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ABSTRACT

Nanoplastics (NP) are an emerging threat to human health and there is a need to
understand their toxicity. Zebrafish (ZF) is extensively used as a toxicology model due to
its power to com-bine genetic, cellular, and whole organism endpoints. The present
review integrates results regarding polystyrene NP effects on ZF embryo development.
Study design was evaluated against NP effects. NP size, concentration, and exposure time
did not affect organism responses (mortality, development, heart rate, locomotion) or
cellular responses (gene expression, enzymes, metabolites). However, NP accumulation
depended on size. Smaller NP can reach internal organs (brain, eyes, liver, pancreas,
heart) but larger (>200 nm) accumulate mainly in gut, gills and skin. Locomotion and
heart rate were commonly affected with hypoactivity and bradycardia being more
prevalent. Effects on genetic/enzymatic/metabolic pathways were thoroughly analyzed.
Immunity genes were generally upregulated whereas oxidative stress response genes
varied. Central nervous system genes and visual related genes were generally
downregulated. Results of genetic and enzymatic analyses coincided only for some
genes/enzyme pairs. Reviewed studies provide a basis for understanding NP toxicity but
results are hard to integrate. We propose key recommendations and future directions with

regard to experimental design that may allow greater comparability across future studies.
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1. Introduction

Humans have been and are increasingly dependent on plastic products. In 2019 global
plastic production reached 370 million tones (Plastics Europe, 2020) and in the wake of
the Covid-19 pandemic this number is expected to rise due to increase use of disposable
plastic, gloves and masks (Aragaw, 2020; Prata et al., 2020). By the end of 2018, overall
plastic waste generated by humans reached 6900 MT (Letcher, 2020). This plastic reaches
oceans, soils, landfills and even the atmosphere worldwide because only about 10% of it
is recycled (Rhodes, 2018; Zhang et al., 2020b). The main categories of plastic are (in
order of amount of waste produced) polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC), polyethylene terephtalate (PET), and polyurethane
(PUR) (Letcher, 2020). Once it reaches natural landscapes, plastic is subject to
mechanical and chemical degradation processes that result in a gradual decrease in size
until micro or nanoparticles are created (Andrady, 2017). Microplastics (MP) are usually
considered to be <5 mm in size whereas the size of nanoplastics (NP) has not yet achieved
a consensus with some considering it to be < 1000 nm and others < 100 nm (Gigault et
al., 2018). Although MP have been detected in seafood, beer, and drinking water, among
others (Devriese et al., 2015; Liebezeit and Liebezeit, 2014; Mason et al., 2018), detection
of NP in food/water consumed by humans is more difficult and poses a technical
challenge due to their nano-range sizes, different chemical characteristics, and variety of
plastic types. Only a handful of studies have confirmed the presence of NP in seawater or
snow (Davranche et al., 2020; Materi¢ et al., 2020) and none so far in drinking water or
food, although recently PS and PET nanoparticles were recovered from atmospheric

samples (Xu et al., 2020).

In recent years MP and NP have been observed to be cause of toxic effects in aquatic

(Chae and An, 2017; Wang et al., 2019) and terrestrial ecosystems (de Souza Machado et
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al., 2018), with consequences ranging from disruption in metabolism, development,
fertility, and mortality of both producers (i.e. algae, plants) and animal consumers.
Humans can be exposed to NP through consumption of contaminated freshwater, marine,
and terrestrial organisms, and also through drinking water, inhalation and dermal contact
(Chang et al., 2020). Human health effects have also been recently reported (Lehner et
al., 2019) and include accumulation in lungs, gastrointestinal and skin tissues, and cellular
effects such as inflammatory responses and oxidative stress. In this context, there is an
increasing demand for studies that evaluate toxic effects of NP on model organisms.
These studies could elucidate not only genetic/molecular/metabolic responses but also
changes in development, behavior and reproduction that could increase our knowledge of

potential human toxicity mechanisms.

Zebrafish (Danio rerio) have been used for many years to study toxicological effects
of chemicals and drugs (Gibert et al., 2013; Horzmann and Freeman, 2018) due to their
ex vivo development which allows for easy xenobiotic exposure, and their high (~ 70%)
genetic homology to humans (Howe et al., 2013). Zebrafish (ZF) embryos are translucent,
have a short development time and all major body systems are formed by 72 h
postfertilization (hpf) (Kimmel et al., 1995). In addition, they can be used to study
pathways of toxicity from molecular initiating events to changes in whole organismal
behavior and reproduction, and are currently part of high throughput strategies such as
the Tox21 Program (Truong et al., 2014; Volz et al., 2015). Moreover, standard guidelines
exist to study short term toxicity, and developmental abnormalities (OECD, TG 210, 212
& 236 (OECD, 1998; 2013a; 2013b), and the use of ZF embryos (up to independent
feeding at 120 hpf) is in line with the 3 Rs principle by reducing the use of vertebrates in

biomedical research (European Parliament, 2010; Strahle et al., 2012).
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Due to this versatility, recent studies evaluating NP toxicity have mainly used ZF as
a model organism. These studies have increased significantly since 2017 and include
testing in adults, larvae, and embryos (Bhagat et al., 2020b). Polystyrene nanoplastic
(PSNP) is used as a proxy for general NP toxicity due to its importance as plastic waste
and because it is the only plastic type that is commercially available in different sizes and
fluorescent labelling. However, in spite of increasing literature, our understanding of
PSNP toxicity mechanisms and effects in ZF embryos are not clear. The main difficulties
are related to the variation in size and concentration of PSNP used in these investigations,
and also to the variety of endpoints studied. Thus, there is a need to review these results

to better understand NP effects and possible toxicity pathways.

Therefore, the main objective of the present study is to perform a systematic review
of available scientific literature in order to assess the current knowledge about organism
(mortality, development, heart rate, locomotion) effects of < 1000 nm virgin PSNP
(fluorescently dyed or not) on zebrafish embryo as a model. Our secondary objective was
to integrate results on genetic/enzymatic/metabolic pathways affected by PSNP. In
addition, the difficulties encountered due to varied study designs lead us to propose a
series of recommendations to allow for greater comparability across future studies. Our
conclusions could be incorporated into a global knowledge of adverse outcome

pathway(s) for NP in ZF that can help understand their potential human toxicity.

2. Methods

2.1 Data collection

A systematic literature review was conducted in Google Scholar
(https://scholar.google.com), Pubmed (https://pubmed.ncbi.nim.nih.gov), Science Direct

(https://www.sciencedirect.com), and Web of Science
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(https://www.webofknowledge.com), using the terms “nanoplastic OR microplastic OR
nanoparticle OR microparticle OR micro OR nano” AND “zebrafish OR zebra fish OR
Danio rerio”. In addition, references of selected articles were also studied for possible
hits. We found only 20 references that met the following requirements: 1) Studied toxic
effects of polystyrene nanoparticles < 1000 nm in zebrafish embryos; 2) were written in
English. We examined not only the articles but also their supplementary information for
NP effects/no effects. Only two additional references (Ji et al., 2020; Walpitagama et al.,
2019) were found that used other types of nanoplastics and these were kept out of the
present review. It is important to note that in order to integrate results more accurately,
the present analysis does not include works studying surface-modified NP, nor the
synergistic/antagonistic effects of NP when combined with other contaminants such as

metals or organic compounds. Articles available up to March 2021 were included.

