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Chapter 1. General introduction

Problem statement

A new category of potentially harmful substances is attracting the attention of
researchers. These substances are so-called nanomaterials, which are various
substances in particulate form, and with a predominant particle size on the
nanoscale. One group of nanomaterials are the nanoplastics (NPs). These are either
intentionally manufactured for example for use as research reagents; or arise
naturally in the environment from the breakdown of plastic waste (Hernandez et al.,
2017; Sangkham et al., 2022). The breakdown of plastics first releases particles called
microplastics (MPs) which are in the size range <5 mm (Ray et al., 2022) and these in

turn can break down into smaller fragments including NPs.

NPs are widely present in the environment as pollutants in water bodies, soil or the
air, and this provides a potential route for wildlife and humans (Sangkham et al.,
2022). NPs are being considered as potential drug-delivery agents in the field of
nanomedicine (Boehnke et al., 2022). This could open up an additional route through
which humans could be exposed. The toxicity of NPs has mainly been studied using
aquatic invertebrates and fish model species. In this thesis, | will use a warm-blooded

vertebrate model, the chicken embryo, to investigate NP toxicity.

The origins and fate of nanoplastics

Origins of nanoplastics

Nanoplastics are small fragments of plastic — that is, polymer-based materials
synthesized from petroleum products (Desai and Galage, 2015; Geyer et al., 2017).
Plastics have a broad range of applications in manufacturing, the electronics,
packaging and food industries, and in agriculture and medicine and surgery

(Gourmelon, 2015). This is because they are durable, cheap, water-resistant, have



relatively low energy requirements for their manufacture, and are relatively light in
weight (Gourmelon, 2015; Panda et al., 2010). Moreover, plastics can be significantly
altered by heating (Becker and Locascio, 2002; Levine and Berman, 1995), allowing
them to be molded into required shapes. Since the 1950s, the annual global growth
rate in plastics production has remained at an average of 8.5% (Platt, 2003). By 2018,
global plastics production reached 359 million tonnes. According to some predictions,
this value will have doubled by 2025 (Gibb, 2019). This thesis is concerned with a
particular form of plastics called small plastic particles. In a sense, plastics, and small
plastic particles, are typical representative ‘fossils’ of human activity (Ng et al., 2018),
that is to say, they are enduring artefacts in the environment that are anthropogenic

(uniquely created by human activity).

Classification of small plastic particles

Small plastic particles include microplastics (MPs) whose particle size is <5 mm
(Arthur et al., 2008); and nanoplastics (NPs), whose particle size is either < 100 nm
(Zhang and Webster, 2009) or < 1000 nm (Gigault et al., 2018) depending on the

opinion of the author.

Other than classifying them by their size, small plastic particles can be classified
according to to their origins. Thus, MPs and NPs can be classified as being primary or
secondary (Ziajahromi et al., 2017). Primary MPs and NPs are small plastic particles
manufactured for a specific purpose, in the case of MPs: personal-use products
including toothpaste, cosmetic, shampoo (Hernandez et al., 2017); and in the case of
NPs as potential drug-delivery vehicles in the emerging field of nanomedicine
(Galafassi et al., 2019; Patel et al., 2009). The potential route of administration of NPs
to human patients might include intravenous injection or inhalation (Chai et al.,

2020).

By contrast, secondary MPs and NPs are fragments coming from larger pieces of
plastic such as plastic bags, bottles and fishing nets (Boucher and Friot, 2017). They

are generated through the natural processes of physical, biological, and chemical
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degradation in the environment, for example, the action of UV light, ocean waves,
and wind abrasion (Stevens, 2015). Another source of MPs and NPs is the microfibers
generated by laundering of synthetic textiles (Center and Wash, 2017), and the
accidental discarding of plastic products during manufacturing or transport (Rezania
et al., 2018). Surprisingly, even plastic teabags can release nanoplastics (Hernandez et

al., 2019).

Some cosmetic products contain both primary and secondary small plastic particles.
One study (Hernandez et al., 2017) analyzed commercially-available facial scrubs, and
found ‘microbeads’ of around 200 um diameter which were ingredients added
intentionally by the manufacturer — along with nanoplastic particles of 24 £+ 6to 52 +
14 nm. It is not clear why nanoplastics were present, because they were not part of
the product formulation. It is possible that they arose from the breakdown of the

larger microbeads.

Small plastic particles are also distinguished by their composition; for example they
may be made of polystyrene (PS), polypropylene, polyethylene, low-density
polyethylene, polyacrylates, polyvinylchloride, polyamide, polyethylene
terephthalate and polyvinyl alcohol (Anderson et al., 2016; Avio et al., 2017). Finally,
MPs and NPs can be categorized according to their shapes which include: beads or

spheres, fibers, fragments, film, pellets and foam (Burns and Boxall, 2018).

Plastic waste as a source of small plastic particles

We mentioned above that secondary plastic particles are released from
manufactured plastics when they break down (Stevens, 2015; Zhang et al., 2021). For
example, at their end of usable life, plastics end up forming a large component of
domestic garbage and industrial waste (Subramanian, 2000). The great majority of
this plastic waste is dumped into land-fills, while some is burned and a smaller
amount is recycled (Geyer et al., 2017). Dumped plastic waste can been found in
freshwater bodies, oceans, soil, air, and even in remote, uninhabited islands

(Bergmann et al., 2019). For these and other reasons, plastic pollution to our



environment is a matter for great concern (Chauhan and Wani, 2019). Plastic waste
can persist for years in the environment due to the low speed at which plastics
undergo degradation (Webb et al., 2013). One reason so much plastic is dumped
rather than being recycled is that recycling technology is not currently optimal. For
example, it is common practice to collect all types of recyclable plastic into one mixed
batch, making it difficult to produce a high-quality recycled product (Geyer et al.,
2017). Furthermore, plastics can only be recycled twice (Geyer et al., 2017). Because
of the size of nanoplastics it is not practical to remove them from water by filtration,
nor is not it practical to try to sort them into different plastic types for recycling
(Nguyen et al., 2019). In any case, no matter how plastic wastes are disposed, of they
can potentially break down and release small plastic particles into the natural

environment.

Distribution of MPs and NPs in the environment

After the breakdown of waste plastic, and its release of small plastic particles into the
natural environment, MPs and NPs become widely distributed in freshwater bodies,
sediments, air and the sea, from the equator to the polar regions (Browne et al.,
2011; Wan et al., 2019a). Furthermore, MPs and NPs persist in aquatic system
because the waste-water technology to deal with these kinds of materials is lacking.
Even though membrane bioreactors have been created by scientists to remove the
particles, the high cost of implementation results in feasibility problems for large-
scale, public application (Westphalen and Abdelrasoul, 2017). As a result, a large
amount of MPs and NPs enter the ecosystem (Browne et al., 2007; Fendall and

Sewell, 2009).

Trophic transfer of MPs and NPs

MPs and NPs are transferred between species that are part of food chains (Shruti and
Kutralam-Muniasamy, 2019; Vom Sqaal et al., 2008). This is called trophic transfer,
and is one of the most important uptake routes of MPs and NPs (Toussaint et al.,
2019). MPs and NPs can be taken up by wildlife passively or actively (Vom Sqaal et al.,
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2008). For instance, fish can take up MPs and NPs while feeding or drinking

(passively), or when foraging by accidental ingestion (actively; (Roch et al., 2020).

Animals tend to accidently ingest plastic items in their food (de Sa et al., 2018). In Gall
& Thompson’s (2015) report, large pieces of plastic have been found in the digestive
tract of 208 species of marine organisms worldwide including 86% (6/7) sea turtle
species, 39% (122/312) of seabird species, 0.3% (50/16,754) fish species and 26%
(30/115) marine mammals (Gall and Thompson, 2015). Such large pieces of plastic
(plastic bottles, plastic bags etc.) can cause adverse effect to wild animals, resulting in
starvation and even death (Nkwachukwu et al., 2013). In addition, animals (including
sea turtles, seals and sharks) can become entangled in plastic fishing nets and fishing
lines and this may impair the movement of the animals, and even cause asphyxia

(Butterworth et al., 2012).

MPs and NPs are difficult to detect in terrestrial environments owing to the complex
composition of soils. Fortunately, analytical methods for measuring MPs in soils have
been developed (He et al., 2018). Large amounts of MPs and NPs have been found in
agricultural soils and in industrial regions (Galloway et al., 2017; Zhang and Liu, 2018).
The accumulation of MPs and NPs in the soil cause negative effects through altering

its biophysical properties (Navarro et al., 2008; Wan et al., 2019b).

Toxicity of small plastic particles to living

organisms

MPs and NPs pose a number of health threats to wildlife and humans. For example,
once they have entered the natural environment, they can adsorb further toxic
chemicals such as polycyclic aromatic hydrocarbons (PAHs) (Maes et al., 2017),
polychlorinated biphenyls (PCBs) (Velzeboer et al., 2014) and
dichlorodiphenyltrichloroethane (DDT) (Bakir et al., 2014), which can potentiate any

intrinsic toxicity they may have (Souza et al., 2022; Ziccardi et al., 2016).
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Any of these toxins may later get leached out and released into the environment
when the plastic is degraded into particles (Burns and Boxall, 2018; de Souza
Machado et al., 2018; Horton et al., 2017; Smith et al., 2018). Adsorption and
leaching, respectively, are influenced by internal factors, namely: particle
composition, size and shape, and external factors such as temperature, pressure and
pH in the environment (Bakir et al., 2014; Frere et al., 2017). In this context, it is

important to note that NPs have a very high surface-area-to-volume ratio.

Like all plastics, NPs may contain toxic plasticizers and pigments from manufacture
(Unar et al., 2010). Toxic chemicals used in the manufacture of some plastics include
nonylphenol, bisphenol A, and vinyl chloride, and these are able to leach from the
plastics when they degrade in the environment (Gallo et al., 2018; Koelmans et al.,
2014). Also, MPs and NPs can affect the food chain by transferring biocide (pesticide
and herbicide) residues in agro-ecosystems (Ng et al., 2018). Other pollutants such as
heavy metals and organic chemicals can also be adsorbed to the surface of the MPs
and NPs (Zeng, 2018). In summary, MPs and NPs are widely distributed in biotic and
abiotic matrices (Karlsson et al., 2017), and can show enhanced toxicity due to

physical and chemical changes.

Toxic effects of MPs and NPs in experimental animals

The biological effects of MPs and NPs have been widely studied in aquatic organisms
including crustaceans such as Daphnia sp. (Brun et al., 2017), and teleost fish such as
the zebrafish (Danio rerio) (Bashirova et al., 2023), its adults or embryos/larvae
(Veneman et al., 2017), reviewed by (Jiang et al., 2020). When MPs or NPs enter into
the body of animals, they can accumulate and cause significant effects. These effects
may be on higher levels of the biological hierarchy, such as changes to the
populations, communities and ecosystems of animals (Eerkes-Medrano and
Thompson, 2018; Galloway et al., 2017). Pollution by MPs and NPs can affect a

community if a an invasive species contaminated by MPs and NPs is introduced; this
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can result in alterations to the composition of species in ecosystem (Gall and

Thompson, 2015; Lusher, 2015).

Effects of MPs and NPs on lower levels in the biological hierarchy, include
deleterious effects at the molecular, cellular and organismal levels such as
reproductive and development toxicity (Wang et al., 2019; Zhang et al., 2019). Such
organismal effects have been seen in the common goby (Pomatoschistus microps)
(Ferreira et al., 2016), the Pacific mole crab (Emerita analoga) (Horn et al., 2020) and
the water flea (Daphnia magna) (Aljaibachi and Callaghan, 2018). Furthermore,
polyethylene MPs accumulated in gill and intestine of the adult zebrafish can lead to
abnormal behavior and movements, including seizures (Brun et al., 2019; Mak et al.,
2019). More seriously, it has been reported that 40 nm and 200 nm polystyrene NPs
can increase the risk of cardiovascular disease by disrupting the cellular components
and extracellular matrix in human induced pluripotent cells (Bojic et al., 2020; Prata,

2018).

In the rainbow trout (Oncorhynchus mykiss), PS-Pd NPs (Palladium-doped polystyrene
nanoplastics) can adhere to the gut epithelium, and can be taken up into the liver,
kidney, gills and muscles (Clark et al., 2023). In another study it was found that NPs of
51 nm can be transferred into the gallbladder, liver, pancreas, heart and brain of
zebrafish larvae (Pitt et al., 2018). Moreover, it has been found that MPs and NPs can
cause inflammation in the liver, heart, lungs, kidney and brain in the Medaka fish

(Oryszia latipes) (Kashiwada, 2006).

It is not clear whether they then enter the blood stream or the lymphatic system,
both of which drain the gut. It is possible that MPs and NPs might be cleared from the
circulation by the spleen, and some might be secreted in the urine reviewed by
(Bouwmeester et al., 2015; Li et al., 2022; Zhu et al., 2022). Zhu et al. (2020) also
found that MPs of 10 um diameter accumulated in the gills and gut of the medaka
(Oryzias latipes) (Zhu et al., 2020). The distribution of the NPs in vivo appeared to be

influenced the size of the NPs. Thus, when zebrafish were exposed to 70 nm, 5 um,
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and 20 um diameter polystyrene particles, the 5 um particles could be found in the
gills, gut, and liver whereas the 70 nm and 20 um particles were not taken up (Lu et
al., 2016). In this kind of study, it is important to realize that, with increased particle
size, the number of particles decreases, for any given concentration of the plastic in

the carrier vehicle (Wang et al., 2023).

A recent study in zebrafish larvae suggests that fluorescein-tagged 20 nm polystyrene
NPs are able to cross the blood-brain barrier, and are subsequently accumulated in
the brain itself, of the zebrafish larvae (S6kmen et al., 2020). The blood-brain barrier
appears to develop in the normal zebrafish sometime between 2- and 10-days post
fertilization, depending on the molecular size of the marker studied (Quifionez-Silvero
et al., 2020). The uptake, accumulation and transportation of MPs and NPs can have
deleterious effects on the immune system, nervous system, and on metabolism in
mammals (reviewed by (Yong et al., 2020). Another zebrafish study found that 5 um
polystyrene particles can induce inflammation and oxidative stress in the gut and

changes in the metabolome and microbiome of the gut (Qiao et al., 2019).

Potential risks of MPs and NPs to humans

Relatively little has been published about the biological effects of small plastic
particles on humans, not least because of the ethical difficulties in doing research on
human subjects. Among their possible toxic effects on humans, are those affecting
the embryo or fetus (reviewed by (Hougaard et al., 2015). Little is known about the
possibility of placental transfer in any mammalian species, but one study used the
BeWo cell line (which is used to model placental cells), and found that they could

take up 50 nm polystyrene NPs (Dusza et al., 2022).

In addition, Ragusa et al. (2021) found a few fragments of MPs in human placentas
including on the maternal side, the fetal side and in the chorioamniotic membrane
(Ragusa et al., 2021). As a result, it has been speculated that MPs and NPs might be
able to cause decreased birth weight, autoimmune lung disease, and a series of

central nervous system abnormalities (Bates, 2019). Another recent study using the

14



perfused human placenta found that the NPs affect the gene expression related to

inflammation and iron homeostasis (Chortarea et al., 2023).

MPs and NPs potentially cause effects on humans via various other exposure routes
(Galloway, 2015; Powell et al., 2007). For example, MPs and NPs can be transferred
to humans from food species (Chang et al., 2020). Thus, they have been widely found
in fish, shellfish and shrimps (Garrido Gamarro et al., 2020; Li et al., 2015; Smith et al.,
2018); in honey, salt and sugar (Liebezeit and Liebezeit, 2013; Yang et al., 2015); and
in food and beverage packages such as teabags and soup cups (Du et al., 2020;
Hernandez et al., 2019). Cox et al. revealed that people eat at least 50,000 MPs
particles per year on average (Cox et al., 2019). Hence, there is at least the potential

for humans to suffer harmful effects from exposure to MPs and NPs.

Even though the skin functions as a biological barrier, it is still another potential route
of human exposure (Prata et al., 2020) because MPs and NPs are commonly
contained in personal products such as sun cream, toothpaste and shower gel
(Sharma & Chatterjee, 2017) in many countries (except the EU, Canada and USA,
where personal care products containing such plastic ‘microbeads’ are banned
(Hernandez et al., 2017). It has been shown that other classes of nanomaterials,
namely the so-called ‘quantum dot’ nanoparticles, can penetrate the skin of mice
(Mortensen et al., 2008). There is evidence that 40 nm polystyrene NPs can enter
through hair follicles in human skin (Vogt et al., 2006). Both 40 nm and 200 nm
polystyrene NPs were found to be able to penetrate into mouse skin (Mahe et al.,
2009). In addition, poly(l-lactide-co-glycolide) nanoparticles of 70 nm and 300 nm
diameter were found to accumulate more, and penetrate deeper, in inflamed skin
compared to healthy skin, in mouse and pig models (Try et al., 2016). Moreover, the
degree of penetration of NPs into the skin was influenced by their size (Try et al.,

2016).

The penetration and accumulation of NPs in skin can, in principle, result in the

exposure of epidermal and dermal cells to the NPs. However, the epidermis does not
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contain blood vessels or lymphatic vessels (Lund et al., 2016). Therefore, in order for
the NPs to spread to other parts of the body, from the skin, they will have to cross
the epidermal basement membrane and enter the blood vessels or lymphatic vessels
in the dermis. Furthermore, it has been shown that exposure to NPs can lead to

oxidative stress in human cerebral and epithelial cells in vitro (Schirinzi et al., 2017).

While it is difficult or impossible to perform the necessary experiments in humans
with MPs and NPs, we can get insight from other warm-blooded vertebrates such as
rats and birds (De Jong et al., 2008; Wang et al., 2023). We can also get indirect
evidence about plastic nanoparticles from experiments with metal or other sorts of
nanoparticles (De Jong et al., 2008; Yan et al., 2020; Yan et al., 2021), although great
care should be used in extrapolating from one nanomaterial to the other. In
summary, there is growing evidence that MPs and NPs might be a potential threat to

human health.

The potential advantages of using chicken

embryos in nanoplastic toxicity research

The aim of this thesis was to use a model closer to humans than the fish and
invertebrates that have often been used for testing the toxicity of MPs and NPs. This
model is the embryo of the chicken (Gallus gallus). Birds are warm-blooded, ‘higher’
vertebrates with a physiology quite similar to humans (Pozio, 2005). Birds share a
most recent common ancestor with humans that lived approxinately 319 million
years ago (Pardo et al., 2020; Rezania et al., 2018; Sdnchez-Villagra, 2012; St John et
al., 2012). By contrast, the most recent common ancestor of humans and the
zebrafish (Danio rerio) lived 450 million years ago (Hedges and Kumar, 2009).
Furthermore, the chicken embryo can be directly exposed experimentally to NPs in

ovo, and then the egg returned to the incubator (Tickle, 1993). Such experiments are
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not possible to perform in mammalian model species because of the placental

barrier.

Other reasons for using the chicken embryo (often called the chick embryo) are that
there is a genome sequenced and the chicken embryo has been for decades an
important model in developmental and toxicology studies (Bryda, 2013; Davey and
Tickle, 2007; Hamburger and Hamilton, 1951; Korhonen et al., 1982; Rashidi and
Sottile, 2009; Romanoff, 1960). Another argument in favor of using the chick embryo
model is that the chicken is a bird, and there is a need to understand the effects of

pollutants on wild birds, as shown by Rachel Carson in Silent Spring (Carson, 1962).

Before hatching, the chicken embryo is not subject to the European Laws on animal
welfare licensing (European Union (EU) directive no. 2010/63/EU). At Leiden
University, we have chosen to use the embryos no further than day 14, which is % of
the incubation period. Additionally, the chicken embryo is a relatively cost-effective
model, and at the time of writing, in our laboratory, we buy fertilized chicken eggs
costing approximately €1.00 each (including transport costs) from a commercial

hatchery.

A standard series of embryonic stages has been described for the chicken
(Hamburger and Hamilton, 1951) from laying to hatching (21 d). These stages allow
for the standardization of research between laboratories. Duman et al. found that the
chicken embryo model can be used to mimic human tissues and can be considered as
a platform for the study of teratogen-induced malformations (Duman et al., 2019).
For example, exposure of the human embryo to valproic acid (a teratogenic drug
used to treat epilepsy) can harm the developing embryo, producing fetal valproate
syndrome (Ornoy, 2009). The same exposure has also been shown to be teratogenic
in chicken embryos, producing a pattern of defects similar to those in humans (Nanau
and Neuman, 2013; Tanoshima et al., 2015). Thus, the chicken embryo is likely to act

as a practical model with relevance to humans.
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The chicken embryo model has been used for examining the effects of nanomaterials
in a small number of studies (reviewed by (Ghimire et al., 2022). These include
studies of nanoparticles made out of polystyrene (Nie et al., 2021; Wang et al., 2023),
zinc oxide (Yan et al., 2020; Yan et al., 2021), titanium oxide (Patel et al., 2018),
carbon (Kurantowicz et al., 2017; Samak et al., 2020), gold (Zielinska et al., 2011),
platinum (Prasek et al., 2013), silver (Grodzik and Sawosz, 2006), magnetic iron oxide
(Patel et al., 2019). We do not claim that the chicken embryo is a model for
environmental exposure, nor do we make any claims about the uptake of particles
into the bird egg in the field. We are simply using it as a convenient experimental
model to unravel the cellular and molecular effects of nanoplastics in a warm-

blooded, higher vertebrate model.

