) (Cit) AgNPs,
C) (BPEI) AgNPs, D) Ag,S NPs, and E) AgNOs. Number-
weighted size distributions of AgNPs in the apical
compartments of the BeWo b30 monolayer model
upon 24 hr exposure to 1 mg/L of: F) (LA) AgNPs, G)
(Cit) AgNPs, H) (BPEI) AgNPs, I) Ag.S NPs, and J)
AgNOs. Number-weighted size distributions of AGNPs
in the cellular compartments of the BeWo b30
monolayer model upon 24 hr exposure to 1 mg/L of:
K) (LA) AgNPs, L) (Cit) AgNPs, M) (BPEI) AgNPs, N)
Ag>S NPs, and O) AgNOs. Number-weighted size
distributions of AgNPs in the basolateral
compartments of the BeWo b30 monolayer model
upon 24 hr to 1 mg/L of: P) (LA) AgNPs, Q) (Cit) AGNPs,
R) (BPEI) AgNPs, S) Ag.S NPs, and T) AgNO:.
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In vitro developmental toxicity assessment of AgNPs and AgNOs

To assess the potential in vitro developmental toxicity of AgNPs and AgNOs, the EST was
employed. First, the viability of the mESCs was assessed upon 24 and 120 hr exposure to a
concentration series of AgNPs and AgNOs using the ATPlite assay (Figure 5). The Ag>S NPs
showed lowest toxicity after 24 and 120 hr exposure with an ICsp of > 100 and 29 mg/L,
respectively, while AgNOs showed the highest toxicity after 24 and 120 hr exposure with an
ICs0 of 25 and 0.33 mg/L, respectively (Table 4).

All tested AgNPs and AgNOs induced a concentration-dependent reduction in viability
of the mESCs with higher cytotoxicity after 120 hr compared with 24 hr exposure.
Subsequently, the potential inhibitory effects of AgNPs and AgNOs on the differentiation of
mMESCs into contracting cardiomyocytes was studied. Except for the Ag,S NPs, all tested AgNPs
and AgNOs induced a concentration-dependent inhibition of the differentiation of the mESCs
into contracting cardiomyocytes (Figure 5). The (BPEI) AgNPs were the most potent to inhibit
the differentiation of mESCs with an IDsp of 8 mg/L The AgNOs, (LA) and (Cit) AgNPs had IDsp
of 9.5, 13 and 16 mg/L, respectively, while the IDso of Ag>S NPs was >100 mg/L (Table 3). For
all AgNPs and AgNOs, the inhibitory effects on the mESCs differentiation were observed at
higher concentrations than those associated with the decrease in mESCs viability after 120 hr
exposure, as indicated by a higher IDsp than ICsp. This indicates that effects on mESCs

differentiation are likely due to cytotoxicity.

In order to estimate the influence of Ag ions released from dissolving AgNPs on the
mESCs differentiation, we interpolated the concentration of Ag ions present at the IDso for
each AgNPs (Table 3). The concentration of Ag ions present at the IDsp was estimated to
account for 16, 23 and 31% of the observed inhibition of the mESCs differentiation upon
exposure to (BPEI), (LA) and (Cit) AgNPs at their IDso, respectively. In case of Ag,S NPs, no
inhibition of the mESCs was found up to the highest concentration tested of the Ag,S NPs.
Confocal imaging demonstrated that AgNPs were internalized into the differentiated
cardiomyocytes. AgNPs were mainly localized in the cytoplasm and to some extent in the

nucleus (Figure 6).
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Figure 5: Concentration—response curves for cytotoxicity towards mESCs and for the effect on

differentiation into contracting cardiomyocytes of: A) (LA) AgNPs, B) (Cit) AgNPs, C) (BEPI) AgNPs, D)

(Ag.S) NPs, and E) AgNOs. The viability of mESCs (right y-axis) was assessed using the ATPlite assay after

24 hr ( w) and 120 hr (=e <) exposure. The differentiation of mESCs into contracting cardiomyocytes (left

y-axis) was scored after microscopical evaluation. Values are given as a percentage of the control (mean

+SD: n=3).

129

= Cell Viability (120hr)

(10130 30 %)

=+ Cell Viability (120hr)

(Jouod jo 9,)
Amqe [pD

Amqens [pD



Chapter 4

'(181103S X2Dq) 3YM Ul umoys aip SgNby pup ‘(uipiojjbyd
881~ bX3|y) U316 Ul PaulLIS SOM UL “(Z-10QpP3Y) PaJ Ul PaUIDIS 343M I13]INN ‘SN SZBY (3 pub sdNDBY (1d34) (@ ‘SdNBY (D) (3 ‘SdNBY (V1) 1/6w

T 01 pasodxa s)jad (g ‘1043u02 anipbap (v uoipnualaffip Jo sAop o1 4131fb sa1fo0Awoipipd paipiaualaffip fo sabouwi d1doosoloiw [paofuo) :9 ainbi

130



Combination of the BeWo b30 placental transport model and the embryonic stem cell test to assess the potential
developmental toxicity of silver nanoparticles

DISCUSSION

This study aimed to investigate the potential prenatal developmental toxicity of pristine
AgNPs with different surface chemistries and of aged Ag2S NPs. For this, we combined the
BeWo b30 placental transport model with the EST. This enabled us to evaluate the potential
foetal exposure to AgNPs and to study the likelihood of AgNPs to induce in vitro

developmental toxicity.

The interaction of Ag and AgNPs with BeWo b30 placental cells

Exposure to the (LA), (Cit) and (BPEI) AgNPs and AgNOs showed a concentration-
dependent decrease in BeWo b30 cell viability. The positively charged (BPEI) coated AgNPs
were more toxic, especially at concentrations higher than 1 mg/L, compared to the negatively
charged (LA) and (Cit) coated AgNPs. In line with this observation, higher cytotoxicity for
positively charged versus negatively charged NPs in BeWo b30 cells has been reported
previously for polystyrene NPs (Kloet et al. 2015). Additionally, it has been reported that
oleate coated ferric oxide NPs were more toxic to BeWo b30 cells than uncoated ones (Correia
Carreira et al. 2015), indicating that both the surface charge and surface chemistry can cause

differences in toxicity.

Exposure of the placental BeWo cell layer to 1 mg/L of (LA), (Cit), (BPEI) AgNPs and
AgNO:s for different durations resulted in a time-dependent increase of total Ag in the cellular
compartments. The transport of silver across the placental cell layer was favourable as ionic
silver rather than particulate, which was similarly reported using the ex vivo human placental
perfusion model where the transport of ionic silver was ~10-fold higher than that of

particulates (Vidmar et al. 2018).

The spICP-MS measurements after 24 hr exposure to the different AgNPs showed the
presence of AgNPs in the cellular and basolateral compartments. The surface chemistry of the
AgNPs significantly affected the detected concentration of AgNPs in the cellular compartment
where the highest concentrations of AgNPs were observed following exposure to (BPEI) AgNPs
followed by (LA) AgNPs, (Cit) AgNPs and Ag>S NPs. A comparable effect of the surface
chemistry of NPs on the cellular uptake/association was also reported for ferric oxide NPs

where oleate coated NPs were significantly lower associated with the BeWo cell layer than
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uncoated NPs (Correia Carreira et al. 2015). Besides, the cellular compartment contained a
lower AgNPs percentage (of the total Ag content) compared to the AgNPs percentage in the
exposure concentration in the apical compartment. This suggests a preference towards
cellular uptake/association of ionic silver over AgNPs or possible dissolution of the AgNPs

cellularly following their uptake (Graf et al. 2018; van der Zande et al. 2016; Behra et al. 2013).

In the basolateral compartments of all the exposure groups, AgNPs were detected. In
general, the AgNPs percentage (of the total Ag content) in the basolateral compartment was
higher than the AgNPs percentage (of the total Ag content) in the cellular compartment. This
could suggest a preference towards cellular excretion of AgNPs over ionic silver. Also, the
AgNPs measured could result from de novo formation of AgNPs from ionic silver that might
reflect a tendency of the ionic silver to form these new particles in the cell culture medium
more than the cellular environment. This later scenario is likely to happen taking into

consideration the presence of AgNPs in all compartments upon exposure to AgNOs.

Contribution of AgNPs surface chemistry in AgNPs transport across BeWo b30 cell

layer

The surface chemistry of the AgNPs significantly affected the detected concentration of
AgNPs also in the basolateral compartment where the highest concentrations of AgNPs were
observed following exposure to (LA) AgNPs and (Cit) AgNPs followed by (BPEI) AgNPs and Ag,S
NPs. The surface chemistry of NPs was reported to play a role in the transport of ferric oxide
NPs where the placental transport was significantly higher for oleate coated NPs than
uncoated NPs (Correia Carreira et al. 2015). Also, the placental transport of pegylated AuNPs
was reported to be higher than that of sodium carboxylated AuNPs of the same size

(Aengenheister et al. 2018a).

Next to the surface chemistry of NPs, their size (Muoth et al. 2016; Wick et al. 2010) and
composition (Poulsen et al. 2015) are also suggested to influence their transport through the
placental barrier model. The transport of PSNPs was described to be size dependent, where
transport of 50 nm PSNPs was six times higher than that of 100 nm PSNPs (Cartwright et al.
2012). The placental transport of AuNPs also showed a size-dependency, where 10 to 30 nm
AuNPs did not cross the placental barrier (Myllynen et al. 2008) and the smaller 3 and 4 nm

AUNP crossed the placental barrier (Aengenheister et al. 2018a). Upon the exposure of either
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the BeWo b30 (up to 24 hr) or the perfused human placenta (up to 6 hr) to 25 and 50 nm silica
NPs, no placental transport could be detected (Poulsen et al. 2015). Following exposure of
perfused human placenta to AgNPs with different surface chemistries (polyethylene glycol and
sodium carboxylate and a primary size of 7-15 nm) very low transport has been observed. In
the foetal circulation 0.02 to 0.2% of the administered dose was detected as total silver in the
foetal circulation. Only a small mass fraction of this silver was detected in particulate form
(>25 nm). Interestingly, the authors pointed out that AgNPs in the foetal circulation could
originate from de novo formation following ionic Ag transport (Vidmar et al. 2018). From the
limited number of in vivo studies of placental transport of NPs where pregnant animals were
used, AgNPs were found to be able to cross the placental barrier of rats and reach the foetus
(Fennell et al. 2017; Wu et al. 2015; Lee et al. 2012b; Menezes et al. 2011; Lyon et al. 2002).
The study of Fennell et al. reported that after 24 hr of intravenous administration of pregnant
rats with AgNPs, about 3 - 4%, measured as total Ag, of the administered dose was found in
the foetus (Fennell et al. 2017). The transported levels that we observed ranged between 1
and 8% as total Ag and between 1 and 5% as AgNPs and are thus in between the observations

in rodents and the human placenta perfusion studies.

Potential foetal toxicity following exposure to AgNPs and AgNOs

Following the capability of the AgNPs and AgNOs to cross the BeWo b30 cell layer in vitro
either as ionic or as particulate silver, induction of adverse outcomes upon reaching the
embryo cannot be excluded. Therefore, we assessed the potential developmental toxicity of
the AgNPs using the EST. The EST represents a good tool to measure the developmental
toxicity in vitro as it has been validated by ECVAM and it showed a good level of concordance
in the in vitro to in vivo comparisons (Corradi et al. 2015; Vecchione et al. 2013). Combining
the EST with the BeWo placental transport model even resulted in an increased predictability

of in vivo developmental toxicity of chemicals (Li et al. 2015).