2.2 Data analyses

The information analyzed include NP size (hnm), shape and charge; exposure route
and medium refreshment frequency; NP concentration (all units transformed to pg/ml);
total exposure time (number of hours embryos were exposed); NP characterization and
observation methods; endpoints with no toxic effects observed; and endpoints with
observed effects. In addition study design aspects such as statistical analyses used,
number of replicates, NP supplier and solvents were checked and the results can be found
in the supplementary material. For NP size, if an article cited a catalog number for the
PSNP, we have used the nominal size described by the supplier. If no catalog number is
given, we have used the size given by the authors after their characterization. Please note
that these two sometimes do not match (Pitt et al., 2018a) and in these cases, we have
used supplier specifications. When within the same study different NP

sizes/concentrations were analyzed, we considered data as separate “studies”.
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Eight main endpoints were identified: mortality (all causes), hatching, development
(malformations, total length and tail length), locomotion (hypoactivity and hyperactivity
demonstrated by changes in velocity, distance moved and/or rotation angle), heart rate,
accumulation (observation of NP particles in/around chorion and in ZF body by different
techniques), genetic (individual genes/transcripts examined by PCR and transcriptome
analysis), and enzyme/metabolic (individual enzymes/metabolites and metabolome

analysis).

Potential general PSNP effects were evaluated by calculating the correlation of
particle size, concentration, and exposure time with % positive effects per study. Percent
positive effects was calculated numbering total endpoints studied and calculating the
proportion of endpoints with positive effects. Mortality, hatching, development, heart rate
and locomotion were counted each as one endpoint. Each gene transcript and/or each
enzyme or metabolite studied on its own was counted as one endpoint, whereas if whole

transcriptome and/or metabolome was studied, effects were counted as one endpoint.

In addition, the different observed endpoints have been analyzed for
positive/negative effects taking concentration and NP size into consideration. We counted
the number of studies in which each one was analyzed and calculated percent of studies
in which endpoints were tested/not tested and observed/not observed. Effects on
locomotion and cardiac toxicity have been studied separately to analyze
hyperactivity/hypoactivity or tachycardia/bradycardia depending on NP size and
concentration. NP accumulation was studied separately by analyzing organ localization
depending on NP size and concentration, and by calculating percent of studies in which

NP build-up was observed in each of the 14 organs cited by references studied.

2.3 Gene and enzyme/metabolic analyses
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Genetic and enzyme/metabolite endpoints were analyzed by scanning and integrating
results of articles considering similar gene transcripts, enzymes or metabolites. In our
analysis, only gene transcripts and enzymes or metabolites that were analyzed
individually and quantitatively were included. Affected genes enzymes or metabolites
that were found by whole transcriptome/metabolome analyses were not included because
they were not validated, i.e. qRT-PCR, protein expression levels, etc. The gene list was
inputted into the Reactome analysis tool (https://reactome.org) to find pathways in which
these genes are involved. On the other hand, metabolites were analyzed by inputting them
into the String analysis tool (https://string-db.org). These analyses have been summarized
in table format with counts of number of articles observing upregulation/downregulation
or no effect of each gene transcript/metabolite. Percent alterations depicted in color codes

were obtained by applying the following formula:

nU*(%nU) — nD*(%nD)

where nU/nD: number of articles in which gene/enzyme/metabolite was observed to be
upregulated/downregulated; %nU/%nD: percent of articles with
upregulation/downregulation with respect to total number of articles that studied this
gene/enzyme/metabolite. This formula ensures more weight is given if more articles

showed up/downregulation.

3. Results

A total of 20 articles dating from 2017 - 2021 were found that studied the effects of
polystyrene nanoplastics < 1000 nm on zebrafish embryos. These articles have been
subdivided into 50 studies (one study = one concentration/size combination; Table 1).
Table 2 summarizes the principal aspects of these references and main effects found and

the supplementary information includes a version with more detailed information on
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study design (Table A.1). Articles in Table 2 have been ordered first by type of exposure,
waterborne or injection, and second by size of particles used, from smaller to larger. Most
authors exposed embryos through the medium (embryo water) but two (Brun et al., 2018;
Zhang et al., 2020a) studied injection exposure as well. Therefore, their results have been
considered as two separate works in the analyses. In addition, two articles studied only
injection exposure (S6kmen et al., 2020; Veneman et al., 2017) and one studied maternal
exposure (Pitt et al., 2018b). In general, studies varied greatly in their design and results

observed, however some patterns were identified.

3.1 Study design

Polystyrene nanoparticles used by all studies were commercially available through
different laboratory suppliers but the most common were ThermoFisher Scientific Co.
(US) and Bangs Laboratories Inc. (US) (Table A.1). Most NP were negatively charged
(Parenti et al., 2019) and all were spherical but size was quite varied, with particles
ranging from 20 — 700 nm, although the preferred size was between 40 and 50 nm (Table
2 and Fig. 1a). A confusing aspect of NP size was found in many articles because a
common commercial supplier cites different sizes for the same particle. For example,
their NP PS02002 and FSDGO001 have nominal diameters of 50 nm but mean diameters
of 40 nm. Since studies cite either one or both in their work, and to avoid confusion, we

have counted these as having 40 nm in size.

In the majority of cases fluorescently dyed NP were used, with red and green
fluorophores being equally common (Table 2). Regarding their composition, NP stock
solutions generally contained 0.1% of some type of surfactant and 0.05 — 0.09% of sodium
azide as a preservative. NP working solutions were achieved by diluting stock solutions
in different types of embryo culture water (Table A.1). The presence of additives was not

always mentioned and they were usually not removed or controlled for. NP were
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characterized by 90% of studies (Fig. 1c), mainly by DLS (dynamic light scattering,
measuring NP size, and charge: z potential), and followed by electron microscopy for
confirmation of size, size range, shape and agglomeration patterns. Usually size coincided
with vendor specifications and particles showed low agglomeration (Table A.1). Three
articles (Trevisan et al., 2020; Trevisan et al., 2019; Zhao et al., 2020) used vibrational
spectroscopy (FTIR or RAMAN) to confirm polystyrene composition of NP. No study
measured real exposure concentration in medium and only one (Chen et al., 2017)
measured PSNP percent recovery from larvae after exposure and found it to be between

75 —120%.

Concentrations of PSNP used in waterborne assays varied by 5 orders of magnitude
(0.001 — 200 pg/ml) but the most frequent were 1 and 10 pug/ml (Table 2 and Fig. 1b).
About half the studies used only one concentration and the other half compared effects
between 2 — 4 concentrations. On the other hand, injection studies varied between 0.01 to
5 ng PSNP injected per embryo (Table 1). The studies also differed in exposure duration,
ranging from 12 — 162 hours (Table 1, Fig. 1d), and experiment starting time point (Table
2). However, around half the studies defined exposure windows between a few hours post
fertilization to 96 — 120 hpf (Fig. 1d) but they depended on endpoints studied (Table 2).
In waterborne experiments lasting for more than 24 h, medium renewal (MR) was
prevalent in 60% of the cases and it was usually done every 24 h although one study did

it every 48 h (Table 2).

3.2 Study results

There was a high variability in number of endpoints analyzed by different studies,
ranging from 2 (Lee et al. 2019) up to 18 (Brun et al. 2018) (Table A.2). Percent of
significant effects varied from 0 — 100%. Surprisingly, no correlation with particle size

or exposure time was found (Fig. 2a,b). A significant correlation with concentration was
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only found if the highest exposure concentration (200 pg/ml) was included in the analysis
(Fig. 2c). Since this concentration is unlikely to be found in nature (Gallego-Urrea et al.,
2010; Lenz etal., 2016), a more realistic analysis was performed and found no correlation

for the 0.001 — 20 pg/ml range (Fig. 2d).