Outline of this thesis

The main objective of this thesis is to explore the developmental toxicity of
nanoplastics and the underlying mechanisms of that toxicity. Another objective is to
determine whether the chicken embryo a good model for ecotoxicology. My specific

research questions are these:

e Do MPs and NPs cause developmental toxicity in chicken embryos?
e If so, what are the cellular and molecular mechanisms underlying the toxic

effects?

| use a multi-technique approach in this doctoral work to: (i) unravel the effects of
surface embryonic exposure to different concentration of 25 nm nanoplastics in the
stage 8 chicken embryo using experimental embryological techniques; (ii) explore the
teratogenic effects induced by nanoplastics in the chicken embryo using MicroCT and
synchrotron x-ray tomography; (iii) determine the cellular and molecular mechanisms

of toxicity of nanoplastics exposure by in situ hybridization in the chicken embryo.
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In Chapter 1, | review the relevant research literature relating to nanoplastics, their
origins and harmful effects, including their potential (but poorly understood) risks to
humans. | also explore the literature justifying the my use of the chicken embryo as a

model for this research.

In Chapter 2, | describe the research in which | exposed chick embryos to
nanoplastics and looked at their dose-dependent and size-dependent developmental
toxicity (and teratogenicity). | found that the the nanoplastics have a dose-dependent
harmful effect on the neural tube, eye, tail and other organs. | could not make any
conclusions about the possible size-depency of these effects because of confounding

variables (surface area, number of particles) which also change with particle size.

Chapter 3 consists of a detailed analysis of the effects of polystyrene nanoparticles
(PS-NPs) on the cardiovascular system of the chicken embryo. Using synchrotron
scanning, | showed that 25 nm PS-NPs cause ventricular septal defects and abnormal
numbers of aortic arches. Video recordings of live, exposed chicken embryos showed
that PS-NPs caused bradycardia. Gene expression studies and immunochemistry
showed that malformations in the cardiovascular system might be understood in

terms of abnormal migration of the cardiac neural crest.

In Chapter 4, | conducted transcriptional profiling of neural crest marker-genes in
early chick embryos. | found that exposure of chick embryos to 25 nm PS-NPs caused
disrupted migration of the trunk and cranial neural crest. Using fluorescein-tagged
PS-NPs | showed that the nanoparticles co-localised to the neural crest (dorsal
midline of the neural tube). TUNEL staining showed that exposure to PS-NPs caused a

wave of cell death in the dorsal cells of the embryo.

Chapter 5 presents a summary, discussion and perspective of my research. | conclude
that PS-NPs pose a potential health risk because they bind to, and disrupt the
development of, neural crest cells. | argue that more work is needed to understand
the mechanism underlying these effects, and to map the biodistribution of PS-NPs in

the body of animals and humans.
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Abstract

Nanoplastics and microplastics are an emerging class of pollutants which are
becoming a major source of concern due to their potentially harmful effects on the
biosphere. Even though the effects of nanoplastics and microplastics are well-studied
in aquatic invertebrates and fish, little is known about their effects on warm-blooded
animals. The aim of our research is to determine the effects of nanoplastics on the
chicken embryo might model. In this chapter, we exposed stage 8 chicken embryos to
25 nm plain polystyrene nanoplastics (PSNPs). Histology, Alcian blue staining and
scanning electronic microscopy were used to visualize the effects on the embryonic
phenotype 24 h and 4 d post exposure. We found that 25 nm polystyrene
nanoplastics caused dose-dependent mortality and malformations of 4 d post
exposure chicken embryos. The highest dose (5 mg/mL) caused malformations in 5/5
embryos, and death in 15/20 embryos at 4 d post exposure. The malformations
included neural tube defects, microphthalmia and tail bud hypoplasia. We also
observed a significant developmental delay in embryos examined at 24 h post
exposure. Together, our findings strongly suggest that PSNPs are toxic to the
developing chicken embryo. These results call for an in-depth investigation of cellular
and molecular mechanisms of toxicity of nanoplastics in the chicken embryo (Chapter

4).
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Introduction

In recent decades, many new pollutants such as microplastics and nanoplastics (MPs
and NPs) have been identified (Lim, 2021). Plastics are polymers derived from the
petroleum industry. They are one of the important basic five materials of human
invention which bring the greatest convenience to people's daily life (Ewen, 1997).
They are durable, light, water-proof and relatively cheap compared with other
materials. Therefore plastic are widely used in different including medicine, the
military and high-tech industries (Abbing, 2019; Rosato and Rosato, 2011). The value
of global plastic production reached 568.9 billion dollars in 2019 (Roy et al., 2021).
Many plastics directly enter the environment after use by consumers (Lim, 2021). In
some countries, where they are not collected and disposed of safely, plastics can
become degraded in the natural environment into tiny particles called microplastics
and nanoplastics (Godfrey, 2019). MPs are defined as plastic particles or fragments
<5 mm in diameter. Among microplastics there may be even smaller particles called
nanoplastics which are <100 nm or <1 um (Mitrano et al., 2021). MPs and NPs can
arise from the physical degradation of larger plastic items such as supermarket carrier
bags, plastic bottles, etc. They are also generated during the manufacture of clothing

from synthetic fabrics such as nylon or acrylic (Fuschi et al., 2022).

MPs and NPs have been widely studied in aquatic animals such as the zebrafish
(Bhagat et al., 2020) and Daphnia (Imhof et al., 2017; Liu et al., 2019). In the
zebrafish, for example, the major toxic effects of MPs and/or NPs are developmental
toxicity, reproductive toxicity, neurotoxicity, immunotoxicity, genotoxicity,
metabolome imbalance, behavior variation and oxidative stress (Reviewed in Ref.
(Bhagat et al., 2020)). Furthermore, the type, size and surface charge of the MPs and
NPs were found to potentially influence their effects (Kogel et al., 2020). The toxicity
of MPs and NPs has also been investigated in Daphnia spp. Interestingly, MPs and
NPs can be found in the offspring of zebrafish (Pitt et al., 2018) and in generations (F1

and F;) of Daphnia manga (Martins and Guilhermino, 2018). These findings give rise
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to the possibility that MPs and NPs could transfer from adult to newborn.
Furthermore, one study showed that MPs were present in human placentas including
maternal side, fetal side and in the chorioamniotic membranes (Ragusa et al., 2021).

Therefore, it is possible that MPs may be transferred to the embryo or fetus.

Knowledge of the effects of MPs and NPs on developing embryos of warm-blooded
animals, including humans, is very limited. The chicken embryo is a commonly used
model organism to study embryotoxicity. This is because the chicken embryo is a
warm-blooded vertebrate which is more closely related to mammals than are the
cold-blooded aquatic species (such as zebrafish and Daphnia) that are usually used
for testing the toxicity of MPs and NPs (Wilson, 1978). For example, the most recent
common ancestor of humans and the chicken lived approxiamtely 319 million years
ago (Pardo et al., 2020; Rezania et al., 2018; Sdnchez-Villagra, 2012; St John et al.,
2012); of humans and the zebrafish 429 Mya; and of humans and Daphnia, 708 Mya
(Kumar et al., 2017). Furthermore, the chicken embryo is highly sensitive to various
chemicals and physical agents meaning that it is a good indicator species for toxicity
studies (Hill and Hoffman, 1984). Finally, based on the large amount literature about
chicken embryo development, it is an ideal model species (Stark and Ross, 2019).
Among the literature are classic text books on chicken developmental anatomy (Lillie,
1952; Romanoff, 1960) developmental atlases (Bellairs and Osmond, 2014) and
staging tables (Hamburger and Hamilton, 1951).

There are a few studies of the effects of nanomaterials in general on the chick
embryo. For example, zinc nanoparticles cause neural crest defects in the chick
embryo (Yan et al., 2020; Yan et al., 2021). Further, using various routes and stages of
exposure, it has also been shown that 50 nm and 1 um polystyrene nanoplastics
cause neural tube and craniofacial defects in chicken embryos (Nie et al., 2021). The
mechanism of neural tube injury was attributed to caveolae mediated endocytosis

(Nie et al., 2021).
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In this Chapter, we have investigated the toxicity of MPs and NPs to developing chick
embryos. We also examined whether the size and concentration of the plastics
particles is a determining factor of toxicity they may cause to the chick embryo.
Additionally, we have looked for phenotypic effects of the nanoplastics using

standard morphological and histological techniques.

Materials and Methods

Preparation and analysis of the nanoplastics

Plain (non-functionalized) polystyrene nanoplastics (PS-NPs) were purchased from
Lab 261 (cat. number PST25, PST100 and PST 500, Palo Alto, U.S.), with nominal
diameter of 25 nm, 100 nm, 500 nm (1% solid, 1.05 g/cm3). As supplied by the
manufacturer, the PS-NP suspension was in a vehicle of 0.03% Tween®20 in Milli-Q®

water. We specifically requested the manufacture to not add azide.

In size comparison experiments, different sizes of PS-NP suspension including PST25,
PST100 and PST500 were diluted with Ringer’s solution (pH 7, 2.5 g/L, cat. number
1.15525, Merck Millipore, Germany), which we autoclaved before use. They were
diluted two times for a final concentration of 5 mg/mL. In the concentration
comparison experiments, PST25 suspension was then diluted with Ringer’s solution.
The dilution series in Ringer’s was as follows: 2, 10, 100, and 1000 x to yield final PS-

NP concentrations of 5 mg/mL, 1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL, respectively.

The sterility of the PS-NPs suspensions was tested by streaking on LB agar plates (File
S1). PS-NP size, shape and zeta-potential in Milli-Q® water or Ringer’s solution were
measured by multi angle dynamic light scattering (MADLS; Malvern Panalytical Ltd.,
Malvern, UK) and TEM (transmission electron microscopy using a JEOL 1400+). The
suspensions were sonicated for 10 min before use using a USC200T ultrasonic

cleaning bath (VWR, Amsterdam, the Netherlands).
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In vivo embryo toxicity

Fertilized eggs of the White Leghorn chicken (Gallus gallus) strain were purchased
from a commercial supplier (Drost Loosdrecht B.V., the Netherlands). They were
incubated for 29 h at 38 °C on stationary shelves in a humidified, forced-draft
incubator (Binder, Germany). Under aseptic conditions, the eggs were windowed and
staged as described (Hamburger and Hamilton, 1951). Then, 50 uL Ringers’ solution
was dripped onto the dorsal side of the embryo to moisten the vitelline membrane.
Next, a small hole was made in the vitelline membrane using a sharpened tungsten
needle (Brady, 1965; Silver, 1960). It was made beyond the head of the embryo,
avoiding the embryo itself. Next, 50 uL of either working solutions of PS-NPs or
Ringer’s solution as a vehicle-only control, was dripped onto the hole using a Gilson
P200 Pipetman®. The egg was then sealed with Scotch® prescription label tape 800
(clear) and returned to the incubator for 24 h, 4 d. At 24 h and 4d post exposure, alive
embryos were harvested by Student Vanna Spring Scissors (Cat. 91500-09, Fine
Science Tool, Germany) and spoons. Meanwhile, its extra tissues were moved out

carefully. Finally, embryos were harvested into cold phosphate buffered saline (PBS).

The somites of the chicken embryo at 24 h post exposure were counted and the
embryo staged according to Hamburger and Hamilton (Hamburger and Hamilton,
1951). For 4 d post exposure chicken embryos, the embryos were staged (Hamburger

and Hamilton, 1951) and any phenotypic abnormalities were noted.

Alcian blue wholemounts

This protocol is as previously described by us (de Bakker et al., 2013). Embryos were
fixed with 5% trichloroacetic acid at 4 °C degree overnight. They were then
transferred into refresh 70% ethanol for 2 h x 2 followed by acid alcohol (20% glacial
acetic acid in 70% ethanol for 2 h). Embryos were then stained in 0.03% (W/V) Alcian
blue in acid alcohol overnight. Then they were rinsed with acid alcohol for 2 h
followed by dehydration through a graded ethanol series from 70% to 100%. Finally,
embryos were cleared and stored in methyl salicylate.
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Paraffin histology

We performed routine paraffin histology with haematoxylin and eosin staining

according to standard protocols (Bancroft and Gamble, 2008). Embryos were fixed in

4% buffered depolymerized paraformaldehyde (pFA) for 24 h at 4 °C. They were then

washed 3x with cold PBS and dehydrated in 70% ethanol overnight. Subsequently,
the embryos were dehydrated through a graded ethanol series (80%, 90%, 100%), 1

each. Embryos were cleared with Neo-Clear® (Merck, Darmstadt), 3x 1h, and

h

embedded in paraffin (Paraclean, KP Klinipath/VWR International, Amsterdam) at 60

°C (1x overnight, 1x 1 h). Sections were cut at 7 um. Because embryos examined at 24

h post-exposure were delicate and difficult to handle, we used a modified protocol

33. After fixing the embryos, they were embedded in a mixture of 2% agarose (Sigma-

Aldrich, Zwijndrecht, A-6013) and 2.5% low melting-point agarose (super fine

resolution agarose, Electron Microscopy Sciences, Hatfield, PA) at 42 °C. When the

mixture had solidified at room temperature (c. 20 min), the agarose blocks containing

the embedded embryos were transferred to 70% ethanol for 2 d. They were then
dehydrated in graded ethanols, embedded in paraffin and sectioned. The only
modification made to the embedding step was that the tissue blocks were in molten

paraffin for no more than 3x 1 h.

MicroCT

This protocol for X-ray microtomography (microCT ; Refs.(Metscher, 2009)) was
described previously by us (Yi et al., 2021). In brief, embryos were fixed in 4% pFA in
PBS (pH 7.4) at 4 °C for 24 h. They were then rinsed 3x with PBS, 4 °C. After
dehydration in a graded ethanol series (25%, 50%, 70%) they were stained with
phosphotungstic acid (0.3% in 70% ethanol) for 48 h on a rotary shaker. After
staining, embryos were stored in 70% ethanol. For scanning, embryos were
immobilized in 1% low melting-point agarose in 1 mL pipette tips and sealed with
parafilm. For scan parameters, see Table 2-1. The images were analyzed and

manipulated using Avizo software (Version: 8.01; Thermo, Fisher Scientific).
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Table 2-1. MicroCT scan parameters.

Micro-CT Xradia 520 Verda 3D X-ray microscope (Zeiss)

Embryo code Treatment pixel KV/W exp. time Intensity
(PSNPs size (sec.)
mg/mL) (um)
1 5 mg/mL 43.468 40/3 1.3 5000-6500
2 Ringer's 62.048 40/3 6 5000-6600
3 5 mg/mL 16.040 40/3 9 5000-6300
4 Ringer's 26.594 50/3 3 5000-8000
5 Ringer's 26.586 50/3 25 5500-7000
6 5 mg/mL 17.543 50/4 4 5000-7500

Scanning electron microscopy

The embryos were fixed in 2% glutaraldehyde (GA) and 2% PFA in sodium cacodylate
buffer at room temperature for 2 h, followed by 4 °C for 22 h. After fixation, embryos
were rinsed 3 x in buffered PBS, and dehydrated through a graded acetone series
(25%, 50%, 75% and 100%). Then they were critical-point dried with a BAL-TEC critical
point drier 030 (BalTec, Switzerland). Finally, the embryos were sputter-coated with
palladium and platinum using a Q 150T S Plus Sputter Coater (Quorum, United
Kingdom). The specimens were imaged using a Joel JSM-7600F field emission

scanning electron microscope.

Results

Characterization of polystyrene nanoplastic particles

The plain polystyrene nanoplastics (PST25; PS-NPs) were 29.16 £ 0.23 nm in diameter
and their zeta potential was 14.65 + 4.16 mV measured in Ringer’s solution. They
were spherical in sterile Milli-Q water as confirmed by TEM (Fig. 2-1a). Their size

distribution dispersed in Ringer’s solution was monitored by MADLS (Fig. 2-1b). The
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sterility of the particles, as supplied by the manufacturer was confirmed by a lack of

microbial growth after streaking the particles on LB agar (File S1).
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Fig. 2-1. Characterization of 25 nm plain polystyrene nanoplastics. (a), transmission electron
microscopy (TEM) image. (b), the size distribution of 5 mg/mL 25 nm plain polystyrene nanoplastics
in Ringer’s solution measured by multi angle dynamic light scattering (MADLS).

PS-NPs may cause size-dependent mortality and malformations

A preliminary series of experiments was performed with 25, 100 and 500 nm plain PS-
NPs. Exposure was at stage 8 and harvesting was at 4 d post-exposure (stages
according to Hamburger-Hamilton (Hamburger and Hamilton, 1951)). Our statistical
analyses of these data are given in File S2. We found that, using a standard exposure
concertation of 5 mg/mL, the 25 nm particles produced the highest percentage of
malformed embryos, and the highest mortality (File S2). Analysis suggested that the
relative number of particles might provide a more reliable model than the particle
size itself. There seemed to be a clear, increasing probability of malformations and
mortality if the number of particles increased (File S2). But these outcomes could be a
combined effect of particle size and/or the number of particles. In order to reduce
the number of variables, we used 25 nm PS-NPs for all subsequent experiments. In all
cases, we used plain PS-NPs except in the experiments where fluorescent particles

were used to track the location of particles.
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Dose-dependent mortality of 25 nm PS-NPs

The dose-response parameters of 25 nm PS-NPs were tested in chicken embryos
exposed at stage 8, and examined at 4 d post-exposure. Six chicken embryos were
treated for each concentration step and each experiment was repeated three times.
Thus, n = 18 for each concentration (File S3). The mortality in the control group
(Ringer’s only) was 27.78 + 5.55% (Fig. 2-2c). The fact that nearly 30% of embryos in
the control group died could be due to the fact that such young embryos (stage 8) are
very sensitive to manipulation. The highest concertation group (5 mg/mL) had
significantly higher mortality (75 + 4.81%; P<0.001) compared to the control group
(Fig. 2-2c; File S3).

Dose-dependent teratogenicity of 25 nm PS-NPs

In controls (Ringer’s only), the baseline teratogenicity (incidence of malformations)
was 8.33 £ 8.33% (Fig. 2-2d). This baseline level of malformations could reflect the
sensitively of young embryos to manipulation in ovo or could be due to an ageing
flock (Boerjan, 2002; Pawtowska and Sosnéwka-Czajka, 2019). All PS-NPs treated
embryos showed excess of malformations compared to the control group. For the
highest two doses in the series (1 mg/mL and 5 mg/mL) all embryos showed

malformations (Fig. 2-2d; File S3).
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Fig. 2-2. 25 nm PS-NP exposure leads to increased mortality, developmental delay and
malformations in chicken embryos. Embryos were exposed at stage 8. a, b, 5 mg/mL PS-NP,
analysed at 24 h post-exposure. a, mortality rate. n = 50 (for both control and PS-NPs-treated group)
from 5 independent experiments; data are mean * s.e.m. Chi square test, P = 0.0007. b,
developmental delay (as expressed in stage; stages according to Ref. (Hamburger and Hamilton,
1951)). n = 42 for control and n = 25 for PS-NP-treated from 5 independent experiments; data are
mean £ s.e.m. Chi square test, P < 0.0001. This delay caused by PS-NPs has also been noted by Nie
and colleagues (Nie et al., 2021). ¢, d, dose-response series, analysed at 4 d post-exposure. c,
mortality. n = 18 for 0, 0.01, 0.1 and 1 mg/mL group; n = 20 for 5 mg/mL group from 3 independent
experiments; data are mean + s.e.m. Chi square test, P =0.7237 (0 mg/mL vs 0.01 mg/mL), P =0.1763
(0 mg/mLvs 0.1 mg/mL), P =0.1763 (0 mg/mLvs 1 mg/mL), P =0.0097 (0 mg/mL vs 5 mg/mL PS-NPs-
treated). d, malformation rate (all malformations). n =13 (0 mg/mL), n =11 (0.01 mg/mL), n=8 (0.1
mg/mL), n =8 (1 mg/mL), and n =5 (5 mg/mL) from 3 independent experiments; data are

mean * s.e.m. Chi square test, P = 0.0387 (0 mg/mL vs 0.01 mg/mL), P =0.0276 (0 mg/mLvs 0.1
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mg/mL), P = 0.0002 (0 mg/mLvs 1 mg/mL), and P = 0.0016 (0 mg/mL vs 5 mg/mL). e, axial level
affected by neural tube defects (per embryo), 5 mg/mL PS-NP concentration 24 h post-exposure. n =
42 for control and n = 25 for PS-NP-treated from 5 independent experiments. Key: NTDs, neural tube
defects; hpe, hours post-exposure; PS-NP, polystyrene nanoparticles; significance of difference
between control and experimental groups indicated by asterisks as follows: ****, P <0.0001; ***, P
<0.001; **P <0.01; *P <0.05; ns for P >0.05.