Our data from the EST did not point towards potential developmental toxicity because
the effects of the AgNPs and AgNOs on differentiation of mESCs into contracting
cardiomyocytes were only observed at cytotoxic concentrations (Seiler and Spielmann 2011).
These result are in line with the observations of Park et al. and Corradi et al. where 7, 20, 80

and 113 nm AgNPs induced dose-dependent cytotoxicity and inhibition of mESCs
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differentiation only at concentrations higher than the ones associated with cytotoxicity
(Corradi et al. 2015; Park et al. 2011). Besides, the ICso values for cytotoxicity of the AgNPs in
the mESCs were higher than what would be considered realistic in vivo concentrations as our
results from the BeWo b30 transport experiments indicated low transport of AgNPs into the
foetal compartment. Additionally, considering the oral route as one of the main exposure
routes of the AgNPs, it is important to take into account also their very low transport across
the intestinal barrier in vitro (Abdelkhaliq et al. 2020; Bouwmeester et al. 2011) and in vivo
(van der Zande et al. 2012) which will consequently lower the concentrations of the AgNPs

that might reach the foetus.

Effects following exposure to aged AgNPs

It is of interest to note that the aged silver sulphide NPs showed a different behaviour
compared to the pristine AgNPs. Although the dissolution and charge of the Ag,S NPs were
comparable to those of the (LA) and (Cit) pristine AgNPs, their effects on the cellular viability
of the BeWo cells and their transport across the BeWo call layer were significantly lower. Upon
placental exposure to Ag,S NPs, a relatively high concentration of total Ag in the cellular
compartment was detected after 4 hr exposure which remained unchanged upon longer
exposure up to 24 hr. This was in contrast with the time dependent behaviour of the pristine
AgNPs. Also, the lowest amount of total Ag, in comparison with the pristine AgNPs, was
transported through the placental cell layer, even though the total Ag concentration in the
cellular fraction was relatively higher in comparison with the pristine AgNPs. Additionally, the
aged particles did not induce any inhibition of the mESCs differentiation in the EST. The lower
bioavailability of the Ag>S NPs could be explained by the sulfidation processes that these aged
particles go through during their formation. The sulfidation of the AgNPs is likely to change
the colloidal dynamics of these particles which increases the probability of these particles to
aggregate and settle compared to the pristine NPs (Liu et al. 2018; Yin et al. 2015; Reinsch et
al. 2012). Possibly these aggregates bind strongly to the outer cell membrane, leading to high
total Ag concentrations in the cellular fractions, but low transport through the cells. Taking
these results into account, these aged AgNPs are imposing a very low risk for developmental
toxicity. It is important to highlight that this study is one of the first studies that considered

the potential hazards of aged AgNPs on the developing human foetus.
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CONCLUSION

To conclude, the AgNPs tested here were able to transport across BeWo b30 cell layer
where the surface chemistry of these AgNPs influenced the amounts of AgNPs transported.
The particles detected in the basolateral compartment, could result from transport of the
original AgNPs or partly from de novo AgNPs formed from ionic silver that was transported.
The observed inhibitory effects of the AgNPs on differentiation of mESCs were most likely the
result of cytotoxicity rather than specific effects related to developmental toxicity. The aged
AgNPs were significantly less cytotoxic and bioavailable and did also not induce in vitro
inhibition of differentiation of mESCs. The combination of the BeWo placental transport
model with the mESCs differentiation assay (EST) is considered a valuable alternative in vitro
methodology for prenatal developmental toxicity screening and prioritization of silver

nanoparticles.
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ABSTRACT

The increased usage and incorporation of silver nanoparticles (AgNPs) in different consumer
associated products require more knowledge on how to assure the safety of these materials.
Previous in vitro and in vivo studies have indicated that systemic exposure, following oral
exposure, to AgNPs is likely. Some studies have suggested that AgNPs can accumulate in the
liver. The aim of this study was to assess the potential of the In Cell-Western (ICW)-y-H,AX
assay as an alternative in vitro assay to assess the potential of aged (silver sulphide NPs) and
pristine AgNPs with different surface chemistries to induce phosphorylation of H,AX in HepG2
liver cells following induction of DNA double-strand breaks. In addition, we explored whether
these AgNPs induce oxidative stress as a possible underlying mechanism for DNA damage.
Results showed no increase in ROS levels upon exposure to the AgNPs for 4 or 24 h, while an
increase in ROS levels was detected upon AgNOs exposure. Using the ICW-y-H,AX assay,
induction of y-H,AX was detected, which was higher after 24 hr exposure compared to 4 hr
and was accompanied by a significant cytotoxicity in the HepG2 cells. Silver sulphide NPs did
not show significant cytotoxicity nor induction of y-H,AX. The decrease in the cellular viability
that accompanied the y-H,AX induction points toward a positive signal in the ICW- y-H,AX
assay that is ascribed to initiation of DNA damage resulting from apoptosis in affected cells.
Altogether the present results do not point at a positive response for genotoxicity of the
different AgNPs in the ICW- y-H2AX assay. To further exclude the genotoxicity of these AgNPs

further genotoxicity testing is required.
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INTRODUCTION

Over the last decades, potential applications of engineered nanoparticles (NPs) have
been studied intensively because of their unique physicochemical properties. These
properties led the NPs to be incorporated in a great diversity of applications and products
(Prajitha et al. 2019; Savage et al. 2019; Contado 2015). Among all NPs, silver nanoparticles
(AgNPs) are frequently used in consumer products e.g. textile, toys and food packaging
materials (Zare et al. 2019; Zhao et al. 2016; Avalos et al. 2014; Thomas 2014) likely because
of their claimed antimicrobial properties (Flores-Lopez et al. 2019; Perde-Schrepler et al. 2019;
Juarez-Moreno et al. 2017). AgNPs are produced in a diverse range of sizes, shapes and surface
chemistries, which offers a wide range of possibilities to modify their functionality in products
and their biological interactions (Borowik et al. 2019; Syafiuddin et al. 2017; Zhang et al. 2016;
Arts et al. 2015; Lynch et al. 2014).

Irrespective of their original size, shape or surface chemistry, once released in the
environment or in organisms following systemic uptake, the AgNPs are prone to sulfidation
processes, which result in formation of silver sulphide nanoparticles (Ag>S NPs) or so called
‘aged’ AgNPs (He et al. 2019; Liu et al. 2018; Loeschner et al. 2011). Ag>S NPs can also be
directly released into the environment given their use in biomedical applications (Liu et al.
2018; Mitra et al. 2017). These aged Ag,S NPs are the main form of particulate silver in the
environment (Liu et al. 2018). The high stability of the Ag,S NPs in soils resulted in their uptake
and accumulation in plants by which they enter the (human) food chain (Wang et al. 2017).
This adds to the potential human exposure to AgNPs and the potential accompanying hazards
and risks (Sharma et al. 2019; Zhao et al. 2016; Meghan E. Samberg and Monteiro-Riviere
2014).

Several in vivo studies have shown that AgNPs (with different surface chemistries) are
systemically available upon ingestion (Walker and Parsons 2014; Larese et al. 2009),
subsequently reaching several organs including the liver (van der Zande et al. 2012; Loeschner
et al. 2011). The liver has been considered one of the most affected organs following AgNPs
exposure (Wen et al. 2017; Hendrickson et al. 2016; Kim et al. 2008; Sung et al. 2008), resulting

in various forms of toxicity, including genotoxicity (Kim et al. 2019).
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Several in vitro studies indicated that AgNPs were capable to induce cytotoxicity,
irreversible DNA damage and genotoxicity (Juarez-Moreno et al. 2017; de Lima et al. 2012;
Mukherjee et al. 2012). Furthermore, upon exposure to AgNPs, an increase was detected in
two markers of DNA double strand breaks (DSBs), the expression of Rad51 protein and in the
phosphorylation of histone H,AX at serine 139 (y-H2AX) (Kim and Ryu 2013; Ahamed et al.
2008). However, it is not clear if the potential genotoxicity of AgNPs originates from a direct
interaction of the AgNPs with the DNA or via indirect processes (Li et al. 2017; Foldbjerg et al.
2011). In addition, it has been suggested that not the AgNPs themselves but the silver ions
released from the AgNPs damage the DNA by generating reactive oxygen species (ROS) in vitro

(Kim and Ryu 2013; Foldbjerg et al. 2011).

Several methods are available to detect the DNA-DSBs, e.g. the TUNEL assay and the
neutral comet assay, which both are laborious and insensitive in detecting low levels of DNA-
DSBs. The y-H,AX assay has proven to be a sensitive and powerful alternative method to
detect DNA-DSBs with a low false-positive rate (Heylmann and Kaina 2016; Nikolova et al.
2014; Khoury et al. 2013). The high sensitivity of the y-H2AX assay is assumed to be due to
detecting the phosphorylation of H,AX as a readout, which occurs at early stages of DNA-DSBs
formation in mammalian cells and is thus considered an early marker for DNA-DSBs (Heylmann
and Kaina 2016; Khoury et al. 2013; Sedelnikova et al. 2010; Rogakou et al. 1998). The In Cell
Western (ICW)-y-H;AX assay has been used in HepG2 liver cells as a high-throughput

genotoxicity assay (Khoury et al. 2013).

The present study aimed to explore the possibility to employ the ICW- y-H,AX assay to
assess the potential of aged AgNPs and pristine AgNPs with different surface chemistries to
induce phosphorylation of H,AX in HepG2 human hepatoblastoma cells. In addition, the
capability of AgNPs to produce ROS, as a potential underlying mechanism of inducing DNA-

DSBs, was assessed, both under cell-free conditions and in HepG2 cells.

MATERIALS AND METHODS

Nanoparticles and chemicals
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Negatively charged 20 nm silver sulphide nanoparticles (AgzS NPs) in milli-Q water were
obtained from Applied Nanoparticles (Barcelona, Spain) with a Ag mass concentration of 4.7
g/L. Three 50 nm silver nanoparticles with different surface chemistries were purchased from
Nanocomposix Inc. (San Diego, CA, USA); negatively charged lipoic acid BioPure (LA) AgNPs
(pH = 6.1) in milli-Q water, negatively charged citrate BioPure (Cit) AgNPs (pH = 7.4) in 2 mM
citrate buffer and positively charged branched polyethylenimine (BPEI) BioPure AgNPs (pH =
7.0) in milli-Q water. The silver mass concentration in the stock suspensions of the three AgNPs
was 1 g/L. Positively charged 50 nm BioPure copper oxide nanoparticles (CuO NPs) in
polyvinylpyrrolidone (PVP) solution were obtained from Nanocomposix Inc. with a copper
mass concentration of 1 g/L. All NPs suspensions were stored at 4°C in the dark. Silver nitrate
(AgNOs), purchased from Sigma-Aldrich (St. Louis, MO, USA), was used as a control (source of
silver ions) in all experiments. Dilutions of the AgNPs, CuO NPs or AgNOs were freshly prepared
for every exposure experiment in complete cell culture media (MEM*). MEM* was prepared
by supplementing Minimum Essential Medium (MEM) (Gibco, Life Technologies; Paisley, UK)
with 10% (v/v) heat inactivated Foetal Bovine Serum (FBS) (Gibco, Life Technologies), 1% (v/v)
of MEM Non-Essential Amino Acids (NEAA) (Gibco, life technologies), 1% (v/v) of Glutamax
(Gibco, life technologies), 1% (v/v) of 100 mM sodium pyruvate (Gibco, life technologies) and
1% (v/v) of penicillin-streptomycin 10,000 units penicillin and 10 mg streptomycin/mL (Gibco,
life technologies). Hydrogen peroxide 30% Suprapur was purchased from Merck (Darmstadt,
Germany). Ammonium chloride (NH4Cl), Triton X-100, phosphatase inhibitor (PhosStop™;
Roche, Mannheim, Germany), bovine ribonuclease A (RNase), benzo(a)pyrene (BaP) and
etoposide were purchased from (Sigma-Aldrich). Anti-Phospho Histone H;AX primary
antibody (ser139) Rabbit was purchased from Cell Signaling (Leiden, The Netherlands). Goat
anti Rabbit IgG secondary antibody and RedDot-2 were purchased from Biotium (Fremont, CA,

USA).