This was confirmed when looking at individual studies that exposed embryos to
different size NP (Pedersen et al., 2020; VVan Pomeren et al., 2017; Zhang and Goss, 2020)
and found little difference or contradictory results in the majority of endpoints (Table 2).
For example, Zhang and Goss (2020) tested LCso with two different sizes and found a
lower LCso for smaller NP (25 nm) than larger NP (100 nm). However, most endpoints
were unaffected with both types of NP sizes. In addition, when studying gene expression,
Pedersen et al. (Pedersen et al., 2020) found larger NP (200 nm NP) affected gene
expression in much greater numbers than smaller NP (50 nm). Studies using one size NP,
but more than one concentration, in the range of 0.001 to 10 pg/ml for different assays
(Huetal., 2020; Liu et al., 2021a; Pitt et al., 2018a; Zhang et al., 2020a), generally showed
no difference in their results, except for accumulation/fluorescence which was increased
with more concentration (Table 2). Nevertheless, when using a relatively high
concentration of 200 pg/ml, Zhao et al. (2020) observed decrease hatching and body
length (but no heart rate effects), compared with lower concentrations. No study tested

the effect of exposure time as a variable for the same endpoints.

In general, the most common endpoints studied were mortality, development, NP
accumulation, and hatching, followed by metabolites and gene expression. Heart rate and

locomotion were the least studied (Fig. 3, Table A.3, Fig. A.1).

3.2.1 Mortality, hatching and development

11
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Mortality and hatching were generally not affected by PSNP when ZF embryos were
exposed to 0.0001 — 100 pg/ml. Mortality was the most frequent analyzed endpoint (82%
of studies) but only one study (S6kmen et al., 2020) found that NP decreased embryo
survival by 17% through the injection of 0.81 ng of 25 nm NP (Fig. 3a and Table 2). Only
two studies (Brun et al., 2019; Zhang and Goss, 2020) calculated NP LCso and found 50%
ZF mortality at 75 pg/ml (25 nm NP) and 52 pg/ml (20 nm NP). However, Lee et
al.(2009) found no effect on ZF survival at 100 pg/ml of 50 nm NP, and Duan et al. (2020)
found no increase in mortality in ZF exposed to 100 nm NP at 200 pg/ml. No study
calculated lowest observed adverse effect level (LOAEL) or no observed adverse effect
level (NOAEL). When analyzed, hatching was found to be affected in only three of 32
studies (Fig. 3b, Table A.3). Two of them had a high 200 pug/ml waterborne concentration
of 100 nm NP (Zhao et al. 2020 and Duan et al., 2020), and another with 0.81 ng of 25
nm NP injected (Sokmen et al., 2020). However, hatching was not affected with 2.6 ng

of 42 nm NP injected per embryo (Zhang et al., 2020a).

On the other hand, ZF embryos exposed to PSNP sometimes exhibited increased
rates of malformations. Development was studied in 78% of studies and 15.4% observed
effects although without relation to concentration or particle size (Fig. 3c, Fig. Al, Table
A.3). Of these, four were waterborne experiments (Brun et al., 2019; Chen et al., 2017,
Zhang et al., 2020a), one an injection study (Sokmen et al., 2020) and one a
transgenerational study (Pitt et al., 2018b) (Fig. 3c, Table A.3, Table 2). Brun et al. 2019
(20 pg/ml; 25 nm) and Pitt et al. 2018b (maternal transfer) found a decrease in swim
bladder inflation rates with ZF exposure to NP although no difference was observed in
bladder length/area in the first one (Table 2). Zhang et al. 2020a (0.5 pg/ml; 40 nm), and
Chenetal. 2017 (1 pg/ml; 50 nm), observed higher rates of bent tail and decrease in body

length respectively, but no difference in other abnormalities were found. In addition, an

12
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injection study of 25 nm NP (0.81 ng/embryo) (S6kmen et al., 2020) showed the highest
malformation rates, with problems in body axis, tail, yolk sac and pericardium. However,
other studies with similar NP size/concentrations/exposure times did not observe any

developmental effects (Fig. 3c, Table A.3).

3.2.2 Locomotion and heart rate

PSNP had deleterious effects on locomotion and heart rate although not always in
the same manner (Figs. 3d,e and Fig. 4). ZF locomotion (distance travelled, velocity,
rotation) and heart rate were studied in 46 and 34% of studies respectively and effects of
NP exposure on both endpoints were similarly prevalent as ~ 50% of articles studying
them found effects (Fig. 3d,e, Table A.3, Fig. A.1l). Locomotion was studied with
alternating light and dark periods and in general, affection occurred in the latter. In some
studies, exposed larvae exhibited hyperactivity (13%) but in the majority (39%)
locomotion was decreased (Fig. 4b, Table A.4, Fig. A.2). No clear trend in terms of NP
size, concentration and/or exposure time was observed between works that observed both
types of affected activity (Fig. 3d, Fig. 4b). Studies that observed ZF heart rate alterations
observed tachycardia (6%) and bradycardia (41%) (Fig. 4a, Table A.4, Fig. A.2). In
addition one study (Duan et al., 2020) detected both effects depending on exposure time
(increased heart rate at 24 h and decreased at 48 h; Table 2). Moreover, 47% of studies
did not observe any alterations with NP exposure and no relationship with NP size,
concentration and/or exposure time was observed between articles that studied this

endpoint (Fig. 3e and Table A.4).

3.2.3 Accumulation of NP

Generally, ZF embryos studied for NP accumulation exhibited a buildup of these

particles in their bodies dependent on NP concentration. In addition, organ localization
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sometimes depended on size. Fig. 3f shows that many studies (72%, Table A.3)
considered PSNP accumulation and most of them (34 of 36) observed this effect, both in
water exposed and injected embryos. There were three observation techniques used by
researchers and the most common one was using fluorescently labeled NP and observing
embryos under an optic microscope (75%), followed by electron microscopy of embryo
sections (15%) and confocal microscopy (5%) (Table A.5). In most cases, whole
embryo/larvae mounts were observed and all internal body parts were visible. The organs
with more frequent NP accumulation were the gut (78%), yolk (67%) and brain (47%)
whereas the least frequent were muscle and fascicle (3% each) (Fig. 5, Fig. A.3). There
was no clear relation between NP size/exposure time and accumulation in specific organs
when ZF were waterborne exposed to NP particles between 20 - 200 nm (Fig. 5, Table
2). However, articles that studied ZF exposed to larger size NP (> 200 nm) observed
greater accumulation in gut, gills and skin than in embryo internal organs (Parenti et al.,
2019; Van Pomeren et al., 2017) (Fig. 5). Injection/maternal exposure studies showed
similar results for smaller particles but Veneman et al. (2017) observed 700 nm NP in
gut, heart and blood vessels. In addition, Lee et al. (2019), using both fluorescence and
electron microscopy, detected NP size differences in accumulation with fluorescent
intensity being higher with 50 and 200 nm than 500 nm particles. In addition, they

observed 50 nm NP in subcellular organelles such as mitochondria (Table 2).