Neural tube defects, developmental delay and mortality at 24 h post-

exposure

We performed a series of experiments in which we recorded the mortality and
selected malformations in embryos exposed to 25 nm PS-NPs at stage 8, then
examined at 24 h post-exposure. For each experiment there 10 treated (5 mg/mL 25
nm PS-NPs) and 10 controls (Ringer’s only). The experiment was repeated three times
(n =30, both for the control and treated groups). Our results are shown in Fig. 2-2a-b.
The mortality in the treated group was 60 * 8.16% which was significantly higher (P <
0.01) than in the control group (Fig. 2-2a). A significant developmental delay was
seen in the surviving, treated embryos (Fig. 2-2b). The delay was based on somite
count of the embryos. When we converted the somite count into Hamburger
Hamilton stage, the average stage reached was 11.50 + 1.24 for treated embryos, and
13.67 + 1.09 for control embryos (Fig. 2-2b; Table S1). In the same experimental
series, neural tube defects were never seen in the control embryos (n = 24/30; Fig.
2-2e; Movies S1). By contrast, all surviving embryos treated with PS-NPs (n = 12/30)
showed neural tube defects (failure of the neural tube to close dorsally; Fig. 2-3;
Movies S2; Movies S3). The defects were either in the head, trunk or tail, orin a
combination of these regions (Fig. 2-2e; Fig. 2-3; Table S1). At the stages examined in
this Chapter, the heart has not completed septation; we therefore reserve a detailed

analysis of heart malformations for Chapter 3, where we examine older embryos.
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Control PS-NP

Fig. 2-3. Neural tube defects caused by exposure of chick embryos to 25 nm PS-NPs. a-j, micro-CT
images of control (a-e) and 25 nm PS-NPs treated embryos (f-j). n = 2 for both groups. a, stage 14,
volume rendering of wholemount control chick embryo. (b-e), virtual transverse sections. f, stage 12,
volume rendering of wholemount PS-NPs treated embryos. (g-j), virtual transverse sections. White
arrowheads in f-j indicate neural tube abnormalities. (k-u), wholemount and histological sections of
control (k-n) and 25 nm PS-NPs treated embryos (0-u). k, stage 13, control embryo. I-n, transverse
sections, haematoxylin and eosin stain. o, stage 12, PS-NP-treated embryo. (p-u), transverse sections,
haematoxylin and eosin stain; black arrowheads, neural tube abnormalities; black arrows, clumps of
detached. Scale bars, 500 um in (a, f, k, 0), 200 um in (b-e, g-j, I-n, p-u). Key: In figures a, f, k and o,
the dashed horizontal lines indicate the plane of the associated transverse sections. PS-NP,
polystyrene nanoparticles. Note that the embryos in f and o both have neural tube defects.

Phenotypic analyses of malformations caused by PS-NPs exposure at

4 d post exposure

Phenotypic analyses of embryos at 4 d post-exposure are shown in Fig. 2-4-Fig. 2-7. In

all cases, the embryos were exposed to either 0.01 mg/mL, 0.1 mg/mL, 1 mg/mLor 5
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mg/mL of 25 nm PS-NPs at stage 8. A consistent feature of our treated embryos was
that, no matter how malformed the embryos were, they all had apparently normal
limbs (wings and legs). Half of the embryos (n = 16/32, Table S2) showed a failure of
the normal processes of flexure (dorsoventral bending of the primary axis), and/or
torsion (rotation along the primary axis). These failures lead to the embryo being
abnormally flat, or straight, or both (Fig. 2-4c-e and f-g). Microphthalmia was present
in 8/32 embryos in the form of gross hypoplasia or dysplasia of the optic cup and lens
(Fig. 2-4c and d, Fig. 2-5d-f, i and j, Table S2). The microphthalmia was unilateral in
three embryos and bilateral in five (Table S2). In some embryos, the caudal neural
tube showed gross dysplasia, presenting as an asymmetric mass of disorganized
tissue (Fig. 2-6d-i). In other embryos, the caudal neural tube showed gross dysplasia,
presenting as an asymmetric mass of disorganized tissue (Fig. 2-7d-f). The tailbud was

hypoplastic or absent in 5/32 embryos at 4 dpe (Table S2).

Control

PS-NP treated

Fig. 2-4. Phenotypic analysis of malformations 4 d after exposure to PS-NPs at stage 8. a, b, the
chicken embryo from the control group. ¢, d, e, PS-NPs treated chicken embryo, with
microphthalmia, anencephaly and abnormal cervical flexure. f, g, PS-NPs treated chicken embryo,
with exencephaly and failure of cervical flexure.
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Control PS-NP treated Control NPs

1 mm

Fig. 2-5. Phenotypic analysis of eye defects 4 d after exposure to PS-NPs at stage 8. a, the
wholemount chicken embryo from the control group, stage 25. d, the chicken embryo from PS-NPs
treated group with microphthalmia anencephaly and caudal neural tube defect. b, ¢, e and f
histological examinations od HE staining. g, the chick embryo from the control group, stage 25. i, the
chick embryo from the PS-NPs group with microphthalmia, stage 24. h and j, the scanning of the eye
from control and PS-NPs treated embryos; white arrowheads, the normal (h) and abnormal eye (j). j,
the chick embryo with small lens. Key: di, diencephalon; |, lens; nc, notochord; nlr, neural layer of
retina; on, otocyst; pi, pituitary; rpe, retinal pigment epithelium; rh, rhombencephalon; te,
telencephalon.
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Control PS-NP treated

Fig. 2-6. Phenotypic analysis of neural tube defects at 4 d after exposure to PS-NPs at stage 8. a, the
chicken embryo from the control group, stage 25. d and g, the chicken embryo from the PS-NPs
treated group with anencephaly and abnormal cervical flexure. my, myelencephalon; nc, notochord;
nt, neural tube; on, otocyst; pi, pituitary.
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Control PS-NP treated

Fig. 2-7. Phenotypic analysis of neural tube defects 4 d after exposure to PS-NPs at stage 8. m, the
chick embryo from the control group. n, the chick embryo from PS-NPs treated group with caudal
neural tube defects, microphthalmia, anencephaly and abnormal cervical flexure. Key: drg, dorsal
root ganglia; nc, notochord; nt, neural tube.

Discussion

We exposed chicken embryos, of Hamburger-Hamilton stage 8, to 25 nm PS-NPs; we
then returned the eggs to the incubator and analyzed them 24 h or 4 d post
exposure. In a first series, we examined the effect of PS-NP size. This examination
showed the highest mortality and malformation rate in the chicken embryos exposed
to the smallest (25 nm) PS-NPs. In a recent study, Nie et al found that 60 nm
polystyrene nanoparticles cause more cases of serious malformation in chicken

embryos at 24 hpe than did 900 nm nanoparticles (Nie et al., 2021). Furthermore,
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smaller polystyrene nanoplastics (0.05 um) produce higher mortality in the copeopod

Tigriopus japonicus than larger-sized nanoplastics (0.5 um) (Lee et al., 2013).

In some species, the situation appears to be reversed. This, when embryonic and
larval stages of the sea urchin Sphaerechinus granularis were exposed to different
sizes of PS-NP (10 nm, 80 nm and 230 nm); the larger size particles caused higher
incidence of malformations than did the smaller (Trifuoggi et al., 2019). Therefore, it
is possible that the relationship between nanoplastics size and toxicity is species-

specific (Kogel et al., 2020).

There are other reasons why the relationship between particle size and toxicity is not
straightforward (Wang et al., 2023). Thus, particles of different sizes will have
different surface areas at the same mass. Therefore, the size-dependent toxicity may
be caused by the combination of these characterizations of particles. In this Chapter,
after we had completed the preliminary experiments, we then maintained a fixed
concentration (5 mg/mL) in all subsequent experiments. This meant that we could
not disentangle the effects of particle size and particle number. Therefore, the higher
mortality and malformation rates at the smaller particle size (25 nm) might be due, in
part, to the correspondingly higher number of particles, and their higher total surface

area.

We also found that 25 nm plain polystyrene nanoplastics cause dose-response toxic
effects on mortality and malformation rate of 4 dpe chicken embryos. In one study,
the toxicity of three different types of 50 nm PS-NP nanoplastic particle were tested
on oysters (Tallec et al., 2018). The particles tested were plain, carboxyl-modified or
amine modified. Each type of particle had a different dose-response effect on
fertilization yield of the oyster gametes (Tallec et al., 2018). In a study on chicken
embryos, there was a dose-dependent increase in the frequency of exomphalos or
omphalocele (exposure of abdominal viscera through the ventral body wall), and in

the mortality (Nie et al., 2021). In summary, there is evidence of a relationship
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between nanoplastic dose, and the incidence of mortality and malformations caused

in exposed embryos.

In this chapter, we observed that exposure of chicken embryos to PS-NPs caused a
developmental delay. Developmental delay is a typical consequence of exposure of
embryos to teratogens (Harnett et al., 2021; Teixid6 et al., 2013). Development delay
has been reported after the exposure of chicken embryos to NPs (Nie et al., 2021)
and the exposure of zebrafish embryos/larvae to 35 nm gold nanorods (Mesquita et
al., 2017). Overall, our results are aligned with previous findings which confirm that
nanoplastics could be considered as a teratogen in the early stages of embryos. In
additional to developmental delay, Nie et al have shown that the exposure of chicken
embryos to various sized PS-NPs can cause major malformations of the neural tube
(Nie et al., 2021). The mechanism proposed by Nie et al was that PS-NPs are taken up
by neural tube cells by endocytosis; this in turn led to led to cell damage and cell

death through the increased production of reactive oxygen species (Nie et al., 2021).

In this chapter, we found neural tube defects in the head, trunk, tail, or a
combination of these sites. This variation in location of the neural tube defects could
be because of differences in the distribution of PS-NPs between individual treated
embryos; or could be a result of multiple neural tube closure sites in one embryo, as
has been postulated for human malformations (Seller, 1995). Neural tube defects
result from a failure of the neural folds to meet and close (Copp and Greene, 2013;
Copp et al., 2013). In one previous study, mouse embryos exposed to 6.5 nm

titanium dioxide (TiO2) particles showed neural tube defects (Hong et al., 2017).

Results similar to those in this chapter were also seen in a previous study (Nie et al.,
2021) in which chicken embryos at early stages were exposed to 60 and 900 nm PS-
NPs in vitro. Specifically, defects were noted in the cranial and truncal neural tube at
36 hpe (Nie et al., 2021). One difference with that study is that we observed in this
chapter, neural tube defects in caudal regions, which were not reported in the

chicken embryo before (Wang et al., 2023). There is a junction between regions of
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primary and secondary neurulation (Dady et al., 2014). The secondary neurulation
starts around stage 8 which suggest that PS-NPs may affect the process (Dady et al.,
2014). This could explain the neural tube defects in the caudal region seen in this
chapter. Furthermore the caudal region of the embryo develops later than the
truncal and cranial regions and so that study (Nie et al., 2021) may have exposed the

embryos too early.

Another new observation of this chapter is the presence of microphthalmia in the PS-
NPs treated group at 4 dpe, something not reported in a previous study of chick
embryo exposure to PS-NPs (Nie et al., 2021). Microphthalmia is a birth defect in
which the newborn have abnormally small eyes. The occurrence of microphthalmia
was differ between individuals. Specifically, either one or both eyes was abnormally
small (Verma and FitzPatrick, 2007). In humans and mice, microphthalmia can have a
genetic or environmental causes (Verma and FitzPatrick, 2007). We cannot be sure
that nanoplastics directly impair affect eye development. However, it has been
demonstrated that nanogold functionalized with a cationic ligand, N,N,N-
trimethylammoniumethanethiol, can disrupt eye development in the zebrafish,
leading to microphthalmia (Kim et al., 2013). In addition, copper nanoparticles have
been found to reduce the size of eyes by decreasing the cell number of ganglion cell
layer of the retina in zebrafish embryos (Zhao et al., 2020). Microphthalmia has also
been reported in zebrafish embryos exposed to PS-NPs and polybrominated diphenyl

ethers (Wang et al., 2022).

Skeletal abnormalities were observed among the PS-NPs-treated embryos analyzed
at 4 dpe. These abnormalities included an abnormally curved vertebral column, and
an absent or short tail-bud. Similar results have been found in other studies in which
different species were exposed to various types of nanoparticles at early
developmental stages. For instance, zebrafish embryos exposed at 6 hours post
fertilization to polyethylene terephthalate nanoparticles, showed abnormal curvature

of the vertebral column and tail (Bashirova et al., 2023). In mouse embryos, exposure
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to 6.5 nm titanium dioxide (TiO;) particles caused skeletal abnormalities associated

with abnormal cartilage development (Hong et al., 2017).

In conclusion, we have confirmed the results of previous studies in vertebrate model
species, showing that nanoparticles can cause defects of the neural tube, vertebral
column and, in zebrafish, in the tail. In addition, we have shown for the first time that
PS-NPS can cause microphthalmia and tail abnormalities in the chicken embryo. In
Chapter 3, we will look at defects in later-developing organ systems, particularly the
heart and facial region; and in Chapter 4 will explore the cellular mechanisms

underlying the malformations caused by PS-NPs.
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Abstract

Plastic waste has become a major environmental pollutant due to the poor
management of plastic waste, and its limited recyclability. Among plastic waste, there
are small plastic particles, defined as microplastics (£ 5mm diameter) and
nanoplastics (£ 1 um diameter). It has been previously reported in the literature, and
here in Chapter 2, that nanoplastics can cause malformations in the nervous system
and eye. Here, we explore the range of malformations produced by nanoplastics in
more depth. We exposed stage 8 chicken embryos to 25 nm plain polystyrene
nanoplastics and examined these embryos at a wider range of stages than in previous
studies. We find that the polystyrene nanoparticles can cause severe malformations
in craniofacial and cardiovascular systems. These include major heart defects and
impaired cardiac function. In addition, the severe dysplasia of the palatine, maxillary
and premaxillary cartilages was observed in embryos treated with nanoplastics.
Furthermore, we found abnormal expression patterns of the genes TFAP2A, TNNI and
NKX2-5 in treated embryos. Combining these data with the fact that nanoplastics also
cause neural tube defects (Chapter 2) we suggest that nanoplastics disrupt the
cardiocraniofacial module of the developing embryo, possibly by an effect on neural

crest cells. Our hypotheses will be further explored in Chapter 4.
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Introduction

Microplastics and nanoplastics (MPs and NPs) are small plastic particles with
relevance to human health. Both types of particle are widely present in air and
drinking water (Cox et al., 2019; Koelmans et al., 2019). A further potential source of
exposure, at least for humans, is that NPs are being considered as new drug delivery
vehicles for use in human medicine (Boehnke et al., 2022). They are also found in
house dust (Zhang et al., 2020), and are added by the manufacturer to some
household and personal hygiene products (Anagnosti et al., 2021; Vighi et al., 2021).
Note that some European Union member states are considering the banning of

nanoplastics as components of these products (European_Commission, 2022).

Strikingly, these plastics particles have been found in the human body. For example,
there were 12 different types of MPs (PP, PET etc.) detected in the tissue of human
lungs from 13 volunteers (Jenner et al., 2022). Another study detected MPs in blood
samples of 22 healthy human volunteers at an average concentration of 1.6 ug/mL
(Leslie et al., 2022). Furthermore, NPs ranging from 50 — 500 nm have been found in
human feces (Schwabl et al., 2019). These and other studies have raised public
concerns about the potential health-risk that MPs and NPs may pose (Mitrano et al.,

2021).

The effects of MPs and NPs have mostly been studied on aquatic organisms including
crustaceans (e.g. Daphnia), gastropods, and fish (e.g. zebrafish) (Kogel et al., 2020).
As we discussed in more detail in Chapter 1, those studies have shown that MPs and
NPs can produce a range of toxic effects including growth delays, reproductive
effects, developmental toxicity, behavioral abnormalities and bradycardia (Pitt et al.,

2018; Wan et al., 2018).

In Chapter 2 we reported that exposure of chicken embryos to 25 nm NPs produced
neural tube defects, vertebral column abnormalities and tail bud defects. These

phenotypic effects were at 24 hpe — 4 dpe. In this chapter, we analyze the effects of
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PS-NPs on the embryo at a wider range of stages including later ones. We chose to do
this in order to look for effects on the heart and face. These are organ systems in
which it is easier to detect malformations at stages later than 4 d. They are also
relatively commonly affected by malformations in humans (Mai et al., 2019) and are
therefore of interest if we want to understand the implications of NPs to human
health, using the chick embryo model. Relatively little is known about potential
effects of PS-NPs on cardiac development (Zhu et al., 2023). For example, PS-NPs
cause bradycardia in zebrafish (Danio rerio) embryos (Feng et al., 2022; Pitt et al.,
2018). Also, 20 nm PS-NPs affect the development of zebrafish embryos, resulting in
pericardial edema (Sulukan et al., 2022). In addition, the exposure of chicken
embryonic myocardial cells in vitro to PS-NPs produces oxidative stress in those cells

(Zhang et al., 2022).

In Chapter 2, we showed that 25 nm plain PS-NPs are teratogenic to developing
chicken embryos. We found malformations in the neural tube, eye, vertebral column
and tail bud of early stage chicken embryos. In this chapter, we have investigated the
longer-term effects of PS-NPs on chick embryo development. In particular, we were
interested to see if there were effects on the heart and limbs, for example, by
examining the PS-NPs-treated chick embryos at later stages of development. To study
heart development in more depth, we used the markers cardiac troponin | (TNNI)
which is expressed in the cytoplasm of cardiac muscle, or myocardium (Abd-Elgaliel
and Tung, 2012); and the homeobox gene NKX2-5 which is expressed in the nuclei of
precardiac as well as myocardial cells (McCulley and Black, 2012). Furthermore, we
also examined the expression of TFAP2A (transcription factor AP-2 alpha; AP-2a)
which is essential for cardiac morphogenesis (in the mouse model) (Bamforth et al.,

2001; Brewer et al., 2002).
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Materials and Methods

In ovo embryo toxicity experiments

We have described in Chapter 2 the detailed protocol for introducing PS-NPs into the
chicken egg. After the PS-NPs were introduced, the eggs were then sealed with
Scotch® prescription label tape 800 (clear) and returned to the incubator for an
additional 3, 4, or 8 d (post exposure). Embryos were harvested from the egg into

cold phosphate buffered saline (PBS) for further analysis.

Heart-rate recordings and analysis

The embryos were exposed in ovo as described in the previous section. After 2-3 d of
further exposure, the embryos were placed, still in the egg, in a cradle of crumpled

aluminum foil in a digitally controlled heat block (38 °C). Video recordings were made
of the live embryo in ovo using a Nikon SMZ800 stereo microscope fitted with a Dino-

Eye eyepiece camera (Dino-Lite Europe, Almere).

To determine the heart rate of chicken embryos, 27 videos were analyzed using
ImagelJ (v. 1.53qg Java 1.8.0 322, National Institutes of Health, USA) with a custom
script written by Joost Willemse (institute of Biology, University of Leiden). Videos
were assembled into an image stack. Then, an area of the heart was selected using
the rectangle tool in Imagel so that the heartbeat would be registered by a change in
color. The mean grey value of the selected area was calculated for each frame of the

video.

Alcian blue wholemounts

This protocol is as previously described by us (de Bakker et al., 2013). Embryos were
fixed with 5% trichloroacetic acid at 4 °C degree overnight. They were then
transferred into refresh 70% ethanol for 2 h x 2 followed by acid alcohol (20% glacial
acetic acid in 70% ethanol for 2 h). Embryos were then stained in 0.03% (W/V) Alcian

blue in acid alcohol overnight. Then they were rinsed with acid alcohol for 2 h
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followed by dehydration through a graded ethanol series from 70% to 100%. Finally,

embryos were cleared and stored in methyl salicylate.

Histology

Paraffin histology with haematoxylin and eosin staining

We performed routine paraffin histology with haematoxylin and eosin staining
according to standard protocols (Bancroft and Gamble, 2008). Embryos were fixed in
4% buffered depolymerized paraformaldehyde (pFA) for 24 h at 4 °C. They were then
were washed 3x with cold PBS and dehydrated in 70% ethanol overnight.
Subsequently, the embryos were dehydrated through a graded ethanol series (80%,
90%, 100%), 1 h each. Embryos were cleared with Neo-Clear® (Merck, Darmstadt), 3x
1h, and embedded in paraffin (Paraclean, KP Klinipath/VWR International,
Amsterdam) at 60 °C (1x overnight, 1x 1 h). Serial sections were cut at 7 um. Because
embryos examined at 24 h post-exposure were delicate and difficult to handle, we
used a modified protocol (McClelland et al., 2016). After fixing the embryos, they
were embedded in a mixture of 2% agarose (Sigma-Aldrich, Zwijndrecht, A-6013) and
2.5% low melting-point agarose (super fine resolution agarose, Electron Microscopy
Sciences, Hatfield, PA) at 42 °C. When the mixture had solidified at room temperature
(c. 20 min), the agarose blocks containing the embedded embryos were transferred
to 70% ethanol for 2 d. They were then dehydrated in graded ethanols, embedded in
paraffin and sectioned. The only modification made to the embedding step was that

the tissue blocks were in molten paraffin for no more than 3x 1 h.