Physicochemical characterization of nanoparticles

Hydrodynamic diameters of the NPs in suspension were determined using dynamic light
scattering (DLS). Measurements were performed on samples containing 10 mg/L NPs
suspended in nano-pure water using an ALV dynamic light scattering setup (ALV-Laser
Vertriebsgesellschaft; Germany), consisting of a Thorn RFIB263KF photomultiplier detector,
an ALV-SP/86 goniometer, an ALV 50/100/200/400/600 um pinhole detection system, an
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ALV7002 external correlator and a Cobolt Samba-300 DPSS laser. Measurements were
performed at room temperature immediately after preparation. For each condition, samples
were analysed in triplicate; each measurement consisted of 10 technical replicate-
measurements of 30 seconds each, at an angle of 90°. The results are expressed as the average
hydrodynamic diameter (nm) + standard deviation (SD) that was calculated using AfterALV

software (AfterALV 1.0d, Dullware; USA).

Cell culture

HepG2 human hepatoblastoma cells (ATCC; Wesel, Germany) were used at passage
numbers 12 - 16. The cells were cultured and maintained in 75 cm? cell culture flasks (Corning;
Oneonta, NY, USA) at 37° C in a humidified 5% CO, atmosphere in MEM*. The cells were sub-

cultured every 3 - 4 days using trypsin-EDTA (Sigma-Aldrich) to detach the cells.

Cell viability

Cytotoxic effects of the AgNPs, CuO NPs and AgNOs were evaluated using the ATPlite
luminescence assay system (PerkinElmer; Waltham MA, USA). Each well of 96-well black flat
bottom plates (Greiner bio-one; Frickenhausen Germany) was seeded with 100 uL/well of
2x10* cells/mL of a HepG2 cell suspension in MEM*. Plates were incubated at 37° C in a
humidified 5% CO, atmosphere for 24 hr. The attached cells were then washed with 100
uL/well pre-warmed phosphate buffered saline (PBS) (Gibco, Life Technologies) and exposed
to 100 pL/well of freshly prepared dilutions (0.1 — 100 mg/L) of AgNPs, CuO NPs and AgNOs in
MEM"* for 4 and 24 hr. Then, the exposure medium was aspirated and 50 uL/well of
mammalian cell lysis solution were added and the plates were shaken (700 rpm) for 5 minutes
at room temperature in an orbital shaker (Heidolph-Trimax 1000; Schwabach, Germany).
Next, 50 puL/well of substrate solution were added and the plates were shaken (700 rpm) for
5 minutes at room temperature and then incubated for 10 minutes in the dark at room
temperature before measuring the luminescence on a plate reader (BioTek Synergy™ HT
Multi-Mode Microplate reader; Winooski VT, USA). The MEM* was used as a negative control
and Triton-X100 (0.25%) was used as a positive control. The cell viability was expressed as a
percentage of the response observed for the negative control. For each condition, all samples

were analysed in triplicate.
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Cytotoxic effects of the BaP were evaluated using a cell proliferation reagent WST-1
(Roche; Mannheim, Germany). Each well of 96-well flat bottom plates (Greiner bio-one) was
seeded with 100 pL of 2x10% cells/mL of a HepG2 cell suspension in MEM®*. Plates were
incubated at 37° C in a humidified 5% CO; atmosphere for 24 hr. Attached cells were then
exposed to 100 pL/well of freshly prepared serial dilutions of BaP (0.3 — 30 uM) for 24 hr.
Afterwards, the exposure medium was discarded and 10 pL of WST-1 solution was added with
90 pL of MEM* (without phenol red) to each well. The plates were incubated for 4 hr at 37°C
in a humidified 5% CO; atmosphere and absorbance was read at 490 nm and 630 nm on a
plate reader (BioTek Synergy™ HT Multi-Mode Microplate reader). Cell viability for each
concentration of BaP was expressed as a percentage of the control. MEM* was used as a

negative control and Triton-X100 (0.25%) (Sigma) was used as a positive control.

Reactive oxygen species (ROS) measurement

Cellular and cell-free ROS production by the AgNPs and AgNOs were determined using
2,7 -dichlorodihydrofluorescein diacetate (DCFDA) (Sigma-Aldrich) which is hydrolysed
chemically or by the cellular esterase to non-fluorescent dichlorofluorescein (DCFH), which is
then oxidized by ROS to highly fluorescent dichlorofluorescein (DCF) (Avalos et al. 2014). For
cell-free ROS production measurement, the DCFDA was chemically hydrolysed to DCFH by
incubating the DCFDA with 0.01 M sodium hydroxide in the dark for 30 minutes (Shi et al.
2012). Then 50 pL/well of DCFH were incubated with 50 puL/well of freshly prepared dilutions
of AgNPs and AgNOs (with final concentrations of 0.1 — 100 mg/L) in 96-well black flat bottom
plates for 4 and 24 hr. The fluorescence intensity was then measured after 4 and 24 hr at
excitation and emission wavelengths of 485 and 535 nm, respectively, using a fluorescence
plate reader (BioTek Synergy™ HT Multi-Mode Microplate reader). MEM* was used as a
negative control and H,0; (0.03%) was used as a positive control. The ROS production was

expressed as a percentage of the negative control.

For measurement of cellular ROS production, 100 pL/well of 2.5 x10* cells/mL of HepG2
cell suspension in MEM* were seeded in 96-well black flat bottom plates (Greiner bio-one).
Plates were incubated at 37° C in a humidified 5% CO; atmosphere for 24 hr. The attached
cells were then washed with 100 pL/well pre-warmed PBS followed by addition of 100 pL/well
25 uM DCFDA and incubation at 37° Cin a humidified 5% CO, atmosphere for 45 minutes. The
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DCFDA solution was then removed and the cells were washed once with 100 uL/well pre-
warmed PBS buffer before they were exposed to 100 pL/well of freshly prepared dilutions (0.1
— 100 mg/L) of AgNPs and AgNOs in MEM* for 4 and 24 hr. The fluorescence measurement
and expression of results were performed in a similar way to the cell-free ROS measurement.

For each condition, all samples were analysed in triplicate.

ICW- y-H,AX assay

The potential genotoxic effects of AgNPs and AgNOs were assessed using the ICW-y-
H.AX- assay performed as described previously (Kopp et al. 2019; Khoury et al. 2013; Audebert
et al. 2010). Briefly, each well of 96-well black flat bottom plates was seeded with 100 pL of
3.2x10° cells/mL of HepG2 cell suspension in MEM"®. Plates were incubated at 37° C, in a
humidified 5% CO, atmosphere for 24 hr. The attached cells were then washed with 100
uL/well PBS and exposed to 100 pL/well of freshly prepared dilutions (0.1 — 100 mg/L) of
AgNPs and AgNOs in MEM* for 4 and 24 hr. The exposure media were then removed and cells
were washed with PBS. Then the cells were fixed with 4% paraformaldehyde (Merck) in PBS.
Subsequently, the cells were washed with PBS and incubated for 2 minutes with a 50 pL 50
mM NHaCl solution to neutralize the paraformaldehyde. The cells were then washed with PBS
and permeabilized using 50 pL 0.2% Triton X-100 in PBS, followed by a washing step using 100
pL 0.2% TritonX-100 and 2% FBS in PBS (PST solution). Subsequently, the cells were incubated
for 1 hr with a saturation solution (MAXblock™ Blocking Medium (Active Motif; La Hulpe,
Belgium) supplemented with PhosStop™ and RNase). The cells were then incubated for 2 hr
at room temperature with the 200 X diluted primary antibody (Phospho-Histone H;AX
(Ser139) Rabbit) in PST solution. The cells were then washed three times with the PST solution
and incubated for 1 hr with the secondary antibody (goat anti rabbit IgG antibody conjugated
to an infrared fluorescent dye of 700 nm absorption wavelength (Biotium) and RedDot-2 (of
800 nm absorption wavelength for DNA staining; Biotium) in PST solution. Afterwards, the
cells were washed three times with the PST solution before being scanned using an Odyssey
Imaging System (Li-Cor ISO 9001, Odyssey Biosciences; Bad Homburg, Germany). The y-
H,AX/DNA fluorescence ratio of each treatment was determined and the fold change in y-
H2AX/DNA fluorescence ratio of each treatment, compared to the negative control was
determined. For (LA), (Cit) and (BPEI) AgNPs, the highest concentration for which data are

reported were 25, 25 and 10 mg/L, respectively as the higher concentrations tested up to 100
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mg/L induced interreference with the RedDot-2 signal and they were discarded accordingly.
In each experiment, negative controls (MEM* and 0.1% DMSQ) and positive controls (5 uM
BaP, 5 uM etoposide and 40 mg/L CuO NPs (Karlsson et al. 2008)) were included. For each

condition, all samples were analysed in triplicate.

Statistical analysis

Each data point represents the average of three replicates (n = 3) and the results are
shown as mean * standard deviation. Prism (v.8.0.1; GraphPad, USA) software was used for
statistical analysis using a one-way analysis of variance (ANOVA) with a Bonferroni’s post-test.

A p-value <0.05 was considered significant.

RESULTS

Physicochemical characterization of the AgNPs suspensions and AgNOs solution

Four types of AgNPs were used in this study: lipoic acid, citrate, branched
polyethylenimine coated AgNPs and Ag,S NPs. CuO NPs were used in this study as a positive
control in the ICW- y-H,AX assay as CuO NPs have been shown to induce genotoxicity using
the comet assay (Chelomin et al. 2017; Alarifi et al. 2013; Midander et al. 2009; Karlsson et al.
2008) and micronucleus assay (Perreault et al. 2012). The hydrodynamic sizes of all the NPs
were measured in nano-pure water at room temperature using DLS (Table 1). The (BPEI)
AgNPs and CuO NPs were positively charged, while the rest of the AgNPs were negatively

charged.

ROS measurement

Following incubation for 4 and 24 hr of different concentrations of AgNPs and AgNOs in
cell-free or HepG2 cellular systems, the levels of ROS generation were measured using the
DCFDA assay. The levels of cell-free ROS generation in the suspensions of all the AgNPs were
low and comparable following both 4 and 24 hr incubation (Figure 1). Only at higher
concentrations (~¥50 mg/L and higher) of (LA), (Cit) and (BPEI) AgNPs suspensions, ROS
generation was significantly lower compared with the control (Figure 1 A, B and C). Following

incubation with Ag,S NPs, no significant changes in ROS generation were observed (Figure 1

153



Chapter 5

D), while a concentration dependent increase in the levels of ROS generation was observed
for AgNOs solutions (Figure 1 E). For all the tested samples, generally no differences in cell-

free ROS generation were noticed between 4 and 24 hr incubation.

Table 1. Physicochemical characteristics of NPs *

Hydrodynamic size (DLS)

Size (TEM) nm £ SD * - potential (mV) £ SD *
nm * SD
(LA) AgNPs 515 753 -54+3
(Cit) AgNPs 48 5 675 46 +1
(BPEI) AgNPs 47+5 61+1 +73+1
Ag2S NPs 28+20 220+ 25 -22+1
CuO NPs 48 +7 244 + 14 +6t1

* Measured in nano-pure water att =0 hr

* Provided by the manufacturer.

