
Developmental effects of polystyrene nanoparticles in the chicken
embryo
Wang, M.

Citation
Wang, M. (2024, January 16). Developmental effects of polystyrene nanoparticles in the
chicken embryo. Retrieved from https://hdl.handle.net/1887/3704678
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3704678
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3704678


125 

 

Chapter 5. Summary, discussion and 
perspective 
 

Meiru Wang1,2,  Martina G. Vijver3, Michael K. Richardson1.* 

 

1. Institute of Biology, Leiden University, Sylvius Laboratory, Sylviusweg 72, 2333 

BE, Leiden, The Netherlands.  

2. Naturalis Biodiversity Center, Darwinweg 2, 2333 CR, Leiden, The Netherlands. 

3. Institute of Environmental Sciences, Leiden University  (CML), Van Steenis 

Building, Einsteinweg 2, 2333 CC, Leiden, The Netherlands.  

 

 

 

 

 

 

 

 

 

 

_________________________ 

Manuscript in preparation.  



126 

 

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-Guzmán 

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, I 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; Hollóczki 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 (Hollóczki 

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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