Paraffin histology with haematoxylin, eosin and Alcian blue triple-staining

This technique helped us to visualize cartilage and the also cardiac jelly in the
endocardial cushions of the heart. The protocol was done using standard
haematoxylin and eosin staining with some modifications. Briefly, the 7 um section
paraffin sections were mounted on slides. They were then dewaxed in refresh xylene

3 x 5 min. Then sections were then rehydrated through 100%, 90%, 80%, 70%
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ethanol. Sections were stained with Alcian blue for 10 min, followed by rinsing in tap
water for 10 min. The rest of the processes is the same as with standard as
haematoxylin and eosin staining (Chapter 2). The sections were subsequently stained
with haematoxylin and eosin. Finally, the stained sections were cleared with xylene

and mounted by Eukitt® Mounting Medium (Agar Scientific, UK).

Synchrotron X-ray tomographic microscopy

For synchrotron X-ray tomographic microscopy (synchrotron scanning) embryos were
harvested and fixed in a mixture of 2.5% paraformaldehyde (pFA), 1.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4° C for 24 h as
previously described (Cotti et al., 2020). They were then dehydrated in a graded
ethanol series (25%, 50%, 70%). The hearts were dissected and stored in 0.2 mL PCR
tubes in 70% ethanol at 4°C. Synchrotron scanning was performed at the TOMCAT
(tomographic microscopy and coherent radiology experiments) beamline
(Stampanoni et al., 2006), Swiss Light Source, Paul Scherrer Institute, Villigen,
Switzerland. The samples were fixed to scanning electron microscopy stubs with
beeswax. The X-ray beam energy was 17 keV. For the overview scans, the microscope
(Optique Peter, Lentilly, France) magnification was set to 4x. To be able to laterally
cover the entire sample, the rotation axis was displaced to the side of the field of
view and 2,501 projections, equiangularly distributed over 360° , were acquired with
a sCMOS camera (PCO.edge, Kehlheim, Germany). To fully cover the sample in the
vertical direction, a sequence of 3—4 scans was necessary. The exposure time per
projection was 50 ms and the X-rays were converted into visible light with a 100 um
thick Ce doped LUAG (lutetium aluminium garnet) scintillator screen (Crytur, Turnov,
Czech Republic). The effective pixel size was 1.625 um and the sample-detector
distance 20 cm. For the higher resolution scans of specific details, a 10x objective
with a thinner (20 um) scintillator of the same material was used, resulting in a pixel
size of 0.65 um. The rotation axis was positioned in the middle of the field of view,
and 1,501 projections, equiangularly distributed over 180 °, were acquired with an

exposure time per view of 200 ms. Prior to tomographic reconstruction (Marone et
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al., 2017), all projections were dark- and flat-field corrected as well as phase-
retrieved (Paganin et al., 2002). The images were analyzed and manipulated using

Avizo software (Version: 8.01; Thermo, Fisher Scientific).

RNA extraction and cDNA synthesis

The RNA was isolated from stage 13-16 chick embryos by TRIzol™ Reagent (Thermo
Fisher Scientific, USA) in house followed by purification with RNeasy Mini Kit (50;
Qiagen, Venlo, Netherlands). The concentration of purified RNA was measured by
Nanodrop. To generate first strand cDNA, we performed two-step reverse
transcription polymerase chain reaction (RT-PCR) using SuperScript Il (Invitrogen™,
USA). The cDNA was diluted 10 x with DNA- and RNA-free water and stored at -20 °C

(Sigma).

Probe synthesis

This protocol is as previously described by us (de Bakker et al., 2013). In brief, we
isolated total RNA from an embryo using TRIzol (Invitrogen) and carried out reverse
transcription using SuperScript lll (Invitrogen). PCR was performed on these
templates using specific primers (Supplementary Data Table 1), and the PCR products
were cloned in the TOPOTA-PCRII vector (Invitrogen™). The inserted amplicons were
checked by a PCR with M13-pUC primers located on the TOPOTA-PCRII plasmid and
checked on an agarose gel. When they were of the right size, they were sent for
Sanger sequencing (BaseClear B.V., Leiden). After checking the sequence by BLAST
searching, the positive results were used as templates for making the digoxigenin
labelled antisense RNA probes. See Supplementary Data Table S4 for accession

numbers.

Wholemount in situ hybridization

In this study, all gene names are according to Ensembl for Homo sapiens
(https://www.ensembl.org/). This wholemount protocol is as previously described by

us (de Bakker et al., 2013). In brief, embryos were fixed in 2% buffered
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depolymerized pPFA for 24 h at 4 °C. They were then washed 3 x with cold PBS and
dehydrated through a graded methanol series (25%, 50%, 75% and 100%) and stored
at-20 °C. Embryos were rehydrated through a graded methanol series, lightly
digested with proteinase K (10 mg/mL in PBS) for 5 min and postfixed in 4% buffered
pFA in PBS after several washes in PBST (PBS pH 7.2 with 0.1% Tween-20). This was
followed by a prehybridization step at 60 °C for at least 3 h or until the embryo had
sunk. The hybridization mixture consisted of: 50% formamide, 2% Boehringer
blocking powder, 5 x SSC (from 20x standard sodium citrate buffer, 3M sodium
chloride, 0.3M sodium citrate, pH 7), 1mg/mL total RNA, 50 pg/mL heparin, 0.1%
Triton X-100, 0.1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate) and 5mM ethylenediaminetetraacetic acid (EDTA). After the
prehybridization mix was removed, we added 400 ng/mL specific probe to fresh
hybridization mixture preheated to 60 °C. The embryos were incubated in this mix at
60 °C overnight with slow shaking. The next day, the specific probe mixture was
removed, collected and stored at -20 °C for re-use. Several stringent washes were
done at 60 ° C to remove non-specifically bound probe [2x SSC, 0.1% CHAPS, 50%
formamide]; [2x SSC 0.1% CHAPS]; [0.2x SSC, 0.1% CHAPS]. After washing several
times at room temperature with TBST (0.1M tris [tris (hydroxymethyl)Jaminomethane]
buffered saline, pH 7.5, 0.1% Tween-20) the embryos were preincubated with heat-
inactivated 10% sheep serum in TBST for 90 min at room temperature followed by
overnight incubation with sheep anti-digoxigenin conjugated to alkaline phosphatase

(Roche; 1:5,000 dilution in 10% sheep serum in TBST at 4 °C overnight).

The next day, the non-specifically bound antibodies were washed away by several
washes with TBST of which the last one was overnight at 4 °C. The embryos were
brought to a higher pH by washing 3x 10 min in NTT buffer (0.1M sodium chloride,
0.1M Tris/HCI, 0.1% Tween-20, pH 9.5). The enzyme reaction of alkaline phosphate
with BM purple (Roche) as substrate results in a blue precipitate. The development of
the stain was checked regularly and stopped by washing several times in TBST,

removing the substrate and chromogens, and lowering the pH.
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Sectioning of wholemount in situ hybridized embryos

The protocol had been described in Ref. (Xu and Wilkinson, 1998). In order to get
better results, we modified some steps. Chick embryos treated as described above
under the subheading ‘Wholemount in situ hybridization” were fixed in 2% PFA in PBS
overnight, and the next day washed 3x 10 min with TBST on shakers at low speed.
Then, the embryos were dehydrated through a graded methanol series (25%, 50%,
75%, 100%), and washed 3x in isopropanol (purity > 99.5%, Sigma-Aldrich

Cat.190764-1L) before being put into xylene as the intermediate reagent.

Immunochemistry

Chicken embryos (3 dpe) were fixed and dehydrated as described above under
‘Wholemount in situ hybridization’. They were then processed for paraffin histology
using standard protocols (Bancroft and Gamble, 2008). Immunochemistry was
performed on 7 um sections mounted on silane-coated slides (VWR International B.V,
Amsterdam). Slides were rehydrated through 2x xylene, a graded ethanol series
(100%, 90%, 80%, 70%), and demi water. Slides were then transferred to a container
with 0.01 M sodium citrate buffer and heated in a microwave oven to 97 °C. When
the slides cooled to room temperature, they were rinsed in PBST. We purchased all
first antibodies from the same company (Santa Cruz Biotechnology in California,
USA). The first antibody mix including Troponin | (H-170; cat. number ab087; dilution
1:500), anti-AP-2a (3B5; cat. number sc-12726, dilution 1:200), and Nkx.2.5 (N-19; cat
number ab0266; 1:2000) was diluted in 1% bovine serum albumin (BSA) in PBST. The
first antibody mix was added to the slides simultaneously. Then the slides were

returned to a humidified chamber inside an incubator and incubated overnight.

The slides were rinsed in PBST. The second antibody mix contained: Alexa Fluor® 488
(Donkey anti-rabbit; cat. number AB0941, dilution: 1:200), Alexa Fluor® Plus 555
(Donkey anti-Mouse; cat. number AB1661, dilution: 1:200) and Alexa Fluor® Plus 647
(Donkey anti-Goat; cat. number ab1424) was added to the slides. All second
antibodies were purchased from Thermo, Fisher Scientific USA. After rinsing with
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PBST, the slides were then stained with DAPI (1:1000) for 5 min. Finally, they were
washed 3x with PBST and mounted with ProLong Gold antifade reagent (Invitrogen,
USA). The slides were scanned using a Zeiss Axio Scan.Z1 microscope slide scanner.

High magnification views were made using a Nikon AX confocal microscope.

Results

Nanoplastics cause malformations in multiple organ systems

In treated embryos analyzed at 8 dpe, 2/6 had craniofacial dysplasia, 2/6 had cleft

primary palate, 1/6 had both, and 1/6 had no craniofacial malformations (Fig. 3-1 and

Table S3). The embryos with craniofacial dysplasia lacked the palatine, maxillary and
premaxillary cartilages. In three cases, Meckel’s cartilage was present, but not fused
in the midline. There were no craniofacial malformations in the controls (n = 6).
Embryos with neural tube defects showed concomitant vertebral defects (spina

bifida; Fig. 3-1).
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Control PS-NPs-treated

Fig. 3-1. Gross appearance of chicken embryos examined at 8 day post exposure. Gross appearance
of embryos in control (a, d, ) and PS-NPs-treated group (b, c, f-i) all chicken embryos at stage 35.
Key: AN, Anencephaly; CD, Craniofacial Dysplasia; CPP, Cleft Primary Palate; CR, Craniorachischisis;
EC, Ectopia Cordis; M, Microphthalmia; Ph, Phocomelia; Sc, Scoliosis, TRC, Truncated Cervical
Vertebrae; TRT, Truncated Thoracic vertebrae; ST, Short Tail, SB, Spina bifida. Scale bars are all 5 mm.

Nanoplastics cause abnormal circulatory function

When we examined living embryos in ovo, we found that PS-NP treated embryos
showed a significant decrease in heart rate (bradycardia) at 3 dpe (Fig. 3-2). There

was no significant effect on heart rate in embryos at 2 dpe.
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Fig. 3-2. Heart rate and blood vessels abnormalities. Heart rate (bpm) of 2 dpe (a) and 3 dpe (b)
chick embryos, based on videos in ovo. a, 2 dpe chick embryos (n = 3 for control and n = 5 for PS-NP-
treated). b, 3 dpe chick embryos (n =5 for control and n = 4 for PS-NP-treated). a and b, data are
mean +s.e.m. Welch's t-test, P = 0.1148 for 2 dpe and P = 0.0458 for 3 dpe. b and d, chicken embryos
at 2 dpe of control (c) and PS-NPs-treated (d). ¢, stage 19. d, stage 20, the symmetric vitelline
(arrowhead) of the embryo, the left branches (arrowhead) are smaller.

Heart malformations in nanoplastic-treated embryos

One abnormality noted in PS-NPs treated embryos was an abnormal widening of
vitelline blood vessels (Fig. 3-2). In some of the PS-NP treated embryos, the two
dorsal aortae fuse ectopically. PS-NP treated embryos also show signs of cardiac
defects when examined alive, in ovo, at 2 and 3 dpe. There was an abnormal

abundance of cardiac jelly which continued into the apex of the heart in treated
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embryos. Furthermore, the cardiac jelly appeared to be less cellularized (Fig. 3-3),
most likely because of a diminished endothelial-mesenchymal transition in the
endocardial lining. The myocardium also showed signs of being abnormally thin in the
treated embryos (Fig. 3-3). We could not quantify any of these features in the live

animals because of the rapid heartbeat.

Control PS-NPs-treated
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Fig. 3-3. Heart malformation at 2 dpe and 3 dpe. a-l, Transverse section stained with H&E and Alcian
blue of a-f 2 dpe and g-I 3 dpe chick embryos. a and d control embryo, dark-stained nuclei in the
cardiac jelly. b and ¢, PS-NPs-treated embryos, the lack of dark nuclei in the cardiac jelly is obvious. e
and f, PS-NPs-treated embryos, the myocardium is thinner compared to the control embryo. g and j,
heart of control embryo, note the amount of dark-stained nuclei in the cushions otherwise filled with
proteoglycan-rich matrix (blue). h and i, heart of NPs treated embryo, lacking nuclei in the cushions
particularly near the endocardial lining. The myocardial face of the cushion is relatively poor in matrix
reflecting a defect in synthesis of the myocardium. n, heart of control embryo, the epicardium on the
outside of the heart contains epicardium-derived cells (EPDCs) and small blood vessels. k and |, PS-

64



NPs-treated hearts, note the absent () or thin epicardium on the outside of the heart lacking EPDCs
and blood vessels, and a thin less-trabeculated myocardium (k). Key: dpe, days post-exposure; PS-
NPs Treated, polystyrene nanoparticles (5 mg/mL) treated; Cj, cardiac jelly; E, Epicardium; Scale bars
are 250 um. error bars, mean * s.e.m.; significance of difference between control and experimental
groups indicated by asterisks, *P <0.05.

Synchrotron scanning and histological sections at 8 dpe show malformations of the
heart and great arteries (Fig. 3-4, Fig. 3-5, Table S3) in treated embryos. Of seven PS-
NP treated embryos, three had a ventricular septal defect (Fig. 3-4h-j and n, Table
S3), two had persistent or extra pharyngeal arch arteries (Fig. 3-5e-h, Table S3), one

had persistent truncus arteriosus (Fig. 3-5j, Table S3) and two had aortopulmonary

septal defects (Fig. 3-40, Table S3).
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Fig. 3-4: Synchrotron tomographic scans of hearts at 8 dpe. a-f, control embryo, stage 35. n = 2. g-o,
PS-NPs-treated embryos, both are stage 35. n = 2. (b, c, d, f), virtual sections of control embryo. (i, j,
n, 0), virtual transverse sections of PS-NPs-treated embryos. (i, j, n), virtual section at the top of the
interventricular septum, with VSD (white arrow). k, o, virtual sections of the base of the outflow
tract, showing APSD (white arrowhead). Note, treated heart in I-o both have aorticopulmonary septal
defect (white arrowhead) and ventricular septal defect (white arrowhead). Key: Ao, Aorta; APS,
Aorticopulmonary Septum; APSD, Aorticopulmonary Septal Defect; PB, Pericardial Blebbing; IAS,
Interatrial Septum; IVS, Interventricular Septum; P, Pulmonary; LA, Left Atrium; LV, Left Ventricle;
LAVC, Left Atrioventricular Canal; RA, Right Atrium; RV, Right Ventricle; RAVC, Right Atrioventricular
Canal; VSD, Ventricle Septal Defect. Scale bars, 200 um in a-b, g-h, I-m and 500 pum in c-f, i-k and n-o.

Effects of PS-NPs on expression of AP-2a and NKX2-5 genes

The analysis of 2 dpe chick embryos

We compared the wholemount in situ hybridization expression pattern of TFAP2A
between control and NP-PS-treated embryos. In the control embryo (Fig. 3-6a),
strong expression is seen in the telencephalon, in and around the eyes and in the
pharyngeal arches, while less staining is observed in the area of the olfactory pit. All
of the pharyngeal arches (maxilla, mandibular, hyoid, and arches 3, 4 and 6) show
expression. TFAP2A is also expressed in the isthmus between the mesencephalon and
the metencephalon. In contrast, we found a different expression pattern in the NP-
PS-treated chick embryos (Fig. 3-6b-d). We noticed expression of TFAP2A was
reduced in pharyngeal arches 3, 4 and/or 6 (Fig. 3-6b-d). Furthermore, the expression
was observed to persist in the dorsal middle line or on the edges of neural folds (Fig.

3-6b and c), instead of disappearing as it did in the controls (Fig. 3-6a).
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Fig. 3-5. Synchrotron tomographic scans and transverse section of hearts at 8 dpe. a-h, synchrotron
tomographic scans of hearts and great vessels at 8 dpe. a-d, control embryo, stage 35. e-h, PS-NP
treated, stage 35. a and e, volume rendering of heart and vessels. b and f, three-dimensional (3-D)
model of great vessels produced by manual tracing. c and g, three-dimensional (3-D) view of virtual
transverse sections. d and h, two-dimensional (2-D) view of virtual transverse sections. Transverse
paraffin sections stained with H&E and Alcian blue of 8 dpe control (i) and PS-NPs-treated (j) chicken
embryos. Key: Ao, Aorta; LAA, Persistent Left (4™") Aortic Arch Artery; LBC, Left Brachiocephalic
Artery; LP, Left Pulmonary Artery; LSPAA, Left Supernumerary Pharyngeal Arch Arteries; RBC, Right
Brachiocephalic Artery; RP, Right Pulmonary Artery; RSPAA, Right Supernumerary Pharyngeal Arch
Artery.

In the case of the protein (AP-2a) of the gene TFAP2Athe expression pattern also
differed between control and NP-PS-treated chick embryos. The location of AP-2a

protein in pharyngeal arches is asymmetric. Particularly, in the Fig. 3-6g we see AP-2a
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expression in the endoderm on one side of the arches, but barely in the other side.
However, the AP-2a expression was found in ectoderm on both sides Fig. 3-6g.
Interestingly, we found a cluster of cells expressing AP-2a appearing to be ‘trapped’
on the top of neural folds (Fig. 3-6g and h), as though they had not migrated out

normally.

Control

Control

Fig. 3-6. PS-NPs disrupt cardiac neural crest cell development in chicken embryos. a-d, wholemount
in situ hybridization for TFAP2A. a, control embryo, stage 19. n = 2. b-d, PS-NPs treated embryos,
stage 18. e-h, immunochemistry showing TFAP2A (AP-2a protein; red channel) and DAPI (blue
channel), transverse sections. n = 2 for control and n = 5 for PS-NPs-treated group. e and f, control
chicken embryo, stage 19. g and h, PS-NPs treated embryo, stage 17. Key: black arrowhead in b and
¢, crest cells that apparently failed to migrate from the neural tube; white arrow in ¢ and d, weaker
expression of TFAP2A compared to control embryos. White dashed box in g, lack of AP-2a expression
in one side of the arches. White arrowhead in h, some crest cells never leave the neural tube. Key:
1A, maxilla; 1B, mandible; 2, hyoid arch; 3, pharyngeal arch lll; 4, pharyngeal arch IV; 6, pharyngeal
arch VI; NT, neural tube; NC, notochord. Scale bars in a-d, 300 um; in s-v, 200 um. Blue, DAPI nuclear
staining. Red, TFAP2A protein staining.

Both cardiac TNNI and NKX2-5 protein expression was compared between control
and PS-NPs-treated embryos at 2 dpe (Fig. 3-7). The heart tube of the PS-NPs-treated
embryos was less differentiated than that of control embryos, making it harder to
distinguish the atrium from the ventricle. In the myocardium of the atrium and
ventricle, similar expression patterns of cardiac TNNI and NKX2-5 are observed (Fig.
3-7a-d). DAPI staining showed that there are almost no nuclei present in the
endocardial cushions of the heart (Fig. 3-7c and d).
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Fig. 3-7. PS-NPs disrupt the development of the endocardial cushions of the heart in PS-NPs-
treated chicken embryo at 2 dpe. Immunochemistry for TFAP2A protein (AP-2a), NKX2-5 and cardiac
TNNI performed on transverse sections of control and PS-NPs-treated chicken embryos at 2 dpe. a
and b, control embryo, stage 18, n = 2, note the green staining TNNI in the cytoplasm and the NKX2-5
(yellow channel) in the nuclei of cells in the myocardium and inter-atrial septum. (b). c-f, PS-NPs-
treated embryos, n = 5. ¢, stage 17. d, stage 20. e and f, both are stage 17. In c and d, the same
staining has been observed in the myocardium of the PS-NPs-treated embryos. In d-f, note the NKX2-
5 expression (yellow channel) in the endoderm and nuclei of the splanchnic mesoderm and
myocardium. Key: A, atrium; IAS, inter-atrial septum; V, ventricle. Scale bars are all 100 um. Blue,
DAPI nuclear staining. Yellow, NKX2-5 protein staining. Red, TFAP2A protein staining. Green, TNNI
protein staining.