Upon 4 hr exposure of HepG2 cells to AgNPs, only at higher exposure concentrations (50
mg/L and higher) of (LA), (Cit) and (BPEI) AgNPs, the levels of cellular ROS generation
decreased significantly compared with the control (Figure 2 A, B and C). The Ag,S NPs did not
induce changes in ROS generation in HepG2 cells (Figure 2 D), while the ROS generation
increased significantly at concentrations of 50 mg/L and higher upon exposure to AgNOs
(Figure 2 E).

Following 24 hr exposure of HepG2 cells to AgNPs, at concentrations > 5 mg/L of the (LA)
AgNPs, concentrations > 25 mg/L of the (Cit) and (BPEI) AgNPs and concentrations > 1 mg/L of
Ag2S NPs, the cellular levels of ROS generation were lower compared with the control (Figure
2 A, B, C and D). ROS generation upon exposure to AgNOs for 24 hr however did not change
significantly compared to the control (Figure 2 E). Comparing 4 and 24 hr exposure, the levels
of ROS generation in HepG2 cells were lower after 24 hr exposure to concentrations > 25 mg/L
(LA), (Cit) and (BPEI) AgNPs and concentrations > 100 mg/L of Ag>S NPs. ROS generation was

higher after 24 hr exposure to concentrations 25 mg/L AgNOs.
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Figure 1: Concentration—response of reactive oxygen species (ROS) generation under cell-free
conditions upon 4 and 24 hr incubation with: A) (LA) AgNPs, B) (Cit) AgNPs, C) (BPEI) AgNPs, D) (Ag:S)
NPs, and E) AgNOs, measured using DCFDA assay. H,0; (0.03%) was used as a positive control. Values
are given as a percentage of the control (mean * SD; n=3). Significant difference (p < 0.05) from blank

after 4 hr (*), from blank after 24 hr (*), between 4 and 24 hr for the same concentration (¥).

155



3). Significant difference (p < 0.05) from

Concentration (mg/L)
B) (Cit) AgNPs, C) (BPEI) AgNPs, D) (Ag-S) NPs, and E) AgNO3,
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Concentration—response of reactive oxygen species (ROS) generation upon 4 and 24 hr

Figure 2

exposure of HepG2 cells to: A) (LA) AgNPs,

measured using DCFDA assay. Hydrogen peroxide (0.03%) was used as a positive control. Values are

given as a percentage of the negative control (mean + SD; n

blank after 4 hr (*), from blank after 24 hr (*), between 4 and 24 hr for the same concentration ().
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Considering the trend of the materials to alter ROS generation levels in cell-free versus
HepG2 cellular conditions, no clear difference was found after 4 or 24 hr incubation of (LA),
(Cit), (BPEI) AgNPs. In case of Ag,S NPs, a decrease in the levels of generated ROS was detected
upon 24 hr exposure under cellular conditions. For AgNQOs, there was an increase in the levels
of generated ROS upon 4 and 24 hr exposure under both cell-free and HepG2 conditions, the
increase in the levels of generated ROS started at lower concentrations under cell-free

conditions.

Cytotoxicity assessment

Cytotoxic effects of increasing concentrations of the AgNPs, CuO NPs and AgNOs to
HepG2 liver cells were assessed upon 4 and 24 hr exposure using the ATPlite assay (Figures 3
and 4). The (LA), (Cit) and (BPEI) AgNPs and Ag,S NPs did not reduce the viability of the HepG2
cells after 4 hr exposure (Figure 3A, B, C and D). The AgNOs induced a concentration-
dependent reduction in viability (Figure E). After 24 hr exposure, the (LA), (Cit) and (BPEI)
AgNPs and AgNOs induced a reduction in the viability of the HepG2 cells (Figure 4 A, B, C and
E)., whereas the Ag,S NPs did not reduce the viability (Figure 4 D). The cytotoxicity curves
reached a plateau phase upon exposure to concentrations > 5 mg/L for (LA), (Cit) and (BPEI)
AgNPs (Figures 4 A, B, C). The AgNOs showed a concentration-dependent cytotoxicity upon 4
and 24 hr exposure and imposed a higher potency of toxicity than all the NPs tested (Figure 3
E and 4 E). The resulting 1Cso values for all the exposure groups at 4 and 24 hr exposure are
summarized in Table 2. The CuO NPs, showed a dose-dependent cytotoxicity upon 4 and 24
hr exposure (Figure S1), while the BaP did not induce any cytotoxicity following exposure of

the HepG2 cells for 24 hr (Figure S2).

ICW-y-H,AX- assay

The potential of AgNPs to induce phosphorylation of histone H,AX (y-H2AX) was
assessed using the y-H;AX assay. The fold induction of y-H,AX levels, compared with the
negative control, was calculated for each treatment. Upon 4 hr exposure, induction of y-H2AX
was significantly higher than the negative control following exposure to 1 — 25 mg/L (LA)
AgNPs, 5 —25 mg/L (Cit) AgNPs, 10 mg/L (BPEI) AgNPs, 5, 75 — 100 mg/L Ag>S NPs and 0.25 -
0.5 mg/L AgNOs.
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Table 2: The ICso values (mg/L) of AgNPs, CuO NPs and AgNO:s in

HepG2 liver cells after 4 and 24 hr exposure

Treatment ICso (mg/L) (4hr) ICso (mg/L) (24hr)
(LA) AgNPs >100 >100
(Cit) AgNPs >100 >100
(BPEI) AgNPs >100 4.7
Ag2S NPs >100 >100
AgNO: 45 2.1
CuO NPs 100 52

ICso: the concentration where 50% of the HepG2 cells are viable

After 24 hr exposure, a higher induction of y-H,AX formation compared to 4 hr exposure
was observed for 5 — 25 mg/L of (LA) and (Cit) AgNPs, 5—10 mg/L of (BPEI) AgNPs and for 0.25
— 2.5 mg/L of AgNOs (Figure 4). The Ag,S NPs did not induce y-H,AX formation after 24 hr.
Exposure of the HepG2 cells to the positive controls resulted in a clear induction of the y-H;AX
levels upon 4 hr exposure to Etoposide and CuO NPs and upon 24 hr exposure to BaP,

Etoposide and CuO NPs.

Upon 24 hr exposure to (LA), (Cit) and (BPEI) AgNPs, the induction of y-H,AX levels was
always accompanied with a substantial decrease in the cell viability approaching 50% (Figure
4 A, B and C). For the Ag:S NPs, no effects on viability were observed following 4 and 24 hr
exposure, but after 4 hr exposure minor but significant increases in y-H,AX levels were
detected (Figures 3 D and 4 D). In case of 4 hr exposure to AgNQO3, significant increases in y-
H,AX levels were detected without viability decrease, although the cell viability reduced
rapidly at higher concentrations. After 24 hr exposure to AgNQs, increases in y-H2AX levels
were accompanied with strong reductions in cell viability approaching 50% or more (Figures

3Eand 4 E).
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Figure 3: Concentration—response of cytotoxicity (lines, right y-axis) and y-H.AX induction (bars, left y-

axis) in HepG2 cells upon 4 hr exposure to: A) (LA) AgNPs, B) (Cit) AgNPs, C) (BPEI) AgNPs, D) (Ag:S)

NPs, E) AgNOs, and F) positive controls: 5 uM B(a)P, 5 uM etoposide and 40 mg/L CuO NPs. The cell

viability of the positive controls is reported in the dotted box, values are given as a percentage of the

negative control (mean + SD; n=3).
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Figure 4: Concentration—response of cytotoxicity (lines, right y-axis) and y-H.AX induction (bars, left y-axis) of
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is reported in the dotted box, values are given as a percentage of the negative control (mean + SD; n=3).
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Exposure of the HepG2 cells to CuO NPs induced the y-H,AX levels but did not result in
cytotoxicity after 4 hr exposure. However, after 24 hr exposure the viability was reduced to

68% (Figures 3 F and 4 F).

Upon 24 hr exposure to (LA), (Cit) and (BPEI) AgNPs, the induction of y-H,AX levels was
always accompanied with a substantial decrease in the cell viability approaching 50% (Figure
4 A, B and C). For the Ag:S NPs, no effects on viability were observed following 4 and 24 hr
exposure, but after 4 hr exposure minor but significant increases in y-H,AX levels were
detected (Figures 3 D and 4 D). In case of 4 hr exposure to AgNQO3, significant increases in y-
H,AX levels were detected without viability decrease, although the cell viability reduced
rapidly at higher concentrations. After 24 hr exposure to AgNQOs, increases in y-H2AX levels
were accompanied with strong reductions in cell viability approaching 50% or more (Figures
3E and 4 E). Exposure of the HepG2 cells to CuO NPs induced the y-H,AX levels but did not
result in cytotoxicity after 4 hr exposure. However, after 24 hr exposure the viability was

reduced to 68% (Figures 3 F and 4 F).

DISCUSSION

In this study, we aimed to investigate the possibility to use the ICW-y-H,AX assay to
study the potential of aged AgNPs and pristine AgNPs with different surface chemistries to
induce phosphorylation of HoAX in HepG2 cells as an indication of genotoxicity. Our results
show that in most cases where AgNPs induced phosphorylation of y-H,AX in HepG2 cells,
cytotoxic responses were associated. While no cellular ROS generation was detected at these

levels of y-H,AX induction.

Although both ionic and nano forms of silver induced cytotoxic responses of HepG2 cells,
these responses were more potent upon exposure to AgNOs compared to AgNPs. This
confirms other studies that reported higher cytotoxic potency of AgNOsz compared to AgNPs
with different sizes and surface chemistries (Sahu et al. 2016a; Sahu et al. 2016b; Veronesi et

al. 2016; Vrcek et al. 2016; Xue et al. 2016; Sahu et al. 2014a).

Oxidative stress is considered a common mechanism underlying cytotoxicity and DNA
damage following exposure to NPs (Xue et al. 2016; Li et al. 2014; Gaiser et al. 2012). In our

experiments, we did not observe an increase in intracellular ROS levels upon exposure to
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different AgNPs for 4 and 24 hr. However, increases in ROS generation were detected
following exposure to AgNOs. In the literature, highly variable reports on the capability of
AgNPs to induce ROS generation can be found. Several studies described the capability of
AgNPs to induce ROS generation (Flores-Lopez et al. 2019; Sharma et al. 2019; Zhu et al. 2016;
Avalos et al. 2014). While others reported the absence of ROS generation by AgNPs, e.g. after
exposure of HepG2 cells to 20 nm (Cit) AgNPs (Vrcek et al. 2016; Sahu et al. 2014b) and 6 nm
(PVA) AgNPs (Vréek et al. 2016), or after exposure of C3A hepatocytes to 17 nm NM300 AgNPs
(Gaiser et al. 2012). This variability in ROS induction has been suggested to be related to the
type of AgNPs used or the amount of Ag ions released from the AgNPs. As Ag ions generally
induce ROS generation, AgNPs with a high Ag ions release are also more likely to induce ROS

generation (Volker et al. 2015; Gaiser et al. 2012).