In general, waterborne studies that considered accumulation with more than one
concentration, observed a direct relationship between particles accumulated (i.e.
fluorescence intensity) and concentration, in addition to greater number of organs affected
(Hu et al., 2020; Pedersen et al., 2020; Pitt et al., 2018a; Fig. 5). However, the number of
organs affected varied in different studies possibly due to differences in manipulation

and/or technical equipment. In addition, within each study the maximum number of
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affected organs was achieved between 0.5-1 pg/ml. In the case of the only injection study
that used many concentrations (Zhang et al. 2020a), no differences were observed but
their concentrations were in the same order of magnitude vs. waterborne studies that used
up to 4 orders of magnitude (Table 1). Moreover, if particles were observed in the
embryo’s gut, there was a greater possibility of encountering them in adjacent organs such
as liver, gall bladder, and pancreas (Fig. 5). On the other hand, when NP were observed
in the brain, they were always observed in the yolk and/or gut as well (but not vice versa),

whereas there was only a 50% chance of encountering them also in the eyes (Fig. 5).

3.2.4 Genetic, Enzyme and Metabolite changes

Genetic and enzymatic/metabolic changes due to NP exposure were considered in 42
and 34% of studies respectively and most encountered effects, irrespective of NP
size/concentration (Fig. 3g, h; Table A.3, Fig. A.1). In order to unify putative molecular
NP targets observed in different studies, we analyzed all specifically validated
genes/enzymes/metabolites (see Methods section) and some interesting patterns were
identified. We found 37 gene transcripts that were studied individually by authors, some
of them only once and others in different research articles (Fig.6; information about gene
names/functions can be found in Table A.6). In general, immunity and stress response
related genes were the most studied. In the first category, the majority of genes (i.e.
cytokines ccl20a, ifn-y, il1-f) were observed to be upregulated. On the other hand, some
oxidative stress response genes (i.e. gstp, gpx) were observed to be upregulated whereas
others (i.e. gr, sod2) were downregulated in most studies. Central nervous system (CNS)
genes (i.e. slc6a4, syn2-a, mbp) and visual related genes (i.e. opsins opnlmw1, opnllw2)
were downregulated in general. In addition, carbohydrate metabolism was also affected
with some genes being upregulated (pckl, gépca) and some downregulated (ldha, fgf21).

Furthermore, three works have studied whole embryo transcriptome (Hu et al., 2020; Liu
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et al., 2021a; Pedersen et al., 2020). Interestingly, Liu et al. (2021) found upregulation of
genes related to antioxidant enzymes and affected genes in CNS and retinal development.
Pedersen et al. (2020) also found downregulation of neural development genes and
differentially expressed genes (some up and some downregulated) in carbohydrate
metabolism. On the other hand, Hu et al. (2020) found the MAPK signaling pathway to
be the most affected but they also observed differential expression of carbohydrate

metabolism genes.

We found 16 articles that considered enzyme and metabolite responses to NP
exposure, and most markers studied were responses to oxidative stress (Fig. 7;
information about names/functions can be found in Table A.7). ROS were found to
increase as a result of NP exposure in three studies whereas they were observed to
decrease or not be affected in two other studies. On the other hand, some oxidative stress
response enzymes/metabolites (i.e. CAT, GPx, GST, EROD, P-gp) were observed to be
unaffected whereas others (i.e. GR, COX, GSH, Thiol) were downregulated.
Interestingly, some authors studied oxidative stress enzymes whose gene transcripts had
also been studied by other works. In some cases, results of both types of analyses
coincided (no effect of NP on catalase and glutathione-s-transferase activities,
downregulation of glutathione reductase) but in others results were contradictory
(superoxide dismutase and glutathione peroxidase). CNS function enzymes/metabolites
were rarely studied but one article found acetylcholinesterase (AchE) to be upregulated.
No articles studied NP effects on neurotransmitters. Energy metabolism-related NADH
was found to be downregulated by one study (Trevisan et al., 2019) (44 nm NP, 10 pg/ml)
and upregulated in another (Trevisan et al., 2020) (44 nm NP, 1 pg/ml). In addition,
mitochondrial ATP-linked oxygen consumption rate decreased only in the first one. Only

Duan et al. (2020) studied effects of NP on metabolome, and found that metabolism of

16



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

essential unsaturated fatty acids (i.e. linoleic acid), and amino acids (i.e. alanine,

aspartate, and glutamate) were the most affected.

4. Discussion

The study of nanoplastics toxicology is an emerging public health challenge. In this
regard, the zebrafish model is a very promising in vivo tool as molecular and metabolic
endpoints can be combined with whole organism effects such as development, heart rate,
and behavior (Dooley and Zon, 2000). In addition, ZF have a great genetic homology to
humans and thus results obtained from this model can be easily extrapolated (Howe et al.,
2013). In the last 3-4 years, research examining toxic effects of NP in ZF embryos has
increased significantly (Bhagat et al., 2020b). However, this field is just beginning and
therefore it is important to establish common study parameters that help future
investigators plan their experiments, harmonize criteria, and apply controls for possible
confounding factors. In addition, up to date results need to be integrated in order to move
forward in the direction of possible NP pathways of toxicity. The present review aims at
achieving these goals by presenting results regarding the most relevant aspects of study
design. In addition, we have analyzed thoroughly all the possible PSNP toxic effects,
taking into consideration not only whole organism responses, but also genes, enzymes

and metabolites that are differentially affected.

4.1 Study design considerations

The study of NP toxic effects in zebrafish embryos and other aquatic (Kdgel et al.,
2020; Shen et al., 2019) and terrestrial organisms (Lian et al., 2020), as well as in
mammalian and cell models (Yong et al., 2020), has been achieved mainly by using
commercially available polystyrene NP. Even though spherical engineered NP are not the

same as irregularly shaped NP produced naturally in the environment (Li et al., 2020),
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they provide a good model in which properties such as size and charge are controlled.
However, these commercial NP often contain sodium azide as a preservative and
surfactants (i.e. SDS) which can add toxicity (Heinlaan et al., 2020; Zhang and Goss,
2020) and are rarely controlled for. In addition, commercial PSNP are sometimes
bounded with fluorophore molecules for their detection in accumulation studies but
frequently these fluorescent NP are also used in toxicological analyses (Table 2). The
toxicity of fluorophores was not considered in any of the articles we found but other
studies have confirmed their leakage (Catarino et al., 2019) and toxicity (Alford et al.,
2009), although not in ZF nor for the exact dyes. These important confounding factors

should be controlled for.

NP characterization is important but was not always considered (Fig. 1c, Table A.1).
NP size confirmation by DLS and, if possible, also by electron microscopy is relevant in
order to confirm distributors’ shape, size, and analyze aggregation patterns in embryo
medium used. Charge has been observed to affect toxicity, with cationic NP generally
having greater deleterial effects than anionic NP (Bhattacharjee et al., 2014; Jeon et al.,
2018; Ruenraroengsak and Tetley, 2015; Xia et al.,, 2008). Therefore, NP charge
characterization (i.e. z potential) is relevant, especially if non-commercial and
uncharacterized NP toxicity is tested. Spectroscopic techniques such as FTIR or RAMAN
have been used by some studies in order to confirm chemical characteristics of NP (Fig.
1c). These techniques, and others such as chromatography and mass spectrometry, will
become more relevant when testing toxicity of naturally occurring NP for which identity
and chemical composition need to be characterized (Jiménez-Lamana et al., 2020; Li et

al., 2020).