The analysis of 3 dpe chick embryos

We found expression of NKX2-5 only in the PS-NPs-treated embryos, but less in
control embryos (Fig. 3-8). It is highly likely that the weak staining was caused by

technical problem, since that NKX2-5 play an essential role in the development of
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cardiomyocytes and in cardiac precursors (Jamali et al., 2001; Paffett-Lugassy et al.,
2013). We think the concentration of antibodies we used in the control embryos
were relatively low. Among the PS-NP-treated embryos, the expression of NKX2-5
was located in the in the middle of the flow divider (Fig. 3-8e). In addition, the flow
divider was unusually massive in some of the PS-NP-treated embryos (Fig. 3-8f).
NKX2-5 expression was also observed at in the inflow end of the heart tube,
continuing into the myocardium (Fig. 3-8g). Moreover, NKX2-5 staining was also
observed in the ventricular wall (Fig. 3-8h). This expression was in the nuclei of the

cells, most likely the excitatory cells of the heart muscle (Fig. 3-8h).

Control

Fig. 3-8. PS-NPs disrupt the development of the second heart field in the chicken embryos at 3 dpe.
a-c, control embryo, stage 23. d-f, PS-NPs-treated embryos. d, stage 24, e, stage 22, f-h, stage 21.
Note the red staining in the ectoderm in (a), ganglia (b) and pharyngeal arches (c). Little or no NKX2-5
expression is seen in control embryos, but strong expression is seen in PS-NPs-treated embryos.
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NKX2-5 expression (yellow channel) was observed in nuclei of the flow divider (d-f). Yellow staining
was also observed at the start of the heart tube, continuing into the myocardium (f-h). Key: Asterisk
(*), double outflow tract; FD, flow divider; G, ganglion; NT, neural tube; V, Ventricle. Blue, DAPI
nuclear staining. Yellow, NKX2-5 protein staining. Red, TFAP2A protein staining. Green, TNNI protein
staining.

Discussion

We have described a wide spectrum of severe malformations in chicken embryos
exposed in ovo to 25 nm PS-NPs. The malformations include neural tube and
craniofacial defects, as noted previously (Nie et al., 2021). In addition to those
reported before, we found heart malformations, bradycardia, persistent or extra
pharyngeal arch arteries, maxillary hypoplasia, axial defects, tail aplasia and, in one
specimen, bilateral phocomelia of the hindlimbs. We also found that treated embryos
showed defective cellularization of the cardiac jelly, thinned myocardium and
reduced diameter of some blood vessels. This is a much wider spectrum of
malformations than previously reported, and the congenital heart defects are

reported here for the first time.

It has previously been shown that such malformations can also be produced in the
chicken embryo by surgical ablation of the cardiac neural crest (Keyte and Hutson,
2012; Kirby and Waldo, 1995), that is, the crest cells at the axial level between the
otocyst and somite three (Hutson and Kirby, 2007). The early-stage cardiovascular
abnormalities, including altered hemodynamics that we observed have also been
reported in other studies in which pre-migratory cardiac neural crest were surgically
ablated (Kirby and Waldo, 1990; Waldo et al., 1999). At later stages, treated embryos
showed instances of abnormal branching of the pharyngeal arch arteries, ventricular
septal defects and aortopulmonary septal defects. These malformations likely arise
because of damage to the neural crest, which is essential for normal development of
the aortopulmonary septal complex of the heart and the wall of the great vessels
(Erhardt et al., 2021; Hutson and Kirby, 2007; Kirby and Waldo, 1995; Newbern et al.,

2008; Poelmann et al., 1998; Porras and Brown, 2008). We also observed epicardial
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blebbing, probably caused by disturbed fluid handling of the developing coronary
system that showed scant arterial development and no ingrowth into the neural
crest-dependent aortic root (Gittenberger-de Groot et al., 2012). We also noted
ectopia cordis, a phenotype associated with congenital cardiac malformations in

human such as double outlet right ventricle (Malik et al., 2015).

In addition, we have observed thinner myocardium in the outflow tract compared to
the ventricle in PS-NPs-treated embryo. This suggests that either the migration of the
neural crest cells is arrested, or perhaps their signaling is affected. It could be that PS-
NPs affect the development of the second heart field. The presence of neural crest
cells is needed for normal second heart field development (Waldo et al., 2005). The
second heart field is a population of cells located around the ventral caudal pharynx
which plays an important role in lengthening of the outflow tract, and for the proper
alignment of the aorta and pulmonary trunk with respect to the septal complex.
Disruption of these processes can already be detected early, that is, before the neural
crest cells reach the outflow tract (Keyte and Hutson, 2012). If cardiac neural crest
cells are ablated experimentally, the myocardial cells from the second heart field may
fail to be incorporated normally into the myocardium, causing abnormal looping of

the heart (Yelbuz et al., 2002).

In addition to cardiac malformations, we often saw hypoplasia or aplasia of the upper
beak, and failure of Meckel’s cartilage to fuse with its contralateral partner. The co-
occurrence of cardiac and craniofacial malformations in our study is consistent with
the fact that the cranial neural crest contributes to the development of both the
heart and the facial skeleton (Keyte and Hutson, 2012). The idea of a mechanistic link
between cardiac and craniofacial development is embodied in the concept of the
‘cardiocraniofacial module’ (Keyte and Hutson, 2012). Furthermore an association of
cardiac and craniofacial malformations is seen in clinical syndromes such as DiGeorge
syndrome (chromosome 22q11.2 deletion syndrome) (McDonald-McGinn and

Sullivan, 2011).
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Our results show that 25 nm PS-NPs cause various cardiac and vascular defects in the
chicken embryo. These defects include: excess cardiac jelly with a lack of epithelial
mesenchymal transition, thin epicardium and myocardium, ventricular septal defect,
persistent truncus arteriosus and supernumerary arteries. One of these defects
alone, or a combination of defects, probably explain the abnormal cardiac function
that we observed (lower heart rate and abnormal blood flow) in PS-NPs-treated
embryos. We speculate that these cardiac effects could result in high mortality rate
among PS-NPs-treated embryos. In Chapter 4, we will explore the potential cellular

mechanisms of PS-NP toxicity to embryos.
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Abstract

Plastic pollution is a major environmental concern. Plastics waste in the environment
continuously degrades into microplastics and nanoplastics. It has been previously
reported that polystyrene nanoparticles can cause neural tube defects in the
developing chick embryos. The authors of that study suggested a mechanism
whereby nanoplastics cause caveolae-mediated endocytosis in neural tube cells. In
Chapters 2 and 3, we found that nanoplastics also cause defects in the eyes, tailbud,
heart and vascular system of chicken embryos. However, the mechanism previously
proposed, of neural tube damage, could not account for this wide spectrum of
malformations. Therefore, in this Chapter, we look in more detail at the cellular
mechanisms involved. We exposed stage 8 chicken embryos to 25 nm fluorescent
polystyrene nanoparticles in ovo. We found that the nanoparticles became localized
to cell masses in the dorsal middle line of the neural tube. Molecular markers
identified these cell masses as neural crest cells that had failed to migrate to the
periphery. TUNEL staining of nanoplastic-exposed embryos showed that nanoplastics
caused death and impaired migration of those cells. When we added fluorescent 25
nm fluorescent polystyrene nanoparticles to primary chick neural crest cells, we
found that they could enter the cells within 2 h. Further supporting our hypothesis
that nanoplastics specifically disrupt neural crest development, most of the
malformations seen in Chapter 2 and Chapter 3 are in organs that depend for their
normal development on neural crest cells. Our results demonstrate that polystyrene
nanoparticles cause developmental toxicity to chick embryos. Our findings suggest
that nanoplastics may pose a health risk to the developing embryo. This is a matter of
concern given the large and growing burden of nanoplastics in the environment, and

the potential use of nanoplastics in human medicine as drug-delivery vehicles.
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Introduction

Plastic as a material is widely used, because of its low cost and ease of production, its
versatility and imperviousness to water (Copp et al., 2003). The other advantages of
using plastics including high strength-to-weight ratio, ductility, corrosion resistance,
bio-inertness, high thermal/electrical insulation and outstanding durability at a
relatively low lifetime cost. For these reasons, plastics have enabled progression and
changes in a variety of industries, from automotive and aerospace applications, right
through to textiles and consumer products, construction and agriculture, and food
packaging (Andrady et al., 2015). Its ability to guard against contamination makes
plastic useful for example in sterile medical environments such as hospitals, or as
food packaging. Nanoplastics are also being considered for therapeutic use in
humans, including as drug-delivery systems (Boehnke et al., 2022). Its success in
industry and society combined with the persistence of plastic have resulted in plastic
waste and pollution being widespread and ubiquitous in today’s environment
(Andrady et al., 2015). Thus, there are many opportunities for humans to absorb
microplastics and nanoplastics (MPs and NPs) by skin contact, food ingestion and

even inhalation (Sana et al., 2020).

In Chapter 2, we showed that 25 nm plain polystyrene nanoplastics could cause
neural tube defects in developing chick embryos. In humans, neural tube defects are
severe congenital defects with high mortality (in the case of cranial defects), long-
term disability and costly surgical repair (Oumer et al., 2021). The causes of neural
tube defect can be genetic or non-genetic factors (e.g. lack of folic acid; (Copp et al.,
2013) or a combination of these factors (Greene et al., 2009). We hypothesis that
nanoplastics might represent a novel environmental factor for neural tube defects,
based on the work that we (Wang et al., 2023) and others (Nie et al., 2021; Yan et al.,

2020) have published showing nanoparticle-induced neural tube defects in the chick
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embryo. As neural tube defects are caused by a failure of neurulation, | shall now

discuss the various mechanisms involved in neural tube development (neurulation).

There are two types of neurulation during the development of chick embryo, namely,
primary neurulation and secondary neurulation (Schoenwolf, 2018; Shimokita and
Takahashi, 2011; van der Spuy et al., 2023). Primary neurulation is the rolling-up of
the neural plate to form a hollow tube, whereas secondary neurulation is the
formation of a solid neural keel which secondarily becomes hollow (Dady et al.,
2014). We have observed neural tube defects related to both of these processes
(Chapter 2). Therefore, it is likely that PS-NPs disrupt the primary and/or neurulation
of developing chick embryos. It is still unclear the mechanism underlying the NTDs

caused by PS-NPs exposure.

In addition to neural tube defects observed in PS-NPs treated chick embryos (Chapter
2), we also noticed, on histological sections, an anomalous clump of cells located in
lumen of neural tube. We speculated that these were likely neural crest cells, based
on their location. This hypothesis is strengthened by the fact that these cells express
the neural crest marker TFAP2A (Chapter 3). Neural crest cells are an embryonic
population of migratory stem cells (Achilleos and Trainor, 2012). In birds, neural crest
cells arise from the margins of the neural ectoderm and become localized to the
neural folds (Le Douarin, 2004). After the neural folds meet in the dorsal middle line,
the neural crest cells start to detach from the ectoderm and migrate through the
mesoderm into various tissue and organs (Le Douarin, 1999). These migratory cells
differentiate into various cell types, contributing to the development and function of
multiple organs (Kirby and Waldo, 1995; Martik and Bronner, 2021; Waldo et al.,
1999).

In this research, we want to investigate the possible mechanism of how PS-NPs cause
neural tube defects. We want to use in situ hybridization to identify the potential
tissue or cell population which has been affect by PS-NPs. In situ hybridization is a

tool for locating mRNA transcripts in whole specimens (‘wholemount in situ
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hybridization’) or sections (Wilkinson, 1998). this technique is widely used in
biomedical research (Chu et al., 2019). We have selected several highly conserved

genes as markers (Table 2) for the neural crest, according to the literature (Martik

and Bronner, 2021), and then examined them using wholemount in situ hybridization.

The aim of this chapter is to investigate the how polystyrene nanoparticles affect

neurulation, and possibly the neural crest, casing malformations.

Materials and Methods

Sample collection and preparation

We used the same materials and techniques as described in detail in Chapter 2.
Briefly, surviving embryos exposed to 25 nm plain nanoplastics were fixed in 2% PFA
in PBS at 4 °C overnight. Fixed embryos were then rinsed in PBS and dehydrated
through methanol series (25%, 50%, 70% and 100%) and stored at -20 °C in 100%
methanol. All embryos were staged according to Hamburger and Hamilton

(Hamburger and Hamilton, 1951).

RNA extraction and cDNA synthesis

The RNA was isolated from stage 13-16 chick embryos by TRIzol™ Reagent (Thermo
Fisher Scientific, USA) in house followed by purification with RNeasy Mini Kit (50;
Qiagen, Venlo, Netherlands). The concentration of purified RNA was measured by
Nanodrop. To generate first strand cDNA, we performed two-step reverse
transcription polymerase chain reaction (RT-PCR) using SuperScript IlI (Invitrogen™,
USA). The cDNA was diluted 10 xwith DNA- and RNA-free water and stored at -20 °C

(Sigma).

Probe synthesis

This protocol is as previously described by us (de Bakker et al., 2013). In brief, we
isolated total RNA from an embryo using TRIzol (Invitrogen) and carried out reverse

transcription using SuperScript Il (Invitrogen). PCR was performed on these
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templates using specific primers (Table 4-1; Table S4), and the PCR products were
cloned in the TOPOTA-PCRII vector (Invitrogen™). The inserted amplicons were
checked by a PCR with M13-pUC primers located on the TOPOTA-PCRII plasmid and
checked on an agarose gel. When they were of the right size they were sent for
Sanger sequencing (BaseClear B.V., Leiden). After checking the sequence by BLAST
searching, the positive results were used as templates for making the digoxigenin

labelled antisense RNA probes. See Table S4 for accession numbers.

Table 4-1. Details of gene markers used for in situ hybridization.

Gene Expressed Location expressed Reference

FOXD3 (Forkhead box D3) (pre-)migratory neural  Dorsal neural tube, (Dottori et al.,

crest neural folds and 2001; Fairchild

head mesenchyme et al., 2014)

SNAI2 (Snail family (pre-)migratory neural  Dorsal neural tube  (Jhingory et al.,

transcriptional repressor 2) crest and 2010)
paraxial mesoderm
WNT1(Wnt family member 1) neural crest Dorsal neural tube  (Brown and

Rhombencephalon  Zervas, 2017;

and Galli et al.,

mesencephalon 2014)
SOX10 (SRY-box 10) neural crest Neural crest and (Cheng et al.,

central nervous 2000)

system

LMO4 (LIM domain only 4)

neural crest

Neural plate and

neural crest

(Ferronha et al.,

2013)

PAX3 (Paired box 3)

neural crest

Neural crest and

somite

(Bothe and
Dietrich, 2006;
Goulding et al.,
1994)

TFAP2A (Transcription factor
AP-2 alpha)
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neural crest

Neural plate and

Neural crest,

pharyngeal arches,

ectoderm, cleft

(Poelmann et
al., 2017; Wang
et al., 2011)



Whole mount in situ hybridization

In this study, all gene names are according to Ensembl for Homo sapiens
(https://www.ensembl.org/). This wholemount protocol is as previously described by
us (de Bakker et al., 2021). In brief, embryos were fixed in 2% buffered
depolymerized pPFA for 24 h at 4 °C. They were then washed 3 x with cold PBS and
dehydrated through a graded methanol series (25%, 50%, 75% and 100%) and stored
at-20 °C. Embryos were rehydrated through a graded methanol series, lightly
digested with proteinase K (10 mg/mL in PBS) for 5 min and postfixed in 4% buffered
pFA in PBS after several washes in PBST (PBS pH 7.2 with 0.1% Tween-20). This was
followed by a prehybridization step at 60 °C for at least 3 h or until the embryo had
sunk. The hybridization mixture consisted of: 50% formamide, 2% Boehringer
blocking powder, 5 x SSC (from 20x standard sodium citrate buffer, 3M sodium
chloride, 0.3M sodium citrate, pH 7), 1mg/mL total RNA, 50 pg/mL heparin, 0.1%
Triton X-100, 0.1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate) and 5mM ethylenediaminetetraacetic acid (EDTA). After the
prehybridization mix was removed, we added 400 ng/mL specific probe to fresh
hybridization mixture preheated to 60 °C. The embryos were incubated in this mix at
60 °C overnight with slow shaking. The next day, the specific probe mixture was
removed, collected and stored at -20 °C for re-use. Several stringent washes were
done at 60 °C to remove non-specifically bound probe [2x SSC, 0.1% CHAPS, 50%
formamide]; [2x SSC 0.1% CHAPS]; [0.2x SSC, 0.1% CHAPS]. After washing several
times at room temperature with TBST (0.1M tris [tris (hydroxymethyl)aminomethane]
buffered saline, pH 7.5, 0.1% Tween-20) the embryos were preincubated with heat-
inactivated 10% sheep serum in TBST for 90 min at room temperature followed by
overnight incubation with sheep anti-digoxigenin conjugated to alkaline phosphatase

(Roche; 1:5,000 dilution in 10% sheep serum in TBST at 4 °C overnight).

The next day, the non-specifically bound antibodies were washed away by several
washes with TBST of which the last one was overnight at 4 °C. The embryos were

brought to a higher pH by washing 3x 10 min in NTT buffer (0.1M sodium chloride,
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0.1M Tris/HCI, 0.1% Tween-20, pH 9.5). The enzyme reaction of alkaline phosphate
with BM purple (Roche) as substrate results in a blue precipitate. The development of
the stain was checked regularly and stopped by washing several times in TBST,

removing the substrate and chromogens, and lowering the pH.

Wholemount TUNEL staining

This protocol has been described by us (de Bakker et al., 2021). In brief, embryos
were collected and fixed as for in situ hybridization, rehydrated through a graded
methanol series, and washed in TBST (0.1M tris-buffered saline containing 0.1%
Tween). Next, they were pre-treated with proteinase K (10 mg/ml, 5 min at room
temperature), washed in TBST, postfixed with 4% formaldehyde in PBST, washed in
TBST followed by a wash in the TdT buffer (30 mMTris/HCI, 140 mM Na-cacodylate,
0.1% Triton pH 7.2). They were then preincubated in the reaction mix (70 nM
digoxigenin-labeled dUTP, 400 nM ATP, and 1 U/mL terminal transferase in the
enzyme buffer) at 4 °C without the cofactor CoCl2 which was added to the reaction
mix (1mM end-concentration) after 1 h. With CoCl2 added, the embryos were
incubated at room temperature overnight. The reaction was stopped by adding 200
mM EDTA (ethylenediaminetetraacetic acid), pH 7.0, 10 of the reaction volume. The
digoxygenin-labelled nucleotides were localized with a standard anti-digoxigenin
antibody conjugated to alkaline phosphatase procedure followed by staining with

BM-purple.

TUNEL staining on paraffin sections

The following protocol has been described by us previously (de Bakker et al., 2021).
The protocol was slightly modified by us. Briefly, chicken embryos were fixed and
dehydrated as above were, rinsed in 100% ethanol followed by xylene, embedded in
paraffin wax, sectioned at 7 um and mounted on silane-coated slides (VWR
International B.V, Amsterdam). The dewaxed slides were treated with 10 pg/mL
proteinase K in PBS for 5 min, postfixed in 4% formaldehyde in PBS. The TUNEL
reaction took place at 37 °C for 2 h in a similar reaction mix as above but with a
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higher concentrations of digoxygenin-labeled dUTP (3.5 uM) and ATP (20 uM) and
CoClI2 already added to the mix. The reaction was stopped by rinsing the slides in
20 mM EDTA in PBS. TUNEL-positive cells were localized with a standard anti-
digoxigenin antibody conjugated to alkaline phosphatase followed by staining with

BM-purple. As a counter stain we used 0.1% neutral red.

Vibratome sectioning

Embryos processed for wholemount in situ hybridization and TUNEL were stored in
1% pFA in PBS. They were soaked in a mixture of 30% BSA, 20% sucrose and 0.5%
gelatin in PBS as the embedding mixture. The albumin/gelatin was made by dissolving
0.49 g of gelatin (Sigma Cat. No. G1890) in warm PBS (100 mL). The mixture was then
cooled to room temperature and 30 g of bovine albumin (Sigma Cat. No. A-4503)
added and allowed to dissolve (for several hours). Finally, 20 g sucrose was added.
The embryos were then placed in 3 mL of fresh albumin/gelatin mixture in plastic
embedding moulds and 240 pL of 10% glutaraldehyde was added as a hardener. The
solidified cubes were trimmed and sectioned at 70 um in Milli-Q® water and

mounted on glass slides with 99.5% glycerol.