Induction of y-H>AX is an indication of formation of DNA-DSBs. This induction can be
triggered by ROS, but even in the absence of ROS, 20 nm (Cit) coated AgNPs have been
described to induce DNA-DSBs in HepG2 cells (Guo et al. 2016; Sahu et al. 2014a; Sahu et al.
2014b). We observed upon 24 hr exposure of HepG2 cells to (LA), (Cit) and (BPEI) AgNPs and
AgNOs that induction of y-H,AX was accompanied by a substantial reduction in cellular
viability. This warrants a very careful interpretation of the results. A distinct correlation
between cytotoxicity, more specifically apoptosis and DNA-DSBs has been proven and has
been discussed to be one of the main causes of false-positive results in in vitro genotoxicity
assays (Roos and Kaina 2013; Lips and Kaina 2001; Miiller and Sofuni 2000) including the y-
H,AX assay. In a study by Nikolova et al., the induction of y-H,AX was studied using a
microscope-based approach. Ten selected cytotoxic (non-genotoxic) compounds showed a
clear cytotoxic effect without inducing y-H,AX formation, suggesting that cytotoxicity not
always results in y-H,AX formation (Nikolova et al. 2014). However, the read-out of the y-H,AX
assay in the study of Nikolova et al., was different than our study as the number of foci per
cell was microscopically counted, allowing exclusion of apoptotic cells from the results. In the
ICW approach of the y-H>AX assay that was used in the current study, the fluorescence signal
per well is measured. Accordingly, the induction of y-H,AX caused by apoptotic cells cannot
be excluded, possibly resulting in a false-positive outcome. Therefore, we have to conclude

that further, in depth, studies focusing on apoptotic responses have to be incorporated in the
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ICW-y-H,AX assay to render this assay suitable for a definitive conclusion on the potential

genotoxicity of NPs.

The aged Ag,S NPs showed different behaviour compared with the pristine AgNPs. The
aged Ag»S NPs go through sulfidation processes during their formation, which likely change
their colloidal dynamics making them prone to aggregation and sedimentation (Liu et al. 2018;
Yin et al. 2015; Reinsch et al. 2012). In our previous studies, we found that, although the
dissolution and charge of the Ag>S NPs are comparable to those of the (LA) and (Cit) pristine
AgNPs, they were not cytotoxic and their transport through the BeWo b30 cell layer were
significantly lower (Abdelkhaliq et al. 2020). In the present study, using the same Ag,S NPs, we
noticed a similar absence of cytotoxicity in HepG2 cells. Furthermore, the Ag>S NPs did not
induce ROS generation while y-H,AX induction was very limited. So far, no single genotoxicity
assay can be used alone to estimate, compare and rank the potential of different NPs to induce
DNA damage (Nelson et al. 2017). While a panel of in vitro and in vivo genotoxicity tests are
established for conventional chemicals, the situation is more complex for the assessment of
potential genotoxicity of NPs (Doak et al. 2012; Garcia-Canton et al. 2012). For instance, the
routinely used Ames test (in vitro bacterial reverse gene mutation test; (OECD 1997) cannot
be used in combination with NPs (Nelson et al. 2017), as a lack of or insufficient uptake of the
NPs by the bacterial cells has been reported (Doak et al. 2012). Other approaches like the in
vitro comet assay can be used but owing to the lack of standardization, the time consuming
nature of the assay and the fact that most positive responses were not associated with realistic
human exposure to NPs, this assay was not recommended to screen for genotoxicity of NPs

(Elespuru et al. 2018).

CONCLUSION

In conclusion, we found that the surface chemistry of AgNPs has a significant influence
on their cytotoxic effects and possibly on the induction of y-H,AX levels in HepG2 cells. The
aged Ag>S NPs were biologically less active as cytotoxicity and induction of y-H,AX were absent
in the dose range tested here. The absence of cellular ROS generation upon exposure to all
AgNPs indicates that the observed effects were not ROS-mediated. The induction of y-H,AX

levels following exposure to AgNPs was accompanied by cytotoxic responses in HepG2 cells,
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suggesting false-positive confounders limiting the use of the ICW-y-H,AX assay in its current
form for evaluation of cytotoxic NPs. Therefore, additional tests, to rule out apoptotic
mediated false-positive signals, need to be incorporated into the ICW-y-H;AX assay, to render
this interesting assay into a robust screening method for the potential genotoxicity of NPs.
Alternatively, further genotoxicity testing is required to investigate and exclude the

genotoxicity of these AgNPs.
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Figure S1: Cell viability of HepG2 cells after 4 and 24 hr exposure to a concentration range of (PVP)

CuO NPs, measured using an ATPlite viability assay. Viability is given as a percentage of the control

(mean + SD; n=3).
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Figure S2: Cell viability of HepG2 cells after 24 hr exposure to a concentration range of BaP, measured using

a WST-1 viability assay. Viability is given as a percentage of the control (mean * SD; n=3).
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GENERAL DISCUSSION

The increasing use of nanoparticles (NPs) in a wide range of applications results in an
increased likelihood of human exposure to NPs (Sierra et al. 2016). For more than a decade,
concerns have been raised about their hazards and their potential to induce adverse health
effects in humans (Riediker et al. 2019; Hussain et al. 2015; Oberdorster et al. 2005a). This has
led to the emerging of the field of nanotoxicology as a sub-discipline at the interface of
toxicology and nanomaterial science (Shvedova et al. 2016; Krug and Wick 2011; Oberdérster
et al. 2005b). Humans can be exposed to NPs via different exposure routes including dermal,
inhalation or oral routes (Frohlich and Roblegg 2016; Warheit and Sayes 2015; Schleh et al.
2012) where the latter represents the exposure route that was considered in the present

thesis.

At the present state-of-the-art, the safety assessment of NPs relies heavily on animal in
vivo studies (Hardy et al. 2018). Considering the great diversity in the types of NPs in terms of
their intrinsic properties and how these can be modified by external factors, the number of
laboratory animals required to evaluate the potential toxicity of all these types of NPs would
be unacceptably large (Burden et al. 2017; Kroll et al. 2009). Therefore, alternative testing
strategies that are scientifically solid, but also cost-, time- and animal friendly, need to be
developed and optimised. The present thesis aimed to investigate the potential of different in
vitro methods combined with advanced analytical techniques as a screening strategy to study

the toxicokinetics and toxicodynamics of NPs.

Effect of matrix conditions on NPs properties

Upon ingestion, NPs come in contact with biological matrices like gastrointestinal (Gl)
fluids that change substantially upon passing through the Gl tract. These dynamic luminal
conditions may affect the physiochemical properties of the NPs (Lynch et al. 2014). How and
to which extent the biological matrices affect the NPs characteristics depends on the
physicochemical properties of NPs themselves. The stability of the NPs and the composition
of the protein corona that is formed on the surface of the NPs are affected by the composition
of the biological matrix in which the NPs are suspended (Sutton et al. 2017; Ritz et al. 2015;

Warheit and Sayes 2015; Arts et al. 2014; Hihn et al. 2013; Fréhlich and Roblegg 2012). The
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corona influences the cellular interactions of the NPs (with, for instance, the intestinal
epithelium) affecting their potential cytotoxicity and cellular uptake and transport (Ritz et al.

2015; Kim et al. 2014; Walczyk et al. 2010a; Lynch et al. 2009).

Therefore, in chapter 2 of this thesis, the effects of NPs size and surface chemistry on
the protein corona formation were investigated. In addition, the cellular interactions
(association, uptake and transport) of these NPs-corona complexes were characterised. Four
fluorescently labelled and negatively charged PSNPs were used with different surface
chemistries: 50 nm sulfone and carboxyl coated PSNPs and 200 nm carboxyl coated PSNPs.
High-content (HC) imaging was used to study the Caco-2 cellular uptake/associations of the
PSNPs on a single-cell level while the transport of these PSNPs was measured via measuring

their fluorescence intensity.

The results demonstrated that the cellular uptake/association and transport of sulfone
functionalized PSNPs were significantly higher compared to that of the carboxyl functionalized
PSNPs. No significant impact of the size nor the charge of the NPs on the cellular uptake/
association was noticed, indicating that the sulfone surface coating affects these
characteristics via other intrinsic properties. The composition of the protein corona of all the
PSNPs was quantitatively determined using label-free liquid chromatography mass
spectrometry (LC-MS/MS) after incubation in cell culture medium for periods equivalent to
the cellular exposure. Subtle differences in the protein composition were detected between
the sulfone and carboxyl coated PSNPs. Next to measuring a pronounced enrichment of
apolipoproteins, binding proteins and acute phase proteins, a less pronounced enrichment of
complement factors was detected in the sulfone coated NPs as compared to the carboxyl
coated NPs. Among the proteins detected in the NPs coronas, the alpha-1B-glycoprotein
(A1BG) protein was the most abundant protein present on all types of NPs, as also shown by
others (Tenzer et al. 2013; Lundqvist et al. 2008; Cedervall et al. 2007). Yet, the function of

this protein is currently unknown.

Comparing the protein corona compositions among the PSNPs studied here, it was
found that alpha-2-macroglobulin (A2M) proteins were significantly less absorbed on the
sulfone coated PSNPs than on the carboxyl coated PSNPs of the same size. Also, the AFP, APOH
and FETUB and LOC781674 protein levels tended to be lower on the sulfone coated PSNPs
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than on the carboxyl coated NPs. Previously, it has been described that APOA2 and APOH
interfere with the cellular uptake of NPs (Ritz et al. 2015). These results suggest that the
cellular uptake/association of NPs is highly dependent on the surface chemistry of NPs, that
governs the composition of the protein corona. The results also indicate that the combination
of surface chemistry and protein corona appears to be more important for the biological effect

of the NPs than their size.

Combining in vitro models to emulate human physiological processes

Upon oral ingestion, NPs pass through mouth, stomach and intestinal compartments of
the Gl tract, each with a specific pH and biochemical composition before reaching the
intestinal epithelium. These dynamic and harsh conditions can increase the tendency of the
NPs to agglomerate or dissolve and accordingly affect their bioavailability and toxicological
properties (Lichtenstein et al. 2017, Sieg et al. 2017; McCracken et al. 2015; Bohmert et al.
2014; Murdock et al. 2008). Combining an in vitro digestion model, to simulate the Gl tract
conditions, with a cellular in vitro model of the intestinal barrier can provide more realistic
insights in the fate of the NPs upon oral ingestion. Accordingly, in chapter 3, an in vitro model
was used to simulate the physiological conditions within the human Gl tract. This model was
used to study the impact of these physiological conditions on the characteristics of the AgNPs.
Subsequently, the transport of these digested NPs and their respective pristine NPs across an
intestinal co-culture in vitro model of differentiated Caco-2/HT29-MTX cells simulating the

intestinal barrier was assessed.

The co-culture epithelial cell model was exposed for 24 hr to pristine and in vitro
digested (VD) negatively charged 50 nm lipoic acid (LA) and citrate (Cit) coated AgNPs. The
AgNPs size distribution, dissolution and particle concentration (mass- and number-based)
were characterized in the apical, cell and basolateral compartments of the monolayer
cultures, by using inductively coupled plasma mass spectrometry (ICP-MS) and single particle
(sp) ICP-MS. It is of importance to highlight that the size detection limit of spICP-MS was 20
nm and accordingly any particles with sizes below this limit were included in the ionic silver
(Ag*) fraction. During in vitro digestion, a significant fraction of the AgNPs dissolved. The (LA)
AgNPs dissolved to a significant higher extent (86 - 92%) during the digestion process than the

(Cit) AgNPs (48 — 70%). Cellular exposure to increasing concentrations of pristine or IVD AgNPs
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resulted in a concentration dependent increase of total Ag and AgNPs contents in the cellular
fractions. The cellular concentrations were significantly lower following exposure to IVD
AgNPs compared to the pristine AgNPs. Transport across the monolayer of intestinal cells
either as total Ag or as AgNPs was limited (< 0.1%) following exposure to pristine and IVD

AgNPs.

Interestingly, the presence of de novo formed AgNPs was observed during the in vitro
digestion and in the cellular fractions upon exposure to both AgNPs and AgNOs. The results
clearly show that it is important to incorporate the intestinal digestive conditions into a model
to assess the potential bioavailability of NPs. Based on the results obtained, it was concluded
that systemic availability of NPs following oral ingestion is likely to occur albeit to a limited
extent, which was in line with observations from sub-chronic rodent studies (van der Zande et

al. 2012; Loeschner et al. 2011b).