Most reviewed articles used waterborne concentrations ranging from 0.01 to 10

png/ml and different size NP (most ~ 40 - 50 nm), but in the majority of cases, these sizes
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and concentrations caused similar effects except for accumulation (Table 2, Fig. 3, Fig.
5). However, sometimes concentrations > 50 pug/ml caused mortality and higher rates of
sublethal effects (Brun et al., 2019; Duan et al., 2020; Zhang and Goss, 2020). Based on
the classical toxicology principle that the dose makes the poison (Frank and Ottoboni,
2011), measurement of environmental NP concentrations is key. Unfortunately, due to
technical difficulties, there is a lack of information on real-world NP concentrations, size
ranges, and composition (Gaylarde et al., 2020). Some studies (Liu et al., 2020; Qu et al.,
2019) testing NP toxicity in model organisms use predicted NP concentrations ranging
from 0.0001 — 0.001 pg/ml based on Lenz et al. (2016). However, we believe this is not
realistic since this estimation was calculated by extrapolation, using data on microplastic
concentrations, whereas NP concentration has been estimated to be up to 10%* higher
(Besseling et al., 2019). We found only one study (Gallego-Urrea et al., 2010) that
measured NP particles of 100 — 250 nm, in Scandinavian waters, counting a maximum of
10° particles/ml. This would account for approximately 0.55 — 8.6 pg/ml, using
conversion factors of 1.8 x 10™ and 1.2 x 10'* beads/g for commercially available 100
nm and 250 nm PSNP respectively (Bangs Laboratories I. Ecuations Technote 206,
Indiana, US, 2018). These inferred values could be used (with caution) as reference for
more realistic exposure concentrations. Unfortunately, no study measured actual PSNP
concentrations in embryo water. This issue is relevant because of possible interactions
with culture plates and/or exposure medium components. Therefore, it is important to
measure actual NP concentration during studies or, if this is not possible, all available
precautions should be taken to avoid a decrease in exposure concentration that would
reduce study reliability (Moermond et al., 2016). Thus, medium renewal every 24 h is

recommended, as performed by many of the reviewed articles (Table 2).
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Number of replicates used and experiment repetition varied greatly (Table A.1). In
some cases, low number of embryos tested and/or large standard deviations made
potentially significant NP effects appear as non-statistically significant (Chen et al., 2017;
Parenti et al., 2019). In addition, care should be taken when repeating experiments several
times with different ZF embryo cohorts as this population effect has been found to be
important (Pitt et al., 2018a). Taking this into consideration, future studies should make
an effort to calculate a priori minimal number of replicates needed, bearing in mind
standard deviation of studied variables, effect size desired, and type | and type Il errors
established (Sokal and Rohlf, 1995). Moreover, the linearity or non-linearity of variables
(i.e. fluorescence intensity is non-linear) should be taken into consideration, transforming
variables appropriately, and making this information available in published articles. Only
some of the presently reviewed articles mentioned variable transformation and/or use of
non-parametric tests to analyze non-normally distributed variables (Brun et al., 2018;
Chen et al., 2017; Parenti et al., 2019; Pedersen et al., 2020; Pitt et al., 2018a; Pitt et al.,
2018b; Trevisan et al., 2020; Trevisan et al., 2019; Zhang and Goss, 2020) (Table A.1).

These are important issues to consider so potential NP effects are not obscured.

4.1 NP effects

It was surprising to observe that differences in NP size had little effect on toxicity
endpoints. However, this conclusion should be considered within the scope of this review,
which only covered PSNP up to 1000 nm, with most studies testing toxicity endpoints
using NP from 20 — 100 nm (Fig. 2a). When larger MP are compared to NP, size has been
shown to affect toxicity in some cases by changing the magnitude of effects and/or
endpoints affected. Only Duan et al. (2020) and Zhao et al. (2020) compared MP and NP
effects on embryo development. Duan et al. (2020) observed that 100 nm NP inhibited

ZF embryo hatching three times more than 160 um MP. In contrast, Zhao et al. (2020)
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found similar effects of 65 nm NP and 20 um MP on thyroid function. Studies in adult
ZF show size dependent effects (Gu et al., 2020) or similar effects when comparing NP
to MP. For example, Lu et al. (2016) found similar liver toxicity when comparing 70 nm
NP to 2 um MP but larger gene expression effects of 200 nm NP vs. 20 - 90 um MP (Lu
etal., 2018). On the other hand, it is clear from data reported in this review as well as data
on in vitro experiments (Walczak et al., 2015), that accumulation patterns differ
depending on NP size, with ~200 nm being the limit for overcoming the chorion barrier
(Lee et al., 2019). Nevertheless, other important barriers, such as the blood brain barrier:
1 nm (Jain, 2012), and nuclear pores: ~100 nm (Knockenhauer and Schwartz, 2016) have

to be considered as well.

Regarding NP concentration, there is evidence that in ZF embryos it is directly
related to accumulation (Hu et al., 2020; Pedersen et al., 2020; Pitt et al., 2018a), as has
also been observed for in vitro systems (Shin et al., 2020). Particles can enter the
embryo/larvae through the skin, gut and gills but the intestinal tract seems to be the most
frequent mode of entrance, in some cases preceded by or together with yolk accumulation
(Fig. 5). Particles of smaller size (< 200 nm) reach sensitive areas such as the brain/eyes
or even subcellular organelles such as mitochondria, whereas larger particles stay in the
gut, gills and skin. NP that enter into the gut can either move into adjacent organs such as
liver/pancreas or travel through the blood stream (Geiser et al., 2005) to the brain and in
some cases also to the eyes (Fig. 5). However, mortality or development was generally
not affected by this accumulation (Table 2), and 4 weeks were enough for NP total
elimination (Zhang et al., 2020a). Different mechanisms of entrance into cells have been
observed in in vitro studies including phagocytosis, pinocytosis, and/or passive transport,
depending on NP size (Kik et al., 2020; Sendra et al., 2021). In order to understand

accumulation patterns and organ distribution, all these mechanisms should be considered.
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In addition, the possibility of active membrane NP transporters, especially for crossing
the blood brain barrier (Grabrucker et al., 2016) should not be ruled out. Moreover, when
studying natural NP other factors such as shape and charge should be taken into account

as they also affect accumulation (Jeon et al., 2018).

NP accumulation usually causes deleterious effects in zebrafish embryos (Table 2).
Even though mortality was not generally observed, high NP doses (~ 50 — 200 pg/ml) did
cause decrease embryo survival (Brun et al., 2019; Duan et al., 2020; Zhang and Goss,
2020). These doses, however, will probably not be encountered in the environment, as
predicted by the few studies that address this issue (Gallego-Urrea et al., 2010), but they
are nevertheless relevant to understand. Developmental effects were observed in about
30% of studies (NP 25 — 50 nm) addressing this. The most common alterations were in
swim bladder, body size and tail shape which would alter organism fitness in the
environment. However, aside from studies in ZF embryos, very few studies have
addressed early developmental exposure of NP in other vertebrates such as mammals
(except for Luo et al., 2019) and therefore the mechanisms by which NP may act as

teratogens are not clear.