Localisation of fluorescent 25 nm PS-NPs in ovo and in vitro

Stage 8 Hamburger-Hamilton chicken embryos were exposed to PS-NPs as described
in Chapter 2 under ‘In ovo embryo toxicity experiments’ with the exception that,
instead of plain PS-NPs, we used green fluorescent polystyrene nanoparticles (cat.
number FGP25; 1% solid, 1.05 g/cm?3). The embryos were returned to the incubator
and re-incubated for 2, 6 and 24 h. They were then removed from the egg and

visualized as wholemounts by confocal microscopy (Zeiss Airyscan 900).

Chicken embryo neural crest cultures

For neural crest cultures, Hamburger-Hamilton 58 stage 14-15 embryos were
removed from the egg, and rinsed with sterile calcium-magnesium free Dulbecco’s

PBS (CMF; Corning®, New York). The method of Cohen and Konigsberg was used
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(Cohen and Konigsberg, 1975), slightly modified. In brief, a segment of the embryo
body from the axial levels of the last 6-9 somites was cut out using tungsten needles
and placed in 0.25% Trypsin-EDTA (Sigma-Aldrich, Zwijndrecht, Cat. No. T4049) on ice
for 8-10 min, when the somites and neural tube appeared to be beginning to
separate from the surrounding tissues. The segments were then transferred to
DMEM (Sigma-Aldrich, Zwijndrecht, D0819) 15% foetal calf serum (Sigma-Aldrich,
Zwijndrecht, Cat. No. F7524) and 1% antibiotic-antimycotic (Sigma-Aldrich,
Zwijndrecht, Cat. No. A5955).

The tissue pieces were gently triturated with a blue Gilson pipette tip (with the tip cut
off and the cut surface polished in a flame). Then, neural tubes and somites were
plated into separate p-Dish 35 mm high glass-bottom dishes (ibidi GmbH; Grafelfing,
Germany,) which we pre-coated with rat-tail collagen type-I (ibid Cat. No. 50201),
according to the manufacturer’s instructions. The pu-Dishes contained 1 mL culture
medium (MEM, HEPES, GlutaMAX™ Supplement (42360, Gibco™ with 15% foetal calf
serum and 1% antibiotic-antimycotic). Most of the medium was then aspirated
leaving the tissue samples pressed against the substratum by surface tension. They
were incubated for 4 h (in 5% CO;, 37 ° C) until attached and then 1 ml culture
medium was added. They were returned to the CO2 incubator and cultured

overnight.

We exposed these 2 d cultures of chick neural crest to fluorescent PS-NPs (25 nm).
This was done by aspirating the culture medium and replacing with 1 mL fresh culture
medium containing PS-NPs at a final concentration 0.1 mg/mL. After incubating for 2
or6 hat37°C,in5% CO,, the culture medium containing PS-NPs was aspirated and
the cultures rinsed 3 x with warm culture medium then stained with 5 pg/mL DAPI
(4',6-diamidino-2-phenylindole; Invitrogen™) in culture medium for 20 min at 37 ° C.
The cultures were rinsed with plain, fresh medium and observed as living cultures

under a Zeiss Airyscan 900 confocal microscope fitted with warmed air chamber (37 °
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C) to maintain the cultures. The warmed air chamber was an XL-LSM S1 123,

connected to Heating Unit XL S and TempModule S (all from Zeiss).

Cryosections

Embryos were fixed with 4% pFA in PBS and then transferred to 30% sucrose solution
in PBS (4 h, 4 °C). They were then transferred to OCT embedding matrix (Carl Roth,
Karlsruhe) 1 h (4 °C) then transferred to fresh OCT in a plastic mould and snap-frozen
in liquid nitrogen. Sections were cut at 25 pum using a Leica CM3050S cryostat and
mounted on glass microscope slides. The slides were analyzed using Zeiss Axioplan 2

aka DIC.

Transmission electron microscopy

Primary trunk neural crest cultures were prepared as described above under
‘Localisation of fluorescent 25 nm PS-NPs in ovo and in vitro’. They were cultured on
Thermanox coverslips (24 mm @; Thermo Fisher Scientific™) pre-coated with rat-tail
collagen type-l, placed into pu-Dish 35 mm high glass-bottom dishes (ibidi GmbH;
Grafelfing, Germany,). The cultures were exposed to 0.1 mg/mL plain PS-NPs 25 nm
(1 mL) for 1 h. Coverslips were carefully transferred to 6-well plates and fixed with 2%
glutaraldehyde and 2% formaldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for
2 h. Samples were then incubated with 1% osmium tetroxide with 0.8% potassium
ferrocyanide in water for 1 h. After rinsing, they were stained en bloc with 1% uranyl
acetate in water. The staining of the samples was checked under a Zeiss Observe Z1
inverted fluorescence microscope before further process (Fig. S1). The samples were
dehydrated through a graded ethanol series (70%, 90%, 100%, 1 h each). Finally, they
were embedded in Agar 100 resin kit (cat. number R1031, Agar Scientific, Essex, UK)
using propylene oxide as the intermediate reagent, and sectioned at 70 nm using a

diamond knife. The sections were examined using a JEOL 1400+ electron microscope.
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Results

Nanoplastics become localized to the dorsal middle of the neural

tube

To track the distribution of PS-NPs, stage 8 chicken embryos were exposed in ovo to
50 pL (0.1 mg/mL) fluorescein-labelled 25 nm PS-NPs for 2, 6 and 24 h. Confocal
imaging showed that that fluorescence became localized in cell masses in the dorsal
midline of the neural tube (Fig. 4-1a-c). This corresponds to the region where neural
crest cells develop. Labelled cell masses were also seen protruding into the lumen

from the dorsal aspect of the neural tube, or lying free in the lumen (Fig. 4-1d).

a b
Bright Field FGP25 Merged Bright Field FGP25

EN

6 hpe

Bright Field FGP25 Merged
’A v

24 hpe

Fig. 4-1. 25 nm green fluorescent polystyrene nanoparticles adhere to the dorsal middle line and
lying between the neural folds. a-c, chick embryos exposed to fluorescent PS-NPs (FGP, green
florescence) examined at 2, 6 and 24 h, respectively. n = 2 for all different time series. a, 2 hpe PS-
NPs treated chick embryos, stage 8. b, 6 hpe PS-NPs treated chick embryos, stage 9. c, 24 hpe PS-NPs
treated chick embryos, stage 13. In a-c, there is strong fluorescence (Copp et al.) associated with the
dorsal midline of the neural tube (black and white arrowheads; note that the chicken embryos did
not show autofluorescence). d, transverse cryosection (25 um). There is strong fluorescence (Copp et
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al.) in a cellular mass lying in between the neural folds (white arrowheads). Key, hpe, hours post-
exposure. Note, NC, notochord, NT, neural tube. Scale bars, 500 pm in a-¢ and 50 um in d.

Nanoplastics disrupt the development of neural crest cells

To confirm the neural crest identity of the affected cells, we studied the expression of
a panel of neural crest markers, namely: WNT1, FOXD3, SNAI2 (SLUG, SNAIL2), LMOA4,
SOX10, PAX3 and TFAP2A (Table 4-1 and Table S4). In PS-NP treated embryos, we
found that the cells remaining in the dorsal midline, or the margins of the open
neural tube, express neural crest markers (Fig. 4-2, Fig. 4-3, and Fig. 4-4). These

findings were consistent across all seven neural crest markers (Fig. 4-2, Fig. 4-3, and
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Fig. 4-4).
Control PS-NP Vibratome

Control

A §

Fig. 4-2. Cells disrupted by 25 nm PS-NPs express neural crest markers (WNT1 and PAX3). Embryos
were exposed at stage 8 to 50 pL plain PS-NPs (5 mg/mL) or Ringer’s only. n = 3 for both control and
PS-NP treated group of all genes. Note, all embryos are two days incubation; the treated embryos all
showed developmental delay relative to the controls. Cellular debris of neural crest cells (black
arrowheads). Note, White arrowheads in the treated embryos indicate putative neural crest cells.
Key: hpe: hours post-exposure, PS-NP, embryos treated with polystyrene nanoparticles, 25 nm, 5
mg/mL. Scale bars, 500 um in wholemount embryos, and 200 um in vibratome transverse sections.
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Control Vibratome

Fig. 4-3. Cells disrupted by 25 nm PS-NPs express neural crest markers (LMO4 and SOX10). Embryos
were exposed at stage 8 to 50 pL plain PS-NPs (5 mg/mL) or Ringer’s only. n = 3 for both control and
PS-NP treated group of all genes. Note, all embryos are two days incubation; the treated embryos all
showed developmental delay relative to the controls. Cellular debris of neural crest cells
(arrowheads). Note, White arrowheads in the treated embryos indicate putative neural crest cells.
Key: hpe: hours post-exposure, PS-NP, embryos treated with polystyrene nanoparticles, 25 nm, 5
mg/mL. Scale bars, 500 um in wholemount embryos, and 200 um in vibratome transverse sections.
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Control PS-NP Vibratome

Control

Fig. 4-4. Cells disrupted by 25 nm PS-NPs express neural crest markers (FOXD3 and SNAI2). Embryos
were exposed at stage 8 to 50 pL plain PS-NPs (5 mg/mL) or Ringer’s only. n = 3 for both control and
PS-NP treated group of all genes. Note, all embryos are two days incubation; the treated embryos all
showed developmental delay relative to the controls. Cellular debris of neural crest cells (black
arrowheads). Note, White arrowheads in the treated embryos indicate putative neural crest cells.
Note, In the FOXD3 in situs, the cells are clumped. In the SNAI2 in situs, there are putative neural
crest cells that are margins of the neural tube defects. Scale bars, 500 um in wholemount embryos,
and 200 um in vibratome transverse sections.
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Nanoplastics can enter neural crest cells

To understand the interaction between PS-NPs and neural crest cells, we have
exposed primary cultures of chicken embryo neural crest cells to PS-NPs (Fig. 4-5).
We found that the cells showed an uptake of fluorescent PS-NPs within 2—6 h (Fig.
4-5d-f) as indicated by the appearance of fluorescence in the cytoplasm. Transmission
electron microscopy of the cultured cells showed inclusions or lacunae that were

consistent with PS-NPs in the cytoplasm (Fig. 4-6).

Crest cell culture (DAPI+FGP25)

0h 2h 6 h
. -
- .

Fig. 4-5. Fluorescent polystyrene nanoplastics (25 nm) become co-localized to primary neural crest
cells in vitro. a-c, neural crest cells stain with DAPI (blue florescence) exposed in vitro to Ringer’s
solution and examined at 0, 2, and 6 h, respectively. d-f, neural crest cells stain with DAPI (blue
florescence) exposed in vitro to fluorescent PS-NPs (green florescence) and examined at 0, 2, and 6 h,
respectively.

Control

PS-NPs
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Control

Fig. 4-6. Transmission electron microscopy of 2 d chicken embryo neural crest cultures 1 h after
exposure to PS-NPs (0.1 mg/mL) in culture medium. a-c, controls (culture medium only); d-g, PS-NP-
treated. In the treated cultures, spheres of 26.74—39.06 nm were observed. These near-perfect
spheres lacked any sign of a membrane (biological membranes will appear dark because of the
osmium tetroxide treatment). According to several reports in the literature (Domenech et al., 2021;
Qiao et al., 2021), such spherical structures may represent nanoplastic particles. In any case, we
present these findings as only tentative identification of PS-NPs. To make a positive identification of
PS-NPs with TEM would require — for example — the use of PS-NPs with a gold core. Note, also that
our confocal imaging studies do support the idea of uptake of PS-NPs by neural crest cells in Fig. 4-3).
Key: scale bars, 500 nm.

Nanoplastics cause cell death in presumptive neural crest cells

We performed TUNEL assay on wholemount control and PS-NPs-treated embryo at

24 hpe. When we examined the dorsal aspect of the wholemount embryos, we saw
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only a few, scattered cells positive for TUNEL label in control (Fig. 4-7a). Vibratome
sections showed that these cells were located in the dorsal ectoderm and neural
folds (Fig. 4-7d). In the PS-NP treated embryos, the numbers of TUNEL-positive cells
were greatly increased (Fig. 4-7b and c). These labeled cells, like those in the control
embryos, were visible in the dorsal ectoderm in vibratome sections, and surrounding
the neural folds (Fig. 4-7e-g). In addition, clumps of TUNEL-positive cells were seen in
the lumen of the neural tube (Fig. 4-7e-g). We observed similar results with TUNEL
staining on paraffin sections, which showed clumps of putative dead cells in the

lumen of the neural tube (Fig. 4-7h-k).
TUNEL

Control

Fig. 4-7. Exposure of stage 8 chicken embryos to plain polystyrene nanoparticles induces cell death
in putative neural crest cells. Figures show embryos 24 hpe. Wholemount TUNEL staining of control
(a) and PS-NP-treated (b and c) chick embryos. n = 2 for control and n = 3 for PS-NP treated group.

(a), stage 14, (b), stage 12, (c), stage 12 (Note all embryos are 2 d incubation, but b and ¢ show a
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developmental delay caused by PS-NP treatment. In b and ¢, note the extensive cell death, and dead
cells in the dorsal midline. d-g, TUNEL staining on vibratome sections. n = 2 for both control and PS-
NPs-treated chick embryos. d, control, stage 14. f-g, PS-NPs-treated, stage 12. PS-NPs treatment
resulted in clumps of dead cells in the neural folds and in the neural tube lumen (black arrowhead).
h-k, TUNEL staining on paraffin sections of control embryo (h and i), and PS-NPs treated embryo
(Smits-van Prooije et al.), n = 2 for both groups. Note, massive cell death lying free in the lumen of
neural tube (j and k). Key, 500 um in a-c, 200 um in d-k.

Discussion

It has been reported that 60 and 900 nm NPs can have harmful effects on the
developing chick embryo (Nie et al., 2021). Those negative effects include neural tube
defects and development delay (Nie et al., 2021). In our previous research (Chapters
2 and 3), we found a much wider spectrum defects, including defects in
cardiovascular and craniofacial tissues, eyes, tail-bud, and vertebral column defects in
the PS-NPs treated embryos. The previous study suggested that PS-NPs were taken
up through caveolae-mediated endocytosis into nerve cells (Nie et al., 2021). After
entering the cells, PS-NPs induce autophagy and apoptosis leading to neural tube
defects (Nie et al., 2021). However, these suggested mechanisms could not easily
account for the major malformations that we have described in Chapters 2 and 3. We
agree that PS-NPs can damage cells in the location of the neural tube since we also
observe dead cells surrounding the neural folds (this chapter). However, compared to
the dead cells we saw in the lumen, very few cells in the neural tube itself were
stained by the TUNEL protocol. Therefore, we explored mechanisms alternative to a

simple effect of PS-NPs on the neural tube itself.

To explore this possibility, we first conducting experiments in which we tracked
distribution of fluorescent PS-NPs in the chick embryo. We saw that many PS-NPs
become localized to the dorsal middle line of the embryo, often attached to clumps
of cells in the lumen of the neural tube. We noticed these abnormal clumps of cells in
our previous experiments (Chapters 2 and 4). Normally, the lumen of the neural tube
does not contain such clumps of cells. We speculate that these cell clusters might be

neural crest cells because of their location. This would explain why we and the
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previous authors observed neural tube defects: the normal migration of neural crest

cells is thought to be essential to the neural tube closure (Copp et al., 2003; Ewart et

al., 1997; Morris-Kay and Tan, 1987). Therefore, the neural tube defects we observed
in our research may caused by the disruption of PS-NPs to the migration of neural

crest cells.

To further examine the possible neural crest identity of the cells disrupted by PS-NPs,
we examined the expression of six neural crest markers in PS-NPs-treated and control
embryos at 24 hpe. Interestingly, we found that the expression of all neural crest
markers — except SNAI2) — is consistent with our hypothesis that the abnormal cells in
PS-NP treated embryos are putative neural crest cells. Interestingly, in this context, it
has been reported that the exposure of developing chick embryos to zinc oxide
nanoparticles leads to abnormal migration of cranial neural crest cells (Yan et al.,
2020). Therefore it is possible that neural crest are sensitive to nanoparticles more

generally.

In addition, the dysplasia we saw in the craniofacial tissue of PS-NPs-treated embryos
(Chapter 3), could be explained by the same mechanism: disruption of neural crest
cells. Cranial neural crest cells play a crucial role in head morphogenesis. This is
because they migrate in prosencephalic and mesencephalic streams into the facial
region (Martik and Bronner, 2021; Santagati and Rijli, 2003). Moreover, the exposure
of chick embryos to high glucose concentrations, disrupts the migration of cranial

neural crest cells, resulting in abnormalities of the facial skeleton (Wang et al., 2015).

In Chapters 2, 3 and 4, we have consistently detected microphthalmia at various
stages among PS-NP-treated chick embryos. It has previously been shown that silver
and gold nanoparticles can interfere with the development of the eyes in zebrafish
(Kim et al., 2013; Lee et al., 2007). Those two studies (Kim et al., 2013; Lee et al.,
2007) also suggest that metal nanoparticles disrupt the expression of genes related to
eye development, or maybe even influence the development of the central nervous

system.
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We did not find that fluorescent PS-NPs adhere to, or accumulate in, the eyes of
chicken embryos after exposure (this Chapter). Therefore, it is highly unlikely that our
observed microphthalmia was caused by PS-NPs directly. Our alternative hypothesis
is that the microphthalmia may be caused indirectly by the disruption of neural crest
cells. It has previously been shown that neural crest cells are essential for eye
development in chick embryos (Grocott et al., 2011). Migrating neural crest cells
produce TGF-Bs, that activate both SMAD3 and canonical WNT signaling, controlling
PAX6 function and transcription (Grocott et al., 2011). Pax6 is a well known gene that
play a crucial role in eye development in many species (Chow et al., 1999; Gehring,

1996; Hanson, 2003; Nishina et al., 1999; Onuma et al., 2002).

In Chapter 3, we studied the effects of nanoplastics on the chick embryo
cardiovascular system. We also looked at the expression of TFAP2A, a gene expressed
in neural crest cells. In this chapter, we have examined six additional neural crest cell
markers. The results are consistent across the different stages studied (Chapters 3
and 4) and show that PS-NPs affect the migration of neural crest cells. Furthermore,
TUNEL labelling suggests that at least some neural crest cells are damaged, and
undergo cell death. Consequently, fewer neural crest cells are able to migrate
through pharyngeal arches into heart, resulting in heart ventricle septum and
cardiovascular defects (Kirby and Waldo, 1995; Waldo et al., 1999). Moreover, these
results are consistent with previous studies of hear development in which the
microsurgical ablation of neural crest results in various heart defects, including

persistent truncus arteriosus, and ventricular septal defects (Hutson and Kirby, 2007).

Although most of the malformations observed after PS-NP exposure are consistent
with neural crest disruption, the tailbud effects and caudal neural tube dysplasia
cannot be explained as neural crest defects. In the chick embryo, the tailbud and
caudal neural tube are in the caudal region of the embryo where the neural tube is
formed by secondary neurulation. Secondary neurulation is the formation of the

neural tube as a solid primordium without the folding up of a neural plate (Harrington
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et al., 2009). Secondary neurulation therefore takes place process entirely under the
surface ectoderm (Catala, 2021). This contrasts with primary neurulation where the
neural plate develops two folds (neural folds) which elevate and finally fuse in the
midline. During primary neurulation, neural crest cells develop at the margins of the
neural plate, where the neural folds develop. The neural crest cells then undergo
epithelial-to-mesenchymal transformation (EMT) (Rocha et al., 2020; Schoenwolf and

Smith, 1990; Schoenwolf and Smith, 2000).

Because secondary neurulation takes place under (ventral to) the surface ectoderm,
and the PS-NPs were dripped onto the dorsal side of the ectoderm, we have to
explain how the PS-NPs come in contact with the neural tube forming by secondary
neurulation, considering that the caudal neural tube is grossly dysplastic in several
treated embryos (Figure 7 in Chapter 2). Furthermore, the chick embryo has not start
secondary neurulation at stage 8 when we introduce the PS-NPs (Schoenwolf and
Smith, 1990). To explain these facts, we suggest an alternative hypothesis whereby
PS-NPs may adhere to surface mesenchymal populations in the primitive streak of the
tailbud, and thereby entering the region of the developing neural tube via EMT
(Bellairs, 1986; Shook and Keller, 2003). Another alternative hypothesis could be that
PS-NPs may adhere to cells at the junction between primary and secondary
neurulation (Dady et al., 2014). Junctional cells in this region undergo EMT and so it is
possible that that PS-NPs may attach to these mesenchymal cells, interrupting their

EMT (Dady et al., 2014).