It is very likely that suspending the AgNPs in protein-rich media or in the protein- and
enzyme-rich Gl fluids will result in the formation of a protein corona that might affect the
cellular interactions of these AgNPs (Berardi and Baldelli Bombelli 2019; Ding et al. 2018).
Although the protein corona of the AgNPs was not investigated in chapter 3, it is highly
possible that the surface chemistry of the AgNPs could influence the composition of their
protein corona as shown in chapter 2 and consequently their uptake. Walczak et al. reported
that pristine PSNPs of different surface chemistries were surrounded by protein coronas of
different compositions while upon in vitro digestion lower protein amounts and different
proteins were present in the protein coronas (Walczak et al. 2015). Additionally, following the
changes in the protein corona formed, differences in the cellular uptake of the NPs were
reported (Ding et al. 2018; Walczyk et al. 2010b). In the studies of Peng et al., using poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate)-based cationic NPs (CNPs), the presence of
pancreatin as part of the protein corona formed during digestion decreased Caco-2 cellular
uptake of the CNPs. The authors concluded that the decreased cellular uptake could be
ascribed to the presence of pancreatin in the protein corona formed during digestion (Peng et
al. 2019). Given that pancreatin was also present in the digestive incubations of the AgNPs in
the present thesis, these findings might also explain the decrease in the cellular uptake of IVD

AgNPs compared to the pristine counterparts reported in chapter 3. Consequently, the effect
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of the surface chemistry could be influencing the cellular uptake directly or in an indirect way

via changing the protein corona around these AgNPs.

Toxicological potential of systemically available NPs

Since the results from chapter 3 indicate that NPs can become systemically available
after ingestion, other organs can be expected to be exposed as well. Therefore, in further
studies presented in this thesis, three other in vitro bioassays were used in order to study the
effects of the NPs on three other potential targets. In chapter 4, the potential of the AgNPs to
pass the placental barrier was studied using the in vitro BeWo b30 placental transport model.
This model was combined with the mouse embryonic stem cell test (EST) to obtain further
insight in possible hazards for the developing foetus. While in chapter 5 a liver in vitro model
was evaluated to address its suitability to assess NPs related effects focusing on potential DNA

damaging effects.

In chapter 4, the same AgNPs were used as in chapter 3, as well as the same ICP-MS and
splCP-MS analytical techniques to characterize the presence of particulate or dissolved Ag in
the samples. Given that the observations reported in chapter 2, indicated that the surface
charge might influence transport of NPs, positively charged 50 nm branched polyethylenimine
(BPEI) AgNPs were also included in the study as well as silver sulphide (Ag2S) NPs representing
the so-called “aged” AgNPs that can be (de novo) formed systemically and in the environment
(He et al. 2019; Tripathi et al. 2017; Wang et al. 2017). Upon the exposure of the BeWo cell
layer to the different types of AgNPs, a time-dependent increase of total Ag in the cellular
compartments was observed. Similar to the intestinal cellular exposure, the surface chemistry
of the AgNPs significantly affected the concentration of total Ag and AgNPs in the BeWo

cellular compartment.

Comparing the spICP-MS results (i.e. Ag in its particulate form) with the total Ag
measurements, it can be concluded that the cellular uptake of Ag was mainly as ionic Ag. Only
limited transport of ionic and/or particulate Ag across the BeWo cell layers was observed
which was dependent on the surface chemistry of the AgNPs. The surface chemistry of the
AgNPs could also indirectly affect their cellular uptake and transport via influencing the
protein corona composition which was reported in chapter 2 using PSNPs. The Ag transport

was mainly as particulate rather than ionic Ag and with higher AgNPs percentages in the

179



Chapter 6

basolateral compartment than in the cellular compartment. The levels of AgNPs transported
(1 — 8 %, as total Ag) were in line with levels that were reported to reach the foetus (1 — 8 %,

as total Ag) upon injecting pregnant rats with AgNPs (Fennell et al. 2017).

The transported amount of Ag via the in vitro placental barrier (6 — 7 %) upon 24 hr
exposure to (LA) and (Cit) AgNPs is significantly higher compared to the amount transported
via the in vitro intestinal barrier (< 0.1 %) as described in chapter 3. This difference highlights
the differences between different in vitro models of physiological barriers, in terms of barrier

properties to NPs passage (Braakhuis et al. 2015; Schwab et al. 2015; van Thriel 2015).

The potential in vitro developmental toxicity of the AgNPs was subsequently
investigated using the EST. In this assay, the potential to inhibit the differentiation of mouse
embryonic stem cells (mESCs) into beating cardiomyocytes is used as an endpoint. Based on
this study, the AgNPs did not induce in vitro developmental toxicity as the observed inhibition
of differentiation of the mESCs were only detected at cytotoxic concentrations. The
cytotoxicity inducing concentrations (i.e. ICso values) were higher than the concentrations that
would be considered realistic based on the transport data obtained from the BeWo b30
transport experiments. Considering the oral route as one of the main exposure routes of the
AgNPs, it is important to take into account also their very low transport across the intestinal
barrier in vitro (chapter 3) which will consequently lower the concentrations of the AgNPs that

might reach the foetus.

Several in vivo studies have shown that AgNPs (with different surface chemistries) are
systemically available upon ingestion (Walker and Parsons 2014; Larese et al. 2009),
subsequently reaching several organs including the liver (van der Zande et al. 2012; Loeschner
et al. 2011a). The liver has been considered one of the most affected organs following AgNPs
exposure (Wen et al. 2017; Hendrickson et al. 2016; Kim et al. 2008; Sung et al. 2008), resulting

in various forms of toxicity, including genotoxicity (Kim et al. 2019).

Among several in vitro methods to measure the genotoxic potentials of substances, the
y-H2AX assay has proven to be a sensitive and powerful alternative method to detect DNA-
double strand breaks (DSBs) with a low false-positive rate (Heylmann and Kaina 2016;
Nikolova et al. 2014; Khoury et al. 2013). Therefore, in chapter 5, the potential of the In Cell-

Western (ICW)-y-H2AX assay was evaluated as an alternative in vitro assay to assess the
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potential of AgNPs to induce phosphorylation of H,AX in HepG2 liver cells following induction
of DNA-DSBs. The pristine AgNPs with different surface chemistries and aged AgNPs that were
used in this chapter were similar to ones used in the previous chapters of this thesis. It was
found that, if AgNPs induced phosphorylation of y-H,AX in HepG2 cells, cytotoxic responses
were also observed at the same concentrations. Based on the used setup in these
experiments, apoptotic mediated false-positive responses cannot be excluded. Therefore,
additional or modified endpoints need to be incorporated into the ICW-y-H,AX assay to use

this assay as an in vitro test to predict the genotoxic potential of NPs (Nikolova et al. 2014).

Observation on aged and pristine AgNPs

It is of interest to note that the aged AgNPs (Ag.S NPs) studied here, showed different
biological behaviour compared to the pristine AgNPs (Liu et al. 2018; Yin et al. 2015). The
dissolution and charge of the Ag,S NPs were comparable to those of the pristine (LA) and (Cit)
AgNPs. But the toxicity and transport of these aged NPs were significantly lower in different

in vitro models used within this thesis.

FUTURE PERSPECTIVES

In the present thesis, we studied the impact of different physicochemical properties (e.g.
size, surface charge, surface chemistry including corona formation and chemical composition)
of the NPs on their biological interactions. This was investigated using combinations of
different in vitro models (e.g. intestinal, placental, embryonic and liver) with support of
advanced analytical techniques (e.g. single particle ICP-MS, LC-MS/MS and high content and
confocal imaging). In this section, as emerging from the results of the present thesis, some

other important aspects for future research of human safety assessment of NPs are discussed.

Advances in in vitro nanotoxicology research

One of the main aims of utilizing in vitro assays in toxicological safety assessments is to
reduce the number of laboratory animals. It is promising to see that the use of such alternative
methods is receiving much attention and that they are increasingly recommended as

screening methods preceding commencing in vivo testing (EFSA Scientific Committee et al.
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2018; Nel and Malloy 2017). For the continuity and progress of this approach, more advanced
and complex in vitro models will be needed. These new models are bringing more realistic and
physiologically relevant systems than the currently used 2D/monolayers models and include
for example models that incorporate the gut-microbiome and organ on chip technologies

which will be described briefly in this section.

Gut-microbiome

The gut-microbiome is a complex and dynamic system including a large number of
microbial species and metabolic functions. The effects of the gut-microbiome on human
health and disease and the effects of xenobiotics on the gut microbiota have gained increased
attention in the last years (Behr et al. 2018; Waseem et al. 2018; Shvedova et al. 2016). The
contribution of the gut-microbiome to toxicity and health is only beginning to be revealed

(Kundu et al. 2017).

Studies on the interactions between the gut-microbiome and NPs and the impact of NPs
on the metabolic capacity of the gut microbiome are limited (Bouwmeester et al. 2018;
Frohlich and Frohlich 2016). The early stage results point toward varying effects of different
NPs on the microbial community; for example, disturbance in the bacterial evenness in the
colon of mice was detected upon 28 days ingestion of pristine AgNPs while no effects were
detected upon ingestion the aged Ag,S NPs (van den Brule et al. 2016). Also, it was found that
upon 21 days oral exposure of rats to chitosan NPs loaded with copper sulphate, the cecal
microbiota composition was affected and the production of the energy source butyrate was

increased (Han et al. 2010).

Currently, the studies of NPs —gut-microbiome interactions are confronted with several
challenges (Fadeel 2019; Bouwmeester et al. 2018; Hardy et al. 2018) including, but not
limited to:

1) The complexity and dynamic composition of the gut-microbiome in addition to the effects
of individual variations (e.g. lifestyle, gender, nutrition and physiology).

2) Most of the reported studies used rodent models which have a different microbiome than
humans.

3) The bias in sampling method and location of the microbiota within the Gl tract have a

significant impact on the NPs-gut-microbiome interactions and their interpretation. For
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example, the microbiota in the large intestine, where most of the samplings take place, is
more complex than the microbiota in the small intestine.
Considering the few studies on possible NPs-gut-microbiome interactions and their
limitations, more studies and developments are still required to assist in better understanding

of these interactions.

Organ-on-chip technology

One of the new approaches in developing alternative in vitro methods are the organ-on-
chip technologies, where biochemical, metabolic, genetic and functional characteristics of
human organs are simulated using cell and tissue cultures in controlled microenvironments
(Bhatia and Ingber 2014). The advances in the microfluidics and miniaturization fields are of
importance in developing these technologies. Microfluidics provides a significant advantage
to overcome the sedimentation issues that are sometimes observed with some high density
NPs by incorporating fluid flow and mechanical forces to keep the NPs suspended which in
return enhances the relevance of the in vitro testing to the in vivo situation (Valencia et al.
2012; Ziotkowska et al. 2011). For example, utilizing microfluidics in organ-on-chip
technologies was successful in mimicking the physiological expansion—contraction motion of
lungs due to breathing. Using this model, the lung epithelial and endothelial uptake and
transport of SiO, NPs were enhanced which accentuated the toxic and inflammatory
responses of the lung to SiO, NPs that were not detectable in the static models (Huh et al.

2010).

Furthermore, several single-organ-on-chip models have been developed for lung
(Benam et al. 2016), liver (Knowlton and Tasoglu 2016; Ma et al. 2016), gut (Kulthong et al.
2018; Shah et al. 2016) etc., in addition to multi-organ-on-chip-models where several organs
are connected to each other on a single chip (Materne et al. 2015; Huh et al. 2013). The
utilization of these models as alternative testing strategies to assess the hazards of NPs would
provide a potential for real-time and high-throughput analysis and perhaps even long-term
exposure, which together would provide the possibilities needed for adequate hazard

assessment of NPs exposure.