Alterations in locomotive activity of ZF embryos are used to study potential
neurological effects of toxicants (Orger and de Polavieja, 2017; Selderslaghs et al., 2010).
Fig. 4b shows that in ZF embryos PSNP has the capacity of being neurotoxic, altering
locomotion in the majority of cases. However, it was surprising to find both hyperactivity
and hypoactivity with no clear correlation to NP size/concentration or other parameters.
Possible explanations for hyperactivity are alterations in carbohydrate metabolism
(glucose could correct this effect: Brun et al., 2019) and cortisol metabolism (Faught and
Vijayan, 2021), but also dysregulation of neuromotor control pathways (Pedersen et al.,

2020). Hypoactivity was the most common locomotion effect but there is no clear
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explanation for it. Authors have proposed different reasons such as oxidative stress and
reduced acetylcholinesterase activity (Chen et al., 2017; Hu et al., 2020), metabolic
effects and brain NP accumulation (Pitt et al., 2018a), as well as transcriptomic changes
in visual and neural functions (Liu et al., 2021a). Although not observed in all studies,
there is enough evidence so far to propose an alteration in locomotion because of PSNP
exposure in ZF embryos. Moreover, experiments with PSNP-exposed ZF adults have also
detected changes in complex behaviors such as shoaling, aggressiveness, predator
avoidance, and feeding time (Mattsson et al., 2017; Sarasamma et al., 2020). However,
none of the reviewed embryo exposure studies continues to the adult stage and therefore
examined only distance or velocity in light and dark periods at 96 — 120 hpf (Table 2).
While this is a very good neurobehavioral screening tool, other aspects of behavior and
motor reflexes could also be evaluated by studying embryo startle or phototaxis
responses, or studying effects on complex behaviors enhanced by chronic exposure. This
should also be combined with observation techniques of NP localization in different
neuronal cell types, and genetic/metabolic endpoints related to neurological development
and function that can relate to human neurotoxicity (d’Amora and Giordani, 2018; Parng
et al., 2007). In addition, it is important to consider certain experimental parameters that
can alter ZF locomotion response to toxic substances, such as larvae age, plate size, and
acclimation time prior to observations (MacPhail et al., 2009; Ogungbemi et al., 2019;

Padilla et al., 2011).

Heart rate alterations were observed in over half of articles studying it but no
correlation was found with particle size/concentration or exposure time. Bradycardia was
the most common heart rate problem but tachycardia was also observed (Fig. 4a). A
possible explanation for heart rate problems is pericardium NP accumulation, leading to

interaction of particles with sarcomeres (Pitt et al., 2018a). However, a decreased heart

23



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

rate was observed by some authors (Duan et al., 2020; Hu et al., 2020; Pitt et al., 2018Db)
even though no accumulation in the heart area was noted. Activation of inflammatory
pathways and generation of ROS have been observed to cause heart problems related to
environmental toxicants (Simkhovich et al., 2008). Moreover, ZF cardiotoxicity has been
linked to human cardiac effects (Milan et al., 2003; Park et al., 2013). Therefore, despite
limited evidence, potential NP cardiotoxic effects should be considered, especially after
long term exposure. Observation techniques should be used to study possible NP
localization in cardiac cells/blood vessels in combination with analysis of
genetic/metabolic endpoints related to cardiotoxicity. In addition, careful control of
exposure medium oxygen content and temperature, as well as anesthetic (i.e. tricaine)
concentration is recommended as these factors have been shown to alter ZF embryo heart

rhythm (Barrionuevo and Burggren, 1999; Craig et al., 2006; Duan et al., 2020).

The study of gene expression, protein translation/function, and metabolite alterations
are used in toxicology to evaluate molecular initiating and key events that lead to toxicity
pathways and whole organism effects (Krewski et al., 2020). We found three works
studying whole embryo transcriptome and one the metabolome of embryos exposed to
PSNP. However, no studies so far have dealt with proteome alterations in ZF or in vitro
studies (but see Liu et al., 2021b for alterations in Daphnia). Although these high content
analyses are a good first approximation to unravel toxicity mechanisms, the validation
(confirmation that altered gene expression relates to altered protein function) of specific
transcripts/proteins/metabolites of putative altered pathways is also necessary (Krewski
et al., 2020) since results from different studies varied (Table 2). Interestingly, our
analysis of specific altered gene transcripts/enzymes/metabolites has revealed some
important coincidences in the reviewed studies (Figs. 6-7). Specifically, we observed that

PSNP can alter genes related to immunity, oxidative stress response, carbohydrate
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metabolism, CNS function, and visual system (Fig. 6). Remarkably, this corresponds
generally with altered pathways observed in whole transcriptome analyses. However, the
metabolome study did not coincide with this finding, as the essential fatty acid pathway
was the most affected (Duan et al., 2020). Moreover, our examination has revealed that
in some cases, gene transcripts results are similar to results of works that study the
enzymes they encode for, especially in the oxidative stress pathway (Figs. 6-7). However,
in other cases effects were contradictory or not studied. Therefore, it is important to
validate genetic transcription alterations by studying protein translation/function because
altered gene expression does not always translate into protein malfunction/disease (Liu et
al., 2016). In addition, there is now ample evidence that mRNA translation is conditioned
by the presence of mMiRNAs (Gebert and MacRae, 2019) and IncRNA (Zhang et al., 2019).
The effect of NP on miRNA/IncRNA expression and regulation could be a promising area

for future research.

Even though much work remains to be done, our integrated analysis of NP effects on
ZF embryos, together with genetic analyses in adult ZF (Gu et al., 2020; Umamaheswari
et al., 2020) and other in vivo and in vitro systems (Jeong and Choi, 2019; Prst et al.,
2020; Rubio et al., 2020) reveal a possible PSNP toxicity pathway. This would start with
particles entering the cell through different processes (some known, some unknown, see
above), accumulating in lysosomes (Brandts et al., 2020) and causing oxidative stress and
immune responses that generate inflammation (Figs. 6-7). Further intrusion of NP into
organelles such as mitochondria is possibly the reason for observed alterations in
energy/carbohydrate metabolism (Trevisan et al., 2020; Trevisan et al., 2019). The
localization and accumulation of NP in different organs such as heart, brain, liver, etc.
(Fig. 5) could be responsible for specific behavioral-neurological/cardiac/lipid-

metabolism alterations and this organ specific accumulation would depend on NP size,
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concentration, exposure time, and other unknown biokinetic mechanisms. This last
conclusion is based on results of NP accumulation in different organs independently of
other factors studied (Tables 1 and Fig. 5). The main NP exposure routes would be
maternal/waterborne for embryos (Table 2), gastric/gills for adults (Lu et al., 2018;
Skjolding et al., 2017), and the intestinal tract could also be affected (and its microbiome)
by NP (Gu et al., 2020). However, other routes such as inhalation (terrestrial organisms)
or dermal and their effects on lungs and skin should not be ruled out (Chang et al., 2020).
Other affected organs could be the thyroid (Zhao et al., 2020; Zuo et al., 2020) and gonads
(Pitt et al., 2018b; Sarasamma et al., 2020) and thus NP could behave as endocrine
disruptors as well. Although endocrine disruption pathways have not been observed to be
altered in transcriptome analyses in ZF, it has been observed in rats (Amereh et al., 2020;
Amereh et al., 2019). Genotoxic and developmental effects are also possible (Poma et al.,
2019; Sokmen et al., 2020) although works regarding this issue are scarce (Rubio et al.,

2020) and our analysis shows that data on ZF embryo development is contradictory.

Although not reviewed in this article, future studies should also consider toxicity of
other common plastic types (Ji et al., 2020; Karami et al., 2017), including bioplastics (de
Oliveira et al., 2020; Zimmermann et al., 2020), environmentally produced NP (Fadare
et al., 2020; Natarajan et al., 2020), and the interaction of NP with other toxics present in
the environment (Bhagat et al., 2020a). Other plastics such as PET or PVC have rarely
been studied up to date because of less commercial availability in different sizes, and
fluorescently labelled, as PSNP. However, laboratory made NP could provide with a

partial solution to this problem (Ji et al., 2020).