Conclusions

We suggest that the mechanism of the malformations we have observed in our
research is that PS-NPs passively target migration neural crest cells disrupting their
migration and development. The PS-MPs may also disrupt other cell populations
undergoing epithelial-mesenchymal transformation on the dorsal surface of the

embryo, specifically the cells of the primitive streak. Finally, PS-NPs cause direct
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effect on the caudal neural tube in the junctional area between primary and
secondary neurulation. This results in neural tube dysplasia in the cadual region.
Future work is needed to identify the molecular interactions that lead PS-NPs to
adhere to cells undergoing epithelial-mesenchymal transformation. We also need to
know whether these effects are specific to polystyrene plastic nanoparticles or to

other types of nanomaterials more generally.
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Supporting Information

File S1. Supplementary Figure. LB Agar plates tests of PS-NP sterility.
File S2. Statistical analysis of malformation and mortality data on size response.
File S3. Statistical analysis of malformation and mortality data on dose response.

Movies S1. Control chicken embryo, exposed at stage 8 to vehicle only (Ringer’s

solution), and imaged with MicroCT at 24 hpe.

(Link: https://www.sciencedirect.com/science/article/pii/S0160412023001381r

exposure; rotating view.)

Movies S2. Experimental (treated) chicken embryo, exposed at stage 8 to 50 of 25 nm

PS-NPS, 5 mg/mL, and imaged with MicroCT 24 h after exposure; rotating view.
(Link: https://www.sciencedirect.com/science/article/pii/5S0160412023001381)
Movies S3. Another experimental (treated) chicken embryo imaged with MicroCT.
(Link: https://www.sciencedirect.com/science/article/pii/5S0160412023001381)
Table S1. Table of malformations that have been seen at 24 hpe.

Table S2. Table of malformations that have been seen at 4 dpe.

Table S3. Table of malformations that have been seen at 8 dpe.

Table S4. Primers used for PCR.

Fig. S1. Bright field microscopic images of 2 d chicken embryo neural crest cultures 1
h after exposure to PS-NPs (0.1 mg/mL) in culture medium or culture medium only

(controls).
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File S1. LB Agar plate streaking to confirm the sterility of PS-NPs used in this study.
No colonies were observed in any of the plates after overnight incubation at 37 °C. (a)

25 nm plain nanoplastics, (b) 100 nm plain nanoplastics, (c) 500 nm plain

nanoplastics.
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File S2. Statistical analysis of malformation and mortality data on size response.
Effects of Polystyrene Size
Method

All computations were performed in R version 4.1.3 (R Core Team, 2021). We

concentration

computed the relative amount of particles as 100 X —,
particle size

We computed y? tests from 2x2 contingency tables to evaluate the difference in
death and malformedness between zero and non-zero size, relative amount and
concentration of particles. We computed p-values based on both the asymptotic
distribution of y? statistics, as well as on Monte Carlo simulation with 2000

simulation replications (Hope, 1968).
Results

The raw data are depicted in Figure 1, where outcomes are plotted against particle
size, and Figure 2, where outcomes are plotted against the relative amount of
particles. For particle size, we observe highest probabilities of malformedness and
death for size 25 nm. There is also a clear increasing probability of malformedness
and death if the amount of particles increases. The increasing probability of
malformedness and death could be a combined effect of particle size and/or the
amount of particles, which cannot be disentangled in the current experiments:
Because concentration was kept constant, the amount of particles automatically

decreases if particle size increases.
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Figure 1
Observed proportions of death and malformedness as a function of particle size.
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Figure 2
Observed proportions of death and malformedness as a function of relative amount

of particles.
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We ran x? tests to compare rates of malformedness and death between zero and
non-zero particle sizes (with zero particle size equaling a relative amount of zero). y?
tests indicated a significant effect of particle size on the probability of
malformedness: X%(1) = 7.946; p = 0.005; Monte-Carlo X? = 10.313; p = 0.003. No
significant effect of particle size on the probability of death was found: X?(1) = 0.04;

p = 0.841; Monte-Carlo X2 = 0.364; p = 0.688.
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Raw data

Table 1 presents the raw data on which these analyses were based.

Table 1

Raw data from the experiments.

experiment size concentration relative # # # # # prop. prop.
amount normal malformed dead alive total dead malformed

size 0 0 0 9 0 2 9 11 0.182 0.000

size 25 5 20 0 5 6 11 0.455 1.000

size 100 5 5 3 6 2 9 11 0.182  0.667

size 500 5 1 6 3 2 9 11 0.182  0.333
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File S3. Statistical analysis of malformation and mortality data on dose response.
Effects of Polystyrene Concentration
Method

All computations were performed in R [version 4.1.3; R Core Team (2021)], using

package drc [version 3.0.1; Ritz et al. (2015)].

We first computed x? tests from 2x2 contingency tables to evaluate the difference in
death and malfermedness between zero and non-zero size, relative amount and
concentration of particles. We computed p-values based on both the asymptotic
distribution of y? statistics, as well as on Monte Carlo simulation with 2000

simulation replications (Hope, 1968).

We fitted dose-response curves using package drc (Ritz et al., 2015), which estimates
log-logistic models (i.e., a logistic model with a parameter-dependent link function)
using maximum likelihood. We used the 2- and 4-parameter models:

d—c
T T+ exp(b(log(x) — log(e)))

fx)=c

where x is the dose and f(x) gives the predicted probability of death. Parameter b
reflects the effect of dose on the response, with a negative value indicating a positive
effect (on death or malformedness, in the current study). Parameter c is a lower limit,
and parameter d is an upper limit, both of which can be freely estimated, or fixed to
a-priori known constants. If c is fixed to a value of zero and d is fixed to a value of 1,

they can be dropped from the equation which yields the 2-parameter model:

1
1 + exp(b(log(x) — log(e)))

f&x) =

To evaluate model fit, we used a Pearson y? goodness-of-fit test, and interpreted a

high p-value to indicate acceptable model fit.

Results
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Figure 1

Observed proportions of death and malformedness as a function of particle

concentration.
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The raw data are depicted in Figure 1, where outcomes are plotted against the

concentration of particles. The plots indicate an increasing probability of

malformedness and death if concentration increases.
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1
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We ran y? tests to compare rates of malformedness and death between zero and

non-zero concentrations. The y? tests indicated a significant effect of concentration

on the probability of malformedness: X?(1) = 14.345; p < 0.001; Monte-Carlo X2 =

16.962; p < 0.001. The x? tests indicated a significant effect of concentration on the
probability of death only according to the Monte-Carlo test: X%(1) = 3.775; p = 0.052;

Monte-Carlo X2 = 4.866; p = 0.036.

Table 1

Parameter estimates for the effect of concentration on malformedness.
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Estimate Std.error t-value p-value

b -0.606 0.268 -2.261 0.024
e 0.011 0.010 1.088 0.276

Figure 2
Fitted dose-response curve for the effect of concentration on malformedness (2-

parameter log-logistic model).
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Note. The left plot shows observed datapoints, indicated by dots. The right plot
depicts a 95% confidence interval. Blue vertical lines indicate the estimated

concentration which would lead to malformedness in 50% of the population.

Next we fitted log-logistic models. Figure 1 indicated that the lower limit of the
probability of malformedness is equal to zero, and the upper limit is equal to 1; we
thus fitted a 2-parameter log-logistic model for malformedness. Table 1 shows the
resulting parameter estimates; the negative and significant value of b indicates a
significant effect of concentration on malformedness. Figure 2 shows the fitted dose-

response curve. The model showed acceptable model fit: X?(10) = 2.63: p = 0.989.

Table 2

Parameter estimates for the effect of concentration on death.
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Estimate Std. error t-value p-value

b -0.338 0.286 -1.180 0.238

c 0.276 0.104 2.648 0.008

d 0.949 0.553 1.715 0.086

e 0.721 3.781 0.191 0.849

Figure 3
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Fitted dose-response curve for the effect of concentration on death (4-parameter log-

logistic model).

Note. The left plot shows observed datapoints, indicated by dots. The right plot

depicts a 95% confidence interval. Blue vertical lines indicate the estimated LD50.

Figure 3 suggested the lower and upper limits on the probability of death were not
equal to 0 and 1, respectively. We fitted a 4-parameter log-logistic model, in which
the lower and upper limits are freely estimated; parameter estimates are presented

in Table 2. The model showed acceptable model fit: X2(11) = 3.097: p = 0.989. The
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fitted dose-response curve is depicted in Figure 3. We performed a likelihood ratio
test, which tests the null hypothesis of no effect against the 4-parameter dose-
response model, which indicated a significant effect of concentration on death: X?(3)

=9.476;p =0.024
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Raw data
Table 6 presents the raw data on which these analyses were based.

Table

Raw data from the experiments.

experiment size concentration # # # # # prop. prop.
normal malformed dead alive total dead malformed

5 may 0 0.00 3 1 2 4 6 0.333 0.250
6 may 25 0.04 2 2 2 4 6 0.333 0.500
7  may 25 0.40 1 2 3 3 6 0.500 0.667
8 may 25  4.00 0 2 4 2 6 0.667 1.000
9 may 25 20.00 0 2 6 2 8 0.750 1.000
10 june 0 0.00 4 0 2 4 6 0.333 0.000
11  june 25 0.04 1 2 3 3 6 0.500 0.667
12 june 25 0.40 1 1 4 2 6 0.667 0.500
13  june 25 4.00 0 3 3 3 6 0.500 1.000
14  june 25 20.00 0 1 5 1 6 0.833 1.000
15 sept 0 0.00 5 0 1 5 6 0.167 0.000
16 sept 25 0.04 2 2 2 4 6 0.333 0.500
17 sept 25 0.40 1 2 3 3 6 0.500 0.667
18 sept 25 4.00 0 3 3 3 6 0.500 1.000
19 sept 25 20.00 0 2 4 2 6 0.667 1.000
References
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Table S1. Table of malformations that have been seen at 24 hpe.

Embryos analysed for phenotypic effects 28 h after treatment with 5mg/mL plain PS-NPs. In the column 'Concentration

PS-NPs', 0 mg/mL = Ringer's only controls. HH, Hamburger & Hamilton, 1951 stages.

Embryo Concentra  Mortality: Gross No. Stage Phenotype Neural tube defect location
number  tion of PS- alive, O; assessment somite (HH) judgement
NPs dead, 1 of pairs Normal(0)/Ab
(mg/ml) phenotype: normal(1)
normal, 0;
abnormal, 1
head trunk caudal
1 5 1 1
2 5 0 1 7 9 1 1 1 1
3 5 1 1
4 5 0 1 13 11 1 1 1
5 5 1 1
6 5 0 1 12 11 1 1 1 1
7 5 1 1
8 5 1 1
9 5 1 1
10 5 0 1 13 11 1 1 1
11 0 1
12 0 0 0 25 15 0
13 0 0 0 26 15 0
14 0 0 0 23 15 0
15 0 0 0 22 14 0
16 0 0 0 22 14 0
17 0 0 0 24 15 0
18 0 0 0 22 14 0
19 0 0 0 26 15 0
20 0 1
21 5 1
22 5 0 1 13 11 1 1 1 1
23 5 1
24 5 0 1 22 14 1 1
25 5 1
26 5 0 1 1 1
27 5 1
28 5 0 1 n.d 11 1 1 1 1
29 5 1
30 5 1
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Table S2. Table of malformations that have been seen at 4 dpe.

Embryos analysed for phenotypic effects 4 d after treatment with 5mg/mL plain PS-NPs. In the column 'Concentration

PS-NPs', 0 mg/ml = Ringer's only controls.

Embryo Concen Mort gross assessment of Neural tube defect tail microphthalmia
number  tration ality: phenotype:
of PS- alive, normal, 0;
NPs 0; abnormal, 1
(mg/ml  dead,
) 1
head trunk caudal left right  torsion
eye eye /flexur
e

1 0 0 0
2 0 1
3 0 0 0
4 0 0 0
5 0 1
6 0 0 1 0 1
7 0.01 0 0
8 0.01 0 1 1 1
9 0.01 1
10 0.01 0 0
11 0.01 1
12 0.01 0 1 1 1 1
13 0.1 0 0
14 0.1 1
15 0.1 0 1 1 1 1 1
16 0.1 0 1 1 1 1 1 1 1
17 0.1 1
18 0.1 1
19 1 1
20 1 0 1 1 1 1
21 1 1
22 1 1
23 1 0 1 1 1
24 1 1
25 5 0 1 1 1
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67 0 0
68 0 0
69 0.01 1
70 0.01 1
71 0.01 0
72 0.01 0
73 0.01 0
74 0.01 0
75 0.1 1
76 0.1 1
77 0.1 0
78 0.1 0
79 0.1 1
80 0.1 0
81 1 1
82 1 0
83 1 0
84 1 0
85 1 1
86 1 1
87 5 0
88 5 1
89 5 1
920 5 1
91 5 1
92 5 0
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Table S3. Table of malformations seen at 8 dpe.

Neural tube defect Microphthal Cardiac Malformations (normal,0; abnormal,1) Comments
mia
Embryo Con Analysis gross Hea Tru Tail Left Right Craniofa Vertebr Failure Thymi  Ventric Abnormal Persis Aortopu
number cent approach assessm d nk cial al/Axial of c ular pharyngeal tent Imonary
rati ent of dysplasi  malfor ventral  disrup septal arch truncu Septal
on phenoty a (CD), mation side tion defect arteries s Defect
of pe: Cleft s closure arteri
PS- normal, Primary osus
NPs 0; Palate
(mg abnorm (CPP)
/mL al, 1
)
1 0 Alcian blue, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
H&E
2 0 Alcian blue, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
H&E
3 0 Alcian blue, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
H&E
4 0 Alcian blue, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
H&E
5 5 Alcian blue, 1 1 0 n.d 1 1 1(CD) 1 1 1 n,d n.d 1 n.d Sample
H&E was
destroyed
while
embedding
6 5 Alcian blue, 1 1 1 n.d 0 1 1(CPP) 1 1 1 0 1 0 0 Persist 4th
H&E (persistent arch
pharyngeal
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arch artery)

7 5 Alcian blue, 1 0 0 n.d 0 0 0 1 0 1 1(DORV) 0 0 1 Significant
H&E pericardial
blebbing,
OFTs fail to
spiral,
common
IFT
complex
8 5 Alcian blue 1 1 1 n.d 1 1 1(CPP) 1 1 n.d n.d n.d n.d n.d Phocomeli
aand
severe
microphth
almia
9 5 Alcian blue 1 1 1 n.d 1 1 1(CD) 1 1 n.d n.d n.d n.d n.d
10 5 Alcian blue 1 1 n.d n.d 0 1 1(CD+CP 1 1 n.d n.d n.d n.d n.d severe
P) facial
clefting
11 0 Synchrotron 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 5 Synchrotron 1 n.d n.d n.d n.d n.d n.d n.d n.d n.d 1 1(2 extra 0 0
pharyngeal
arch
arteries )
13 5 Synchrotron 1 n.d n.d n.d n.d n.d n.d n.d n.d n.d 1 0 0 1 Pericardial
blebbing
14 0 Synchrotron 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 5 Synchrotron 1 n.d n.d n.d n.d n.d n.d n.d n.d n.d 0 0 0 0
16 5 Synchrotron 1 n.d n.d n.d n.d n.d n.d n.d n.d n.d 0 0 0 0
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Table S4. Primers used for PCR.

Gene

Forward Primers

Reverse Primer

Accession

NCBI Reference Sequence

CGAAGAGCAGCCTGGTGAAGC CGATGATGTTGGTAGGCACGCT NM_204951.3
FOXD3 (Forkhead box D3)

CCACGCTCCTTCCTGGTC CCAGGTAAACATTGACTGCATGA CR407272
SNAI2 (Snail family transcriptional repressor 2)

TCTGATCCGACAGAACCCCG GTCCCCATCTTCCCGCTGTA NM_001396681.1
WNT1(Wnt family member 1)

GCAGCCTTCACAGGGTTTG CCCTTCTCGCTTGGAGTCAG NM_204792.2
SOX10 (SRY-box 10)

CTACACCAAGAGCGGCATGA AGTCTCCCATTAGCCCAGGT NM_204112.2
LMO4 (LIM domain only 4)

TCGGGAAGAACTCGCACAAA GCGAGACCGGAAAATAACACC NM_001397759.1
PAX3 (Paired box 3)

CCAAGTCTAACAACAACGCC TTTCGGTGCTTCTCCTCTTT NM_205094.2

TFAP2A (Transcription factor AP-2 alpha)
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Control

Fig. S1. Bright field microscopic images of 2 d chicken embryo neural crest cultures 1
h after exposure to PS-NPs (0.1 mg/mL) in culture medium or culture medium only

(controls). Note the dead cells (white arrowheads) in the PS-NP treated culture.
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Summary

Plastics are used as the main material for fabricating every-day items which have
brought great convenience to our lives. On the downside, however, 60% of plastics
end up dumped in landfills or as plastic waste in the environment (Geyer et al., 2017).
This waste slowly releases fragments called small plastic particles which can be
divided into microplastics and nanoplastics (MPs and NPs) according to their size.
Small plastic particles have become ubiquitous in the environment where they pose

potential dangers to wildlife and to humans (Allen et al., 2022; Zolotova et al., 2022).

MPs and NPs have been demonstrated to transfer from mother to offspring in
zebrafish (Pitt et al., 2018). Furthermore, they are even found to be able to transfer
through food webs (Chae et al., 2018; Kim et al., 2022). MPs and NPs are suspected to
be a potential health risk to humans due to toxicity to cell cultures (Aguilar-Guzman
et al., 2022; Cortés et al., 2020; Gopinath et al., 2021; Ramsperger et al., 2020), and
the fact that they have been detected in multiple human tissues body fluids (Jenner
et al., 2022; Leslie et al., 2022; Ragusa et al., 2021; Zhao et al., 2023). Indirect
evidence of potential toxicity to humans is the fact that small plastic particles are
toxic in several whole animal models (Yin et al., 2021; Yong et al., 2020). For example,
the toxicity of MPs and NPs has been widely studied in aquatic animals including
Daphnia magna (Abdolahpur Monikh et al., 2020; Kelpsiene et al., 2020) the zebrafish
(Lee et al., 2022; Torres-Ruiz et al., 2021) and the Pacific Oyster (Cole and Galloway,
2015). However, little is known about their potential risk to warm-blooded

vertebrates.

In Chapter 1, we have summarized the currently findings about MPs and NPs, and
their potential risk to humans. Additionally, we have reviewed the literature on using
the chick embryo as a model for testing toxic agents for their specific toxicity towards
embryonic development. Indeed chick embryos have already been used for several

toxicity studies of nanoparticles, particularly metal and carbon particles.
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In Chapter 2, | have shown that PS-NPs can cause neural tube defects in the head,
trunk, tail, or a combination of these regions in the chick embryo. Neural tube defects
represent a failure of neural tube closure (Greene and Copp, 2014), leading to
increased morbidity and mortality (Copp and Greene, 2010; Madrid et al., 2023). We
suggest that this failure of closure is due to toxic effects of PS-NPs on the neural crest
— a population of neuroectodermal cells adjacent to the fusion zone of the closing
neural tube (Creuzet, 2009; Green et al., 2015; Le Douarin et al., 2012; Le Douarin
and Kalcheim, 1999; Martik and Bronner, 2021; Waldo et al., 1998). This model
(which we summarize in Fig. 5-1) is consistent with a study showing that the neural
crest is essential for neural tube closure, at least in the cranial region (Creuzet, 2009;

Creuzet et al., 2006; Wang et al., 2023).

Next, in Chapter 3, we have provided the first evidence that exposure of chick
embryos to PS-NPs can cause heart malformations. Specifically, we have detected
cardiovascular malformations including ventricular septal defect, supernumerary
arteries, persistent truncus arteriosus, abnormal blood vessels and excess cardiac
jelly. In addition, we have shown that PS-NPs cause impaired cardiac function. These
findings make sense in the light of previous reports that neural crest cells play an
essential role of the cardiovascular development (Le Douarin and Kalcheim, 1999).
For example, after neural crest cells were ablated surgically, the resulting embryo
phenotype displayed cardiovascular abnormalities (Keyte and Hutson, 2012; Kirby
and Waldo, 1995; Waldo et al., 1999).

In addition to the cardiovascular malformations described in Chapter 3, we have also
noticed craniofacial defects in treated embryos. These defects include malformation
(hypoplasia or aplasia) of the upper beak, and failure of Meckel’s cartilage to fuse
with its contralateral partner. These malformations, like others mentioned above
may also be explained by the results of NPs affecting neural crest cells. This is
because neural crest cells play an essential role in craniofacial development (Martik

and Bronner, 2021).
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Our finding of both cardiovascular and craniofacial defects is consistent with the
concept of a ‘cardiocraniofacial module’ (Gans and Northcutt, 1983; Keyte and
Hutson, 2012; Martik and Bronner, 2021) which is dependent on neural crest cells for
its normal development. Interestingly, it was previously shown that the exposure of
chicken embryos to metal nanoparticles (zinc oxide) causes craniofacial
abnormalities, which was suggested to result from disruption of neural crest
development (Yan et al., 2020). We should be cautious in interpreting those findings
because many types of metal nanoparticles shed ions, and so the toxicity of zinc
oxide nanoparticles observed in that study is not necessarily mediated by the same
mechanisms nanoplastic toxicity. It should also be noted that craniofacial defects that
we observed here are not necessarily a reflection of abnormal neural crest

development.