Framework for hazard assessment of NPs
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An adverse outcome pathway (AOP)

An AOP is a valuable framework where the molecular initiating events resulting from
exposure to a substance are bridged with the associated adverse outcome of this substance
(Ma et al. 2018). AOP is defined as ““a conceptual construct that portrays existing knowledge
concerning the linkage between a direct molecular initiating event (MIE) and an adverse
outcome (AOQ)”, thereby capturing the sequential chain of causally-linked Key Events (KEs) at
different levels of biological organisation (Brockmeier et al. 2017). Several attempts have been
described in the literature to develop AOPs for different NPs. For example, applying the AOP
framework to explore the mechanistic reproductive toxicity of AgNPs in zebrafish and their
impact on human health (Ma et al. 2018). The AOP developed provided a framework for
predictive linkage between the generation and accumulation of ROS (as MIE) and the
induction of oxidative stress in the gonad tissue (as KE) upon five-weeks exposure of zebrafish

to AgNPs.

Developing an AOP for NPs is still very challenging, considering the wide diversity of
combinations of physicochemical properties of the NPs, the lack of proper in situ
characterization of the NPs in many studies and varying exposure scenarios (Gerloff et al.

2017).

Omics technologies

Multi-omics-based approaches (e.g. genomics, transcriptomics and proteomics)
combined with big data can be used to support the hazard identification and characterization
of NPs and to develop biomarkers of exposure or effects (Paunovska et al. 2019; Fadeel et al.
2018). Omics technologies are defined as high content datasets of genes, proteins or
metabolites which enable the assessment of thousands of genes and their products in a single
sample. The capabilities of these techniques make them very promising to uncover the
mechanisms behind cellular responses to NPs which will result in a significant leap in our
understanding of the safety and biological interactions of the NPs. Additionally, integrating
the omics datasets in the AOP approach is of added value in improving the understanding of
toxicological effects of NPs (Brockmeier et al. 2017). The omics datasets may improve the
description of the MIE and the selection of biomarkers of relevance in developing an AOP to

assess the adverse or beneficial effects of NPs. For example, in a study on the reproductive
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toxicity of AgNPs in the nematode Caenorhabditis elegans (C. elegans), transcriptomics
analysis was used to identify oxidative stress as one of the MIEs or early KEs in the AOP of

reproductive toxicity of AgNPs in C. elegans (Jeong et al. 2018).

Detection and characterization of NPs:

High quality toxicological studies with NPs require robust characterisation and detection
methods of the NPs. Only then, the results of these studies can be used in the safety
assessments of these NPs (Hammad and Bolt 2014). This approach was followed in the present
thesis where state-of-the-art analytical techniques have been used to detect and characterise
the NPs before and after testing them in different in vitro assays. In this section, several
analytical challenges in characterization and quantification of NPs, required for their hazard

assessment, are highlighted.

NPs characterization in complex matrices

Characterization of pristine NPs in simple and clean matrices is currently achievable
using different analytical techniques with high sensitivity and accuracy. But the NPs in real life
are present in very complex matrices such as food, biological fluids and tissues which makes
it very difficult to characterize the NPs in such matrices. For example, in this thesis, dynamic
light scattering (DLS) was not capable to provide reliable and accurate size measurement of
the AgNPs suspended in the mixture of digestive solutions due to the signal disturbance by
the proteins and salts present. By further diluting these suspensions of AgNPs and introducing
gentle clean-up steps (e.g. centrifugation) to reduce the matrix effect and using the sensitive
splCP-MS analysis, the characterization and quantification of AgNPs were possible. It should
be considered however, to what extent these clean-up steps may affect the AgNPs

characteristics.

Another point to consider is that engineered NPs (ENPs), NPs manufactured
intentionally by humans, can be formed of elements that are naturally present in the
environment (e.g. TiO2, SiO; and CuO). The capability of analytically techniques to distinguish
between the NPs of natural or engineered origin is limited. To tackle these challenges, several
attempts are being made to develop improved techniques such as ICP-time-of-flight mass

spectrometry (ICP-TOFMS) operated in single-particle mode assisted with machine learning.
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This machine learning plays an important role in distinguishing and quantifying the naturally
existing NPs and ENPs based on their unique elemental fingerprints (Mehrabi et al. 2019; Yang
et al. 2019; Praetorius et al. 2017). Additionally, differentiation between the NPs and their
ionic forms is of importance for hazard assessment of NPs. In this thesis, using the spICP-MS,
a distinction could be made between particulate and ionic Ag. But it was not possible to
identify and distinct whether these Ag particulates were AgNPs or Ag complexes (e.g. AgCl or
Ag,S) formed from ionic Ag. Theoretically that would be possible with ICP-TOFMS.

NPs can contain more than one metal forming multi-element NPs where the core of the
NPs is made of a metal different from the metal forming the shell surround this core. These
multi-element NPs are introducing new analytical challenges and opportunities to the current
methods of measurement and characterization (Mehrabi et al. 2019). The spICP-TOFMS,
mentioned early, is also proposed to be an analytical solution to measure the multi-element
NPs. For example, using this technique, it was possible to estimate the size of Au-core/Ag-shell
NPs, BiVO4, (Bio.sNaos)TiOs and steel NPs (which contains Fe, Cr, Ni and Mo) (Naasz et al.
2018). Still, this technique is in the early stages and requires further development owing to its
limitation of detecting only the NPs formed of two metals in addition to its lower accuracy of

measuring steel NPs (Mehrabi et al. 2019; Naasz et al. 2018).

Protein corona

Several studies, including those in the present thesis, indicated the contribution of the
protein corona to the biological effects of NPs (Cai et al. 2020; Afantitis et al. 2018; Hu et al.
2016; Vilanova et al. 2016; Docter et al. 2015; Hussain et al. 2015; Alkilany et al. 2013). For
example, the amount of cellularly internalized NPs and the mechanism of their internalization
differ with different protein corona composition (Francia et al. 2019). The protein corona is
very dynamic where the amount and arrangements of proteins are constantly changing based
on the physicochemical and biological interactions with the matrix in which the NPs are

embedded.

There is no single ideal analytical technique to analyse the interaction of proteins with
NPs and their corona. For this, complementary methods are required to compensate for the
drawbacks of individual methods. For example, 1D and/or 2D polyacrylamide gel

electrophoresis is an easy approach to visualize and qualitatively compare corona protein
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patterns but it is low-throughput and lacks the possibility to quantify the corona constituents.
Some of these limitations are overcome by combining the label-free LC-MS/MS analysis with
these approaches (Docter et al. 2015). All these techniques for corona characterization are
facing technical challenges such as losing part of the corona of low affinity proteins following
the multiple washing and purification steps. The proteins in the corona are dynamic and
change following changes in the surrounding medium, this results in identifying the proteins
present at a certain moment with the proteins actually identified being also limited to the
standard proteins used in the identification method (Nguyen and Lee 2017; Barrdn-Berddn et
al. 2013). All these aspects make it challenging to integrate the dynamic reactions of the

protein corona in the risk assessment of NPs.

In silico computational models in nanotoxicology

In silico methods that use computational models to generate data without a need for
animal experiments can be used as a powerful approach in predictive nanotoxicology. The
computational modelling in the nanotoxicology field is still in the early stages and in need of
improved modelling tools, useful datasets, standardized methodologies and user-friendly
interfaces. The endless diversity of variations of NPs makes it difficult to predict and
characterize the hazard of these NPs. Currently, computational modelling is a useful approach
to support the in vitro testing for example by identifying any potential hazardous property in

the early development stage of the NPs in the process of safe-by-design NPs.

These approaches are facing several challenges such as the availability of sufficient and
robust datasets of well-characterized NPs. Also, the development of rigorous decision-making
procedures to derive reliable conclusion over the safety of NPs needs further progress.
Additional parameters which are foreseen to improve the predictivity of the computational
models include NPs corona formation and composition and the influence of the corona on the
biological interaction and toxicokinetics of the NPs (e.g. biodistribution, bioprocessing and
bioclearance). Computational models are used in several approaches, such as the use of
dosimetry models to improve the interpretation of currently used in vitro models (B6hmert et
al. 2018; Hinderliter et al. 2010). Computational models are also used to describe quantitative

structure—activity relationships for NPs (QSARs) and grouping (or read across) approaches
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(Villaverde et al. 2018). In this section, these models are described as promising examples of

in silico models in nanotoxicology.

NPs dosimetry

In in vitro studies with NPs, the dosimetry is an important parameter affecting the
interpretation of the toxicological effects of NPs. Cellular exposure to NPs is generally
performed by exposure to NPs dispersed in a cell culture medium. NPs concentrations in the
cell culture medium, however, are not necessarily reflecting the dosage of NPs that induces
an effect or response in the cells upon interaction (delivered dose) (Chen et al. 2018).
Diffusion, sedimentation and dissolution properties of NPs and thus the amount of NPs
suspended in the cell culture medium that reaches the cells are affected by several NPs
characteristics e.g. the size, density and agglomeration status of the NPs. NPs diffusion and
sedimentation are also influenced by the density and viscosity of the medium (Thomas et al.
2018). Accordingly, the potency of certain NPs to induce adverse effects is misinterpreted. For
this, a number of computational models have been developed to estimate the delivered
dosage of NPs e.g. the in vitro sedimentation, diffusion and dosimetry (ISDD) model where the
particokinetics (sedimentation and diffusion) of NPs in solutions are modelled (Bohmert et al.

2018; Deloid et al. 2014; Hinderliter et al. 2010).

The ISDD model proved the importance of sedimentation in affecting the biological
impact of NPs. For example, using the ISDD model, a study where A549 cells were exposed to
25 and 85 nm SiO2 NPs showed that 20 -27% of the SiO, NPs sedimented resulting in
underestimation of the amount of NPs that reached the cells and induced any possible effect
(Peuschel et al. 2015). On the one hand, this model offers an applicable approach to estimate
the delivered amount of NPs. On the other hand, this model is confronted with some
limitations and difficulties, such as measuring the hydrodynamic size of NPs in protein rich
medium where the light based techniques such as DLS and particle tracking analysis (PTA) do
not offer reliable measurements due to protein interferences (Gollwitzer et al. 2016). Another
difficulty is inapplicability of the ISDD model to the dissolving NPs where their sizes and density
are changing. For this another model was developed to incorporate the dissolution effects

called ISD3 (the in vitro sedimentation, diffusion, dissolution and dosimetry model) (Thomas
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et al. 2018). The current usage of this latter model is still very limited although it has a

promising potential to extend the application of dosimetry models to different types of NPs.