Our analysis has focused on PSNP toxic effects on ZF embryos as a model for
potential human toxicity. The revised works have studied different endpoints, dealing

with cellular responses (oxidation pathway or gene expression alterations), organ
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responses (heart rate) and organism responses (lethality, development, locomotion).
However, very little information exists on NP biokinetics such as uptake, biodistribution,
bioaccumulation, and excretion mechanisms. Since accumulation in different organs
seems to be important to elucidate NP toxicity, it is essential to consider questions such
as how/how much/how fast NP enters the brain or other organs and how/how much/how
fast it is eliminated. Of course, this will all depend on NP type, size, and concentration
and in this regard, it is of the upmost importance to evaluate NP concentrations in
different environmental compartments. A blind combination of tests will not lead us to
elucidate mechanisms of NP toxicity. Studies need to be better designed and combine the
use of in vivo tools such as the zebrafish model with in vitro studies using human cells
and in silico pharmacokinetic modeling in order to predict relevant NP human blood or

tissue concentrations that could trigger toxicity pathways.

5. Conclusions

This review has summarized information on the toxicological effects of round PSNP
to developing ZF embryos as a model of potential health risks to humans. We have found
important methodological issues that can potentially affect result validation and/or

interpretation. Therefore, we have the following recommendations:

» Design experiment carefully to evaluate number of replicates needed for each
variable studied and consider cohorts.

+ Design experiments with an adverse outcome pathway perspective.

» Auvoid or at least control for the use of NP additives and fluorophores in toxicity
assays.

* NP size and charge should be characterized using DLS and electron microscopy if

possible.
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« Environmental relevant concentrations should be used. Until we know better,
around 0.55 — 8.6 pg/ml or 109 particles/ml.

+ Test actual NP concentration and/or refresh medium every 24 h to maintain stable
NP concentration.

» To evaluate organ/cellular localization, study accumulation by both fluorescence
and electron microscopy if possible.

» Locomotion studies should include startle/phototaxis responses and complex
behaviors when possible.

« Carefully control for oxygen and temperature when studying heart rate.

+ Transcriptome/proteome/metabolome studies should be validated.

Some of these recommendations are general for any experimental bioassay design,
and in these type of studies, we consider of key importance since they will lead to
maximize study homogeneity and make results of ZF studies and in vitro studies more
comparable. Results up to date show NP pose a threat for different organs through
mechanisms of oxidative stress that trigger the immune system and through specific organ
effects such as neurotoxicity, cardiotoxicity and energy metabolism disorders. However,
there are many gaps in our knowledge and many questions remain unanswered, especially
regarding areas less studied such as mechanisms of accumulation in different organs,
metabolism and excretion, and NP effects on genotoxicity, teratogenesis or endocrine
disruption. Furthermore, additional research is needed to evaluate toxicity of other
types/shapes of NP and environmental NP both alone or in combination with other
pollutants. We are confident that the ZF model is a robust instrument that integrates both

molecular and cellular effects with whole organism responses, but future studies should
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also combine this tool with human-derived cell cultures to accurately predict human

toxicity of nanoplastics.
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Appendix A. Supplementary data

The following are available online at xxx: Table A.1: Complementary information
about reviewed articles; Table A.2: Number of endpoints studied by each article used to
calculate % effects; Table A.3: Results of endpoints studied by each article; Table A.4:
Results of Locomotion and Heart Rate effects; Table A.5: NP observation techniques in
ZF embryos; Table A.6: Full names and functions of validated gene transcripts used for
analyses; Table A.7: Full names and functions of validated enzymes/metabolites used for

analyses.

Figure captions

Fig. 1. Article design characteristics. Number of articles in percentages was represented
versus key characteristics: NP sizes used in nm (a); NP concentrations used in pg/ml (b);
NP characterizing techniques (S: size, Z.P.: zeta potential, M: Microscopy, V.S.:

vibrational spectroscopy) (c); Total exposure time in hours (d).

Fig. 2. Correlation between percent positive effects for waterborne studies and particle
size in nm (a, note x-axis break), exposure time in hours (b), or concentration used in
pg/ml (c and d). Each dot represents a study. R = correlation coefficient, p = correlation

significance, n = number of studies.

Fig. 3. Endpoints and studies in which effects were observed and not observed related to
concentration (y-axes) and NP size (x-axis). Right y-axis: waterborne studies
concentrations (open symbols); left y-axis: injected concentrations (solid symbols).
Circles: no effect was observed for this endpoint; squares: effect was observed for this
endpoint. Mortality (a), hatching (b), development (c), locomotion (d), heart rate (e),

accumulation (f), genetic effects (g), and metabolic effects (h).
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Fig. 4. Heart Rate (a, note y-axis break) and locomotion activity (b, note x-axis break)
effects of NP exposed ZF embryos plotted by concentration (y-axis) and NP size (x-axis).
Open circle: no effect was found; triangle: tachycardia/hyperactivity; inverted triangle:
bradycardia/hypoactivity; diamond: both tachycardia and bradycardia observed. Only

waterborne studies plotted/showed effects.

Fig. 5. Organs where NP accumulate in studies ordered by NP size (nm) and sub-ordered
by concentration [c]. Y: yolk; G: gut; P: pancreas; GB: gall bladder; L: liver; B: brain; E:
eye; H: heart; V: blood vessel;, M: muscle; F: fascia; Gi: gills; S: skin. Red squares:
internal organ accumulation; orange squares: external accumulation. Light blue squares:
no accumulation. References in blue font: studies that used particles > 200 nm. Number
of organs in which NP accumulate (n). The bottom table depicts injected (1) and maternal

(M) studies.

Fig. 6. Analysis of validated gene transcripts studied by reviewed articles. Gene names
are depicted as inputted for analyses (some are human homologues). Gene names in
parentheses are identical to names used by authors. Numbers depict studies in which
effect was observed; n: total number of studies where gene transcript was considered.
Red: upregulated (U); green: downregulated (D); white: no effect observed (NE) or equal

number of studies observing up and downregulation.

Fig. 7. Analysis of validated enzymes/metabolites studied. Numbers depict studies in
which effect was observed; n: total number of studies where enzyme/metabolite was
considered. Red: upregulated (U); green: downregulated (D); white: no effect observed

(NE) or equal number of studies observing up and downregulation
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Table 1. Revised articles subdivided into studies, each corresponding to one concentration/size.
Concentration (ug/ml waterborne or ng injected); size (nm); total exposure time in hours (h).
Shaded rows: Injected (I) or maternal (M) exposure studies.

pg/ml nm h
Brun et al. 2018 10 25 120
Brun et al. 2019 20 25 48
0,1 40 162
Pitt et al. 2018a 1 40 162
10 40 162
0,1 40 115
Hu et al. 2020 1 40 115
10 40 115

0,5 40 95

Zhang et al. 2020a G 20 95
Trevisan et al. 2019 10 44 90
Trevisan et al. 2020 1 44 90
Chen et al. 2017 1 50 117
100 50 24

Lee et al. 2019 100 200 24
100 500 24
0,02 100 164
0,2 100 164
2 100 164
Zhao et al. 2020 20 100 162
200 100 164
20 65 164
Duan et al. 2020 200 100 120
0,001 100 12

Liu et al. 2021 0,01 100 12
0,1 100 12

Paranti et al 2019 1 500 48
10 20 96

Zhang and Goss 2020 10 500 %
50 25 48

50 50 48

Van Pomeren et al. 2017 5 50 8
5 700 48

. 0,001 100 96
Liuetal. 2019 1 100 %
0,01 50 114
0,1 50 114
1 50 114
10 50 114
Pedersen et al. 2020 0.01 200 114
0,1 200 114
1 200 114
10 200 114

ng nm h
Sokmen et al. 2020 | 0,81 25 116
Brun et al. 2018 | 0,01 25 24
0,52 40 95

Zhang et al. 2020a | 1,56 40 95
2,6 40 95

Veneman et al. 2017 | 5 700 72
Pitt et al. 2018b M NA 40 138

I+
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Table 2 changes marked
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Table 2. Summary of nanoplastic (NP) characteristics and concentration, exposure time, and analyzed effect of all articles reviewed®.