In a few NP treated embryos, the tailbud was hypoplastic or aplastic; one embryo
showed agenesis of the tail and phocomelia of the hindlimbs (Chapters 2 and 3). We
suggest that these effects reflect an effect of PS-NPs on surface-exposed
mesenchymal populations in the primitive streak of the tailbud. During gastrulation,
and the process of ingression, the dorsal surface epithelium undergoes an epithelial-
mesenchymal transition with local loss of the basal lamina (Bellairs, 1986; Shook and
Keller, 2003). This process is still active at the stage when we introduced the PS-NPs

to the egg (Knezevic et al., 1998).

Another potential source of mesenchymal cells in the caudal region, that might be
affected by PS-NP exposure, is the junction between regions of primary and
secondary neurulation (Dady et al., 2014). This process starts around stage 8 (Dady et
al., 2014). Binding of the PS-NPs to these junctional mesenchymal cells could explain
the gross dysplasia of the neural tube in the caudal region of some embryos
(Chapters 2 and 3). We exposed embryos to PS-NPs at stage 8. Both gastrulation and

neurulation are still active at this stage (Keibel and Abraham, 1900).
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In Chapter 4, our experiments, with fluorescent PS-NPs added to live embryos, show
strong labelling in the neural crest, but little or none in any other tissues (Chapter 4,
Fig. 4-1). Furthermore, we find that that fluorescence is seen in the cytoplasm within
2 h and is still there at 6 h. However, these experiments should be interpreted with
caution because: single 25 nm particles are too small to be directly visualized with
optical microscopes; and it is possible that the fluorescence we saw was partly due to
leakage of the fluorochrome from the particles. In any case, it is evident that strong

fluorescence is specifically found in neural crest cells.

Our TUNEL-labelling experiments showed enhanced cell death in both the dorsal
midline of the neural tube (Chapter 4, Fig. 4-7), and in ectopic clumps of cells in the
neural tube lumen that we identified as neural crest cells with neural crest markers
(Chapter4, Fig. 4-2 to 4). The same markers also identify a population of neural crest
cells in the dorsal midline of PS-NP treated embryos that have failed to migrate. We
also see evidence of reduced neural crest cell migration into the pharyngeal arches
when using TFAP2A expression as a marker of migrating cardiac crest cells (Chapter 3,

Fig.3-6).

Together, these data suggest that neural crest cells are damaged or undergo cell
death after binding PS-NPs and fail to migrate (Fig. 5-1; (Wang et al., 2023). Candidate
mechanisms of PS-NPs cell-damage include the denaturation of proteins (Gopinath et
al., 2019; Holléczki and Gehrke, 2019), and the accumulation of PS-NPs in the
cytoplasm, after being taken up by endocytosis, and then resisting degradation by
lysosomal enzymes (Nie et al., 2021). Our hypothesis, that PS-NPs inhibit neural crest
migration, is consistent with experiments on other migratory cell types. For example,
it has been shown that PS-NPs supress the migration and dispersion of aggregated

CT26 murine carcinoma cells in vitro (Beaune et al., 2019).

Our study shows that PS-NPs have harmful effects on early chicken embryos,
producing a range of malformations. We find that the toxicity of PS-NPs is due to

their ‘targeting’ a specific subpopulation of embryonic cells. The targeting is passive,
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in the sense that PS-NPs appear to strongly bind to neural crest cells and not to other
cells. The fact that NPs cause multi-system malformations is of great concern; given
the extensive environmental exposure of humans to small plastic particles, the
reported presence of small plastic particles in human tissues, and the current
development of a new generations of nanomedicines intended for human

therapeutic use.

In the future, it will be important to explore the underlying mechanism of the
selective binding of nanoplastics to neural crest cells. One hypothesis is that
nanoplastics bind to specific cell adhesion molecules, known to be expressed by
neural crest cells, such as cadherin 6B. Cadherin 6B is associated with epithelial
mesenchymal transformation in both embryonic cells and some cancer cells. If this
hypothesis is confirmed, the finding would contribute to both our understanding of

the embryonic toxicity of nanoplastics and possibly also to cancer research.

Discussion and perspective

Our data show that 25 nm PS-NPs selectively attach to neural crest cells, and possibly
other cell populations undergoing epithelial-mesenchymal transformation on the
dorsal surface of the embryo. By contrast, PS-NPs show little or no attachment to
intact embryonic epithelia. It is possible that this reflects the differential expression
of adhesion molecules on different cell populations on the surface of the embryo. For
example, sugar residues in the cell coat of neural crest cells in mouse and rat
embryos differ considerably from neurectoderm and epithelial ectoderm (Smits-van
Prooije et al., 1986). Furthermore the cell adhesion molecule cadherin 6B is
differentially expressed on pre-migratory crest cells and cadherin 7 is expressed on
migratory crest cells (Taneyhill and Schiffmacher, 2017). Note that the switch
between the expression of different cadherin molecules (the ‘cadherin switch’)
accompanies the segregation of the neural crest lineage from the neurectoderm

(Dady et al., 2012). Our hypothesis is that PS-NPs may interact with the cadherins
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during neurulation, possibly changing the protein structure and functions (Holloczki
and Gehrke, 2019; Kihara et al., 2021). The interaction of proteins with nanoplastics is
the basis of the ‘corona’ which is sometimes observed on nanoparticles exposed to

proteins .

The concentration of nanoparticles used in this study (5 mg/mL) is higher than that
reported, for example, in human blood. (Leslie et al., 2022). However, it should be
remembered that PS-NPs and other nanomedicines are likely to be used in high
concentrations. Furthermore, it has been shown that nanoplastics can be transmitted
to offspring in several animal models (Pitt et al., 2018; Zhao et al., 2017); if this
applies to humans, then we might expect a cumulative increase in particles in human

tissues over the generations.

The highly selective effect of PS-NPs on embryonic neural crest cells may mean that
they are capable of disrupting development even in low levels exposures.
Furthermore, detecting nanoplastics in the environment and in human tissues, is
extremely difficult, and the associated analytics are in their infancy. As a result, it is
likely that human exposure to PS-NPs has been substantially underestimated. Finally,
it is worth remembering that even if society stops now with all plastic pollution, the
weathered nanoplastic debris levels from existing plastics in the environment will still
increase. In the future, we will need more information about the teratogenicity of

nanoplastics — and possibly of nanomaterials in general.

Our study shows that PS-NPs cause effects on development that closely resemble
those produced by a surgical ablation of the neural crest (Bockman et al., 1987;
Hutson and Kirby, 2007; Kirby, 1999; Kirby et al., 1989; Kirby et al., 1985). This means
that nanoplastics can have catastrophic effects on development by ‘targeting’ a
specific subpopulation of embryonic cells. The targeting is passive, in the sense that
PS-NPs may simply show strong binding to certain cell-surface molecules on neural
crest cells. In any case, the highly selective effect of PS-NPs on certain exposed

embryonic cell populations may mean that they are capable of disrupting
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development even in low-level exposures. The production of malformations by NPs
are of concern, given the extensive environmental exposure of humans to small
plastic particles (Anagnosti et al., 2021; Cox et al., 2019; Koelmans et al., 2019; Vighi
et al., 2021; Zhang et al., 2020), the reported presence of small plastic particles in
human tissues (Jenner et al., 2022; Leslie et al., 2022; Ragusa et al., 2021), and the
current development of a new generations of nanomedicines intended for human
therapeutic use (Boehnke et al., 2022). In summary, we believe that PS-NPs of
primary or secondary origin pose a potential danger to living embryos of humans and
other vertebrates. Because of this, the increasing burden of environmental

nanoplastics is a matter for concern.
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Fig. 5-1. Our hypothesis of PS-NP-induced developmental toxicity, based on disruption of neural
crest development. A, normal development of the neural tube and neural crest. B, development of
the neural tube and crest after exposure of the embryo to 25 nm PS-NPs. We hypothesize that the
nanoparticles adhere selectively to the neural crest cells undergoing epithelial-mesenchymal
transition, and induce cell death in at least a subpopulation of those neural crest cells. This reduces
the number of normal neural crest cells, disrupts their migration and interferes with the normal
closure of the neural tube. It also often leaves a clump of putative neural crest cells in the lumen of
the neural tube (or the neural groove, in the case of a neural tube defect). We suggest that these
events lead to neural tube defects, microphthalmia, craniofacial and cardiac malformations. Note
that we saw some evidence of very limited cell death in the neural tube induced by PS-NPs (as shown
in this figure).
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Plastic producten hebben ons dagelijks leven veel voordelen opgeleverd. Helaas
wordt 60% van het plastic op vuilnisbelten gestort of komt als plastic afval in het
milieu terecht (Geyer et al. 2017). Dit afval laat langzaam kleine plastic deeltjes vrij,
die op basis van hun grootte worden onderverdeeld in microplastics en nanoplastics
(MP's en NP's). Deze micro- en nanoplastic deeltjes zijn alomtegenwoordig in het
milieu en vormen een potentieel gevaar voor dieren en mensen (Allen et al. 2022;

Zolotova et al. 2022).

Van MP's en NP's is aangetoond dat ze in zebravissen worden overgedragen van
moeder naar haar larven (Pitt et al. 2018). Bovendien kunnen ze zich zelfs via
voedselwebben verspreiden (Chae et al. 2018; Kim et al. 2022). Van MP’s en NP's
wordt vermoed dat ze een potentieel gezondheidsrisico kunnen vormen voor de
mens vanwege de toxiciteit in celculturen (Aguilar-Guzmadn et al. 2022; Cortés et al.
2020; Gopinath et al. 2021; Ramsperger et al. 2020), en het feit dat ze gedetecteerd
zijn in lichaamsvloeistoffen van meerdere menselijke weefsels (Jenner et al. 2022;
Leslie et al. 2022; Ragusa et al. 2021; Zhao et al. 2023). Indirect bewijs van mogelijke
toxiciteit voor mensen is het feit dat kleine plastic deeltjes giftig zijn in verschillende
diermodellen (Yin et al. 2021; Yong et al. 2020). De toxiciteit van MP's en NP's is
bijvoorbeeld uitgebreid bestudeerd bij waterdieren, waaronder Daphnia magna
(Abdolahpur Monikh et al. 2020; Kelpsiene et al. 2020) de zebravis (Danio rerio) (Lee
et al. 2022; Torres-Ruiz et al. 2021) en de Japanse oester (Crassostrea gigas) (Cole en
Galloway 2015). Er is echter weinig bekend over het potentiéle risico voor

warmbloedige gewervelde dieren.

In Hoofdstuk 1 hebben we de huidige kennis over MP's en NP's en hun potentiéle
risico voor de mens samengevat. Daarnaast hebben we in de literatuur gezocht naar
het gebruik van het kippenembryo als model voor het testen van toxische stoffen en

dan vooral het effect op de embryonale ontwikkeling. Kippenembryo's zijn inderdaad
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al gebruikt voor verschillende toxiciteitsstudies van nanodeeltjes, met name metaal-

en koolstofdeeltjes.

In Hoofdstuk 2 heb ik laten zien dat PS-NP's (polystyreen-nanoplastics) neurale buis
defecten kunnen veroorzaken in de kop, romp, staart of een combinatie van deze
gebieden in het kippenembryo. De neurale buis defecten worden veroorzaakt door
het falen van de van de neurale buis sluiting (Greene en Copp 2014), wat leidt tot
verhoogde morbiditeit en mortaliteit (Copp en Greene 2010; Madrid et al. 2023). Wij
suggereren het falen van deze sluiting te wijten is aan toxische effecten van PS-NP's
op de neurale lijst cellen - een populatie van neuro-ectodermale cellen grenzend aan
de fusiezone van de sluitende neurale buis (Creuzet 2009; Green et al. 2015; Le
Douarin et al. 2012; Le Douarin en Kalcheim 1999; Martik en Bronner 2021; Waldo et
al. 1998). Dit model (dat we samenvatten in Fig. 1) komt overeen met een studie die
aantoont dat de neurale lijst essentieel is voor het sluiten van de neurale buis,

althans in het craniale gebied (Creuzet 2009; Creuzet et al. 2006; Wang et al. 2023).

Vervolgens hebben we in Hoofdstuk 3 het eerste bewijs geleverd dat blootstelling
van kippenembryo's aan PS-NP's hartafwijkingen kunnen veroorzaken. We hebben
met name cardiovasculaire misvormingen gedetecteerd, waaronder ventriculair
septumdefect, overtollige slagaders, blijvende truncus arteriosus, abnormale
bloedvaten en overtollige cardiale gelei. Bovendien hebben we aangetoond dat PS-
NP's een verminderde hartfunctie veroorzaken. Deze bevindingen zijn logisch in het
licht van eerdere rapporten dat neurale lijstcellen een essentiéle rol spelen bij de
cardiovasculaire ontwikkeling (Le Douarin en Kalcheim 1999). Nadat bijvoorbeeld
neurale lijstcellen chirurgisch waren verwijderd, vertoonde het resulterende
embryofenotype cardiovasculaire afwijkingen (Keyte en Hutson 2012; Kirby en Waldo

1995; Waldo et al. 1999).

Naast de cardiovasculaire misvormingen beschreven in Hoofdstuk 3, hebben we ook
craniofaciale defecten opgemerkt in de behandelde embryo's. Deze defecten

omvatten misvorming (hypoplasie of aplasie) van de bovensnavel en het falen van
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Meckel's kraakbeen om te fuseren met zijn contralaterale partner. Deze
misvormingen kunnen, net als de andere hierboven, ook worden verklaard door het
effect van NP’s op de neurale lijstcellen. Dit komt doordat neurale lijstcellen een

essentiéle rol spelen bij de craniofaciale ontwikkeling (Martik en Bronner 2021).

De waarneming van zowel cardiovasculaire als craniofaciale defecten komen overeen
met het concept van een 'cardiocraniofaciale module' (Gans en Northcutt 1983;
Keyte en Hutson 2012; Martik en Bronner 2021) die voor zijn normale ontwikkeling
afhankelijk is van de neurale lijstcellen. Opmerkelijk is dat eerder is aangetoond dat
de blootstelling van kippenembryo's aan metalen nanodeeltjes (zinkoxide)
craniofaciale afwijkingen veroorzaken, waarvan gesuggereerd werd dat ze het gevolg
zijn van een verstoorde ontwikkeling van de neurale lijstcellen (Yan et al. 2020). We
moeten voorzichtig zijn met het interpreteren van bovenstaande bevindingen, omdat
veel soorten metalen nanodeeltjes ionen afgeven, en dus wordt de toxiciteit van
zinkoxide-nanodeeltjes die in deze studie werd waargenomen niet noodzakelijkerwijs
gemedieerd door dezelfde nanoplastische toxiciteit mechanismen. We merken ook
op dat craniofaciale defecten die we hier hebben waargenomen niet
noodzakelijkerwijs een weerspiegeling zijn van abnormale ontwikkeling van de

neurale lijstcellen.

Bij enkele met NP behandelde embryo's was de staartknop hypoplastisch of
aplastisch; één embryo vertoonde agenesie van de staart en phocomelia van de
achterpoten (Hoofdstuk 2 en 3). We suggereren dat deze afwijkingen het effect zijn
van PS-NP’s die hechten aan de blootgestelde mesenchymale populaties aan het
oppervlak van de primitieve streep van de staartknop. Tijdens gastrulatie en het
proces van ingressie ondergaat het epitheel van het dorsale oppervlak een epitheel-
mesenchymale overgang met plaatselijk verlies van de basale lamina (Bellairs 1986;
Shook en Keller 2003). Dit proces is nog steeds actief tijdens het stadium waarin we

de PS-NP's in het ei introduceerden (Knezevic et al. 1998).
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Een andere potentiéle bron van mesenchymale cellen in het caudale gebied, die kan
worden beinvloed door blootstelling aan PS-NP, is de overgang van primaire naar
secundaire neurulatie, dit proces begint rond stadium 8 (Dady et al. 2014). Binding
van de PS-NP's aan deze overgangs mesenchymcellen zou de grove dysplasie van de
neurale buis in het caudale gebied van sommige embryo's kunnen verklaren
(Hoofdstuk 2 en 3). We hebben embryo's blootgesteld aan PS-NP's in stadium 8.
Zowel gastrulatie als neurulatie zijn nog steeds actief in dit stadium (Keibel en

Abraham 1900).

In Hoofdstuk 4 tonen onze experimenten, met fluorescerende PS-NP's toegevoegd
aan levende embryo's, een sterke labelling in de neurale lijst, maar weinig of geen in
andere weefsels (Hoofdstuk 4, Fig.4-1). Bovendien vinden we dat die fluorescentie
binnen 2 uur in het cytoplasma wordt gezien en er na 6 uur nog steeds is. Deze
experimenten moeten echter met de nodige voorzichtigheid worden geinterpreteerd,
omdat: afzonderlijke deeltjes van 25 nm te klein zijn om direct met optische
microscopen te worden gevisualiseerd; en het is mogelijk dat de fluorescentie die we
zagen gedeeltelijk te wijten was aan lekkage van het fluorochroom van de deeltjes.
Het is in ieder geval duidelijk dat sterke fluorescentie specifiek wordt aangetroffen in

neurale lijstcellen.

Onze TUNEL-labelexperimenten lieten verhoogde celdood zien in zowel de dorsale
middellijn van de neurale buis (Hoofdstuk 4, Fig.4-7), als in ectopische klompjes
cellen in het lumen van de neurale buis die we identificeerden als neurale lijstcellen
met neurale lijst markers (Hoofdstuk 4, Fig.4-2 tot 4). Dezelfde markers identificeren
ook een populatie van neurale lijstcellen in de dorsale middellijn van met PS-NP
behandelde embryo's die niet zijn gemigreerd. We zien ook bewijs van verminderde
migratie van neurale lijstcellen naar de pharyngale bogen wanneer TFAP2A-expressie
wordt gebruikt als een marker voor migrerende cardiale neurale lijstcellen

(Hoofdstuk 3, Fig.3-6).
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Samen suggereren deze gegevens dat neurale lijstcellen na binding van PS-NP's
beschadigd raken of celdood ondergaan en niet migreren (Fig. 5-1; (Wang et al.
2023). Kandidaat-mechanismen van PS-NP's celbeschadiging zijn: de denaturatie van
eiwitten (Gopinath et al. 2019; Holléczki en Gehrke 2019), en de accumulatie van PS-
NP's in het cytoplasma, nadat ze zijn opgenomen door endocytose, en vervolgens
weerstand bieden aan afbraak door lysosomale enzymen (Nie et al. 2021). Onze
hypothese, dat PS-NP's de migratie van de neurale lijst remmen, komt overeen met
experimenten met andere migrerende celtypen. Er is bijvoorbeeld aangetoond dat
PS-NP's de migratie en verspreiding van geaggregeerde CT26-muizencarcinoomcellen

in vitro onderdrukken (Beaune et al. 2019).

Uit ons onderzoek blijkt dat PS-NP's schadelijke effecten kunnen hebben op vroege
kippenembryo's, waarbij ze een verscheidenheid van misvormingen veroorzaken. Uit
onze resultaten blijkt dat de toxiciteit van PS-NP's te wijten is aan het feit dat ze zich
richten op een specifieke subpopulatie van embryonale cellen. Deze doelgerichtheid
is passief, in de zin dat PS-NP's sterk lijken te binden aan neurale lijstcellen en niet
aan andere cellen. Het feit dat NP’s misvormingen in meerdere systemen
veroorzaken is zorgwekkend; vooral gezien de uitgebreide blootstelling van mensen
aan kleine plastic deeltjes in het milieu, de gerapporteerde aanwezigheid van kleine
plastic deeltjes in menselijke weefsels en de huidige ontwikkeling van een nieuwe

generatie nano-geneesmiddelen bedoeld voor medische therapieén.

In de toekomst zal het belangrijk zijn om het onderliggende mechanisme van de
selectieve binding van nanoplastics aan neurale lijstcellen te onderzoeken. Eén
hypothese is dat nanoplastics zich binden aan specifieke celadhesiemoleculen
waarvan bekend is dat ze tot expressie worden gebracht door neurale lijst cellen,
zoals cadherine 6B. Cadherine 6B wordt geassocieerd met epitheliale mesenchymale
transformatie in zowel embryonale cellen als sommige kankercellen. Als deze
hypothese wordt bevestigd, zou de bevinding bijdragen aan zowel ons begrip van de

embryonale toxiciteit van nanoplastics als mogelijk ook aan het kankeronderzoek.
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