Read-across approaches

Many attempts and studies are done and still ongoing aiming to develop efficient
approaches to assess the potential adverse effects of NPs. NPs read-across and grouping
approaches can facilitate the prediction of potential adverse effects of non-tested NPs based
on information collected from similar NPs that were tested and characterized (Lamon et al.
2019). The NPs could be grouped using diverse aspects e.g. exposure routes, physicochemical
properties, type of biological interaction, etc. (Doganis et al. 2018). Quantitative structure-
activity relationship (QSAR) models are theoretical models where the structure or
physicochemical characteristics of compounds are related to their potential biological
interactions (Pan et al. 2016). These models have achieved substantial progress for modelling
bulk chemicals while the application of QSARs in the field of nanotoxicology is limited. This
limitation could be attributed to the complexity of the characteristics of NPs and the lack of
sufficient molecular descriptors appropriate for developing QSAR model for NPs. QSARs
heavily rely on large and diverse datasets of high-quality experimental (in vitro) data (Richarz
et al. 2015). Although the availability of such datasets is currently limiting the development
and use of QSAR approaches for NPs, several web-based tools are already available to perform
QSAR studies like OpenTox, eNanoMapper and OCHEM (Parthasarathi and Dhawan 2018;
Chomenidis et al. 2017; Helma et al. 2017). An important aspect of usability of QSARs is the
setting of the Applicability Domain (AD). The AD specifies the scope of each model with
respect to the structural and physicochemical properties and response/effects information of
the training dataset used to build the model. Some QSARs have shown a great potential in
predicting the biological effects of different NPs (mainly metallic ones). For example, using
two sets of data generated using in vitro models, a QSAR model was developed for NPs. The
first dataset contained data (e.g. ATP content and mitochondrial membrane potential) of 51
different NPs with different metal core and surface chemistry tested in four different in vitro
cell model. The second one contained cellular uptake data of different in vitro cell models of
109 NPs of the same metal core and surface chemistry. This model could establish statistically
significant relationships between measured biological activity profiles of these NPs and their

physical, chemical and geometrical properties. As the NPs that induced similar biological

189



Chapter 6

responses were of similar metal cores, the similar cellular behaviour of NPs could be
correlated to NPs of similar metal core and surface chemistry (Fourches et al. 2010). In another
study, a QSAR model was successful in predicting the cytotoxicity of metal NPs solely from
their physicochemical properties (e.g. molecular weight, mass, charge size and aggregate size)
using previously generated in vitro cytotoxicity data of a group of several metal NPs to E. coli
(17 NPs of different sizes) and HaCaT cells (18 NPs of different sizes). Among all the NPs
physicochemical properties used in the QSARs, the initial and aggregate sizes were the most

important (Pan et al. 2016).

The developed models have potential applications in improving the experimental design
of safer NPs. Still, the usability of the QSAR approaches in nanotoxicology are challenged by
complex and diverse NPs properties and the dependency on commercially available databases

which lack standardisation of characterization of NPs (Villaverde et al. 2018; Burello 2017).

OVERALL CONCLUSION

The wok presented in this thesis illustrated the added value of combining different in
vitro methods with advanced analytical techniques as a screening strategy to study the
toxicokinetics and toxicodynamics of NPs. This approach provides better understanding of the
biological interactions of NPs. Additionally, the role of surface chemistry of NPs was shown as
an important characteristic that influences the toxicological behaviour of NPs outweighing the
size influence. Additionally, the status of the AgNPs as pristine or aged has a significant impact
on the bioavailability and toxicity of the NPs. The ICP-MS and spICP-MS showed a great
potential to become a high throughput testing technique for characterization and
guantification of NPs. The in vitro data generated within this thesis could be further used for
the optimization or development of QSAR models or AOPs for NPs. Despite the continuous
efforts in standardizing the testing strategies to enable robust predictive in silico models, still
case-by-case testing of NPs is required. Overall, the presented work in this thesis corroborated
the value of the alternative in vitro models as a screening strategy for potential hazards that
could be induced by NPs. This work also, once again, stressed the importance of the robust
characterization of the NPs and its impact on the interpretation of the nanotoxicological

studies.
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Summary

In chapter 1 of this thesis, an overview of the main applications of NPs was provided and
the main properties of NPs were briefly introduced. In addition, some of the key methods that
are currently used in the toxicological safety assessment of NPs were presented. The aim of
the thesis was introduced which was to investigate the potential of different in vitro methods
combined with high-end analytical techniques as a testing strategy to study the toxicokinetic
and toxicodynamic properties of silver (Ag) and polystyrene (PS) NPs and set priorities in their
further safety testing. The current state of the art of the in vitro methods used in the studies

in this thesis and the outline of the thesis were also presented.

In chapter 2, the influences of the size and surface chemistry of pristine PSNPs on the
protein corona formation and subsequent uptake/association and transport of these NPs
through a Caco-2 intestinal cell model were studied. Four negatively charged PSNPs of
different sizes (50 and 200 nm) and with different surface chemistries (sulfone or carboxyl
groups) were studied. The protein coronas of these PSNPs were analysed by LC-MS/MS which
showed subtle differences in the protein composition of especially the two PSNPs with
different surface chemistries. In further experiments, the impact of surface chemistry on the
cellular uptake/association and transport was characterised using high-content imaging
analysis. These experiments demonstrated that the PSNPs with sulfone surface groups were
associated with the cells to a significantly higher extent than the PSNPs with carboxyl surface
groups. No clear effect of the size of the PSNPs on the cellular uptake/association was noted.
Also, the transport of the PSNPs with sulfone surface groups through the monolayer of cells

was significantly higher than that of PSNPs with carboxyl surface groups.

The general conclusion was that the composition of the protein corona and the PSNPs
surface chemistry influence the cellular NPs uptake/association and transport, with the effect
of the NP surface chemistry outweighing the impact of NPs size on the cellular
uptake/associations and transport. These results might be predictive of the intestinal
transport of NPs. Still, further studies are required to identify which corona proteins affect the

uptake and transport of NPs.

Chapter 3 described an investigation on the impact of the biochemical conditions within
the human digestive tract on the intestinal fate of AgNPs with different surface chemistries.

On top of that, the transport of these AgNPs across an intestinal in vitro model of Caco-
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2/HT29-MTX cells was evaluated. An in vitro digestion model was used to simulate the human
digestion processes. Two 50 nm negatively charged AgNPs with different surface chemistries
were used, lipoic acid (LA) AgNPs and citrate (Cit) AgNPs next to silver nitrate (AgNOs) as a
source of ionic silver (Ag*). The co-culture model was exposed to different concentrations of
pristine and in vitro digested (IVD) AgNPs or AgNOs for 24 hr. Using ICP-MS and spICP-MS, the
size distribution, dissolution, particle concentration (mass- and number-based) and total silver
content of the AgNPs were characterized before and after digestion and in the apical,
basolateral and cellular compartments of the Caco-2/HT29-MTX intestinal epithelial model.
The surface chemistry of AgNPs had a significant influence on their dissolution and on their
biological interactions with the Caco-2/HT29-MTX intestinal model. In general, a significant
fraction of the AgNPs dissolved during the digestion up to 86 - 92% and 48 — 70% of the original
amount of NPs for the (LA) and (Cit) AgNPs, respectively. Exposure of the monolayer of
intestinal cells to increasing concentrations of pristine or IVD AgNPs resulted in a
concentration dependent increase of total Ag and AgNPs content in the cellular fractions. The
cellular concentrations were significantly lower following exposure to IVD AgNPs compared to
the pristine AgNPs. The effect of the surface chemistry on the cellular concentration of Ag was
only detected upon exposure to pristine AgNPs, while this difference disappeared upon

exposure to IVD AgNPs.

Transport of Ag across the intestinal model layer, as either total Ag or AgNPs, was limited
(<0.1%) following exposure to pristine and IVD AgNPs. De novo formation of AgNPs was shown
in the exposure suspensions of IVD AgNPs and AgNOs and in the cellular fractions, upon
cellular exposure to pristine and IVD AgNOs. In conclusion, the surface chemistry of AgNPs and
the biochemical conditions during in vitro digestion influences the dissolution and also
influences the uptake/association within the Caco-2/HT29-MTX monolayer. This highlights the
need to take in vitro digestion into account when studying nanoparticle toxicokinetics in an
intestinal cellular in vitro model system. The observation that dissolution characteristics of
NPs may change upon digestion could be of added value in the safe(r)-by-design NPs

development.

Chapter 4 presented the outcomes from combining the BeWo b30 placental transport
model and the embryonic stem cell test (EST) to investigate the capability of pristine AgNPs of

different surface chemistries and aged AgNPs (Ag2S NPs) to cross the placental barrier and
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induce in vitro developmental toxicity. AgNOs was used as a source of Ag*. The pristine
negatively charged AgNPs used in this study were similar to the ones used in chapter 3 while
in addition also positively charged 50 nm branched polyethylenimine (BPEI) AgNPs were
included in the study. The size distribution, dissolution, particle concentration (mass- and
number-based) and total Ag content of the AgNPs in the apical, basolateral and cellular
compartments of the BeWo b30 placental transport model at different time points was
characterized using ICP-MS and splCP-MS. The ability of the AgNPs to cross the BeWo b30 cell
layer was limited and dependent on the surface chemistry of these AgNPs. The particles
detected in the basolateral compartment could result from transport of the original AgNPs
and/or from the de novo formed AgNPs in the basolateral compartment from Ag* that was

transported.

The in vitro developmental toxicity of the AgNPs was investigated by characterizing their
potential to inhibit the differentiation of mouse embryonic stem cells (mESCs) into beating
cardiomyocytes using the EST. The observed inhibitory effects of the AgNPs on differentiation
of mESCs were most likely the result of cytotoxicity rather than specific effects related to
developmental toxicity as the effects on differentiation of the mESCs were only detected at
cytotoxic concentrations. Compared to the pristine AgNPs, the aged Ag:S NPs were
significantly less cytotoxic, transported less across the BeWo cell layer and did not induce in
vitro developmental toxicity. In conclusion, the combination of the BeWo placental transport
model with the mESCs differentiation assay appeared to provide a valuable alternative in vitro
methodology for prenatal developmental toxicity testing and prioritization for further safety
testing of AgNPs, with aged Ag,S NPs appearing to present less of a hazard than pristine
AgNPs.

In chapter 5, the In-Cell Western (ICW)-y-H,AX assay was evaluated as an alternative in
vitro assay to detect the potential of aged AgNPs and pristine AgNPs to induce
phosphorylation of H,AX in HepG2 liver cells. AgNOsz was used as source of Ag* to test the
effects of Ag* themselves. The y-H,AX induction detected was higher after 24 hr exposure
compared to 4 hr and was accompanied by a significant cytotoxicity in the HepG2 cells. The
increased induction of y-H,AX measured could be due to the cytotoxicity that occurred at the
same concentrations which can result in DNA damage resulting in an increased induction of y-

H2AX. This suggests potential false-positive confounders limiting the use of the ICW-y-H,AX
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assay, in the form as applied in chapter 5, for evaluation of the genotoxicity of NPs.
Additionally, the potential of the AgNPs to induce ROS production, as a potential underlying
mechanism of induction of the cytotoxicity and/or DNA-DSBs, was assessed in HepG2 cells. No
increase in ROS levels was measured upon exposure of the cells to the AgNPs for 4 or 24 hr
and in the absence of cells, while an increase in ROS levels was detected upon AgNOs exposure

of the cells and in the absence of cells.

In conclusion, the surface chemistry of AgNPs has a significant influence on their
cytotoxic effects and the accompanying induction of y-H,AX levels in HepG2 cells. The aged
Ag>S NPs were biologically less active in inducing both cytotoxicity and y-H,AX levels, as these
effects were absent in the dose range tested. The absence of cellular ROS generation upon
exposure to all AgNPs indicates that the observed effects were not ROS-mediated. Additional
tests, to rule out apoptotic mediated false-positive signals, need to be combined with the ICW-
v-H2AX assay, to render this interesting assay into a robust screening method for the potential

genotoxicity of NPs.

Chapter 6 of the present thesis included a general discussion of the results of the
previous chapters and highlights on future perspectives for research in the field of in vitro

nanotoxicology.

Overall, the work presented in this thesis illustrated the role of surface chemistry and
the status of the NPs (pristine or aged and/or digested) on the toxicological behaviour of NPs.
Besides, the combination of different in vitro models with high-end analytical techniques was
shown to; 1) provide in-depth understanding of the biological behaviour of NPs, 2) assure the
value of the alternative in vitro models as a testing strategy for potential hazards that could
be induced by NPs and 3) assist in setting priorities for in vivo testing and contributing to
reduction, refinement and replacement (3Rs) of animal testing required for the safety

evaluation of NPs.
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