NP Size NP Exposure time Accumulation Effects No Effects
Reference (color), concentration and medium
Shape, Route renewal (MR)
& Charge
25 nm (red) 10 pg/ml Mortality, - Internal exposure: gut - Upregulated (UR) genes: il1p, irgll, - Mortality, hatching rate,
Round development 0- - External exposure: skin (neuromasts, ccl20a, apoa2, aox5 malformations
B Waterborne 120 hpf tail) - Downregulated (DR) genes: - Unaffected genes (UG): socs3a,
run et al. L .
2018 Anionic Gene expression: tnfo, trpv6, arrdc3 mgcmsl, tr_y )
72-120 hpf - No increase in neutrophil fluorescence
MR: every 24h - No difference in macrophages and il1
in situ
25 nm (green) 20 pg/ml 72-120 hpf - Internal exposure: Gut, pancreas, gall - LCso 25nm at 75 pg/ml; 100% - Unaffected mortality
Round MR: every 24h bladder mortality at 85 pg/ml - No difference in length or swim
Waterborne - Malformations: swim bladder bladder area
Brun et al. Anionic - Higher cortisol; lower glucose - UG: slc2a2 and cat
2019 - UR genes: pckl, gépca
- DR genes: fgf21, Idha, slc6a4 -
Larval hyperactivity in the dark
40 nm (green) 0.1, 1,and 10 6 to 168 hpf - Internal exposure: At 1 and 10 pg/ml  For all concentrations: For all concentrations:
Round pg/ml MR:No yolk, brain, heart, gut, pancreas, - Decreased heart rate - Mortality, hatching, development
Pitt et al. Waterborne liver, gall bladder. At 0.1 pug/ml gut, - Hypoactive behavior in dark periods - No difference in OCR (mitochondrial
2018a Anionic head and pancreas. - Locomotion: Interaction of NP or not)
- External exposure: chorion treatment and cohort in dark and - No difference in ECAR
light periods - No concentration response
40nm (green 0.1, 1,and 10 5120 hpf - Internal exposure: At 0.1 pg/ml gut, -Decrease heart rate and locomotion -Mortality, hatching or development (all
and pristine) pg/mi MR: No pancreas. At 1 and 10 pg/ml liver, (all concentrations) concentrations)
Round, gut, pancreas and gall bladder - Concentration response in genetic - UG at 0.1 pg/ml: ifn- v, il-6, tfn-a,
Hu et al. Waterborne markers. More genes affected at il1B, sod1, sod2.
2020 Anionic highest concentrations: - UG at 1 pg/ml: il-6, tfn-a, il1B, sod2.

- UR genes at 1 pg/ml: ifn- y
- UR genes at 10 pg/ml: ifn- vy, il-6,
tfn-o, il1B

L]
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- DR genes at 0.1 pg/ml and 1 pg/ml:
gstp, gr

- DR genes at 1 pg/ml: sod 1

- DR genes at 10 pg/ml: gstp, gr, sod1,
s0d2.

- Significant transcriptomic changes
(only 10 pg/ml tested): Genes
related to MAPK signaling
pathway, carbohydrate metabolism,
cell membrane biogenesis,
immunity, endocytosis, and
catalytic activity.

40 nm (green) 0.5and 5 pg/ml 1-96 hpf - Internal exposure at all - Significantly higher rates of bent tail - Mortality, hatching, length (all
Round MR: every 24h concentrations: eye, head, yolk, gut (only 0.5 pg/ml tested) concentrations)
Waterborne - Decreased larvae rotation (only at5 - No difference in distance travelled or
Zhang et al. Anionic pg/ml) velocity (all concentrations)
2020a - DR genes: sod2, gfap, opnllw2, - UG sod1, mbp, syn2a, opnlsw2 (all
opnimwal (all concentrations) concentrations)

- No difference in jaw and heart
abnormalities (only 0.5 pg/ml tested)

44 nm 10 pg/ml 6 to 96 hpf - Not studied - Slight tail curve (p = 0.07) - Mortality and heart rate
Round MR: No - Decreased ATP-linked OCR (50- - No difference in EROD, blood vessel
) Waterborne 65%) area, OCR (total basal, mitochondrial
Trevisan et Anionic - Increased Proton leak OCR (6 fold) basal, non- mitochondrial basal, total
al. 2019 - Decreased mitochondrial coupling maximal, mitochondrial maximal and
efficiency (50-60%) mitochondrial spare capacity), and
- Higher NADH at 96hpf mitochondrial mass
44 nm 1 pg/mi 6 to 96 hpf - Not studied - Slight decrease in mitochondrial - Mortality, hatching rate,
Round MR: No coupling efficiency (p = 0.09) malformations, heart rate
Anionic - Lower NADH at 96hpf - No difference in OCR (total basal,

mitochondrial basal, non-
mitochondrial basal, total maximal,
mitochondrial maximal and
mitochondrial spare capacity, ATP-
linked and proton leak), and

- No difference in CO2 excretion

Trevisan et
al. 2020




50 nm 1 pg/mi 310 120 hpf - Not studied - Locomotor activity reduced - Mortality or malformations
Round MR: every 24h - Decreased body length - UG: zfrho
Chenetal. Anionic - Highly UR genes: gfap and altubulin - Unaffecterd enzymes: CAT and GPx
2017 - Small upregulation of: zfblue
- Increased activity of AchE
- Decreased GSH concentration
50 nm, (green 100 pg/ml 24 to 48 hpf - Internal exposure: yolk, brain, retina, - Minor subcellular organelle damage - Mortality, malformations, hatching or
and undyed) blood vessels, muscle, fascicles,  with 50 nm NP (mitochondria). cell death
Round spinal cord, CNS cells. - Increased ROS -UG:il1p and il-6
Waterborne - Increased mitochondrial ROS
Anionic
200 nm (green 100 pg/ml 24 10 48 hpf -Chorion and yolk. NA -Mortality
Lee et al and undyed)
2019 ’ Round Only
Waterborne accumulation
Anionic and mortality
tested
500 nm (green 100 pg/ml 24 10 48 hpf -Chorion and yolk. Less internal NA -Mortality
and undyed) fluorescence than with 200 nm NP
Round Only
Waterborne accumulation
Anionic and mortality
tested
100 nm 0.02,0.2,2,20 4to 168 hpf - Not studied - Decreased hatching, body length - Heart rate (all concentrations)
(data in and 200 pg/ml (only at 200 pg/ml)
supplementary
Zhao et al. material)

2020 65 nm (green) 20 pg/ml 4 to 168 hpf -Internal exposure: gut, pancreas - Increase TSH - No effect on mortality, hatching,
Round, dyed Up to 12 dpf for - 37 changed metabolites from: amino development and heart rate
and pristine vertebrae assay acid, glycerophospholipid, and - No difference in T3 and T4
Waterborne MR: every 24h arachidonic acid groups. - Unaltered vertebrae

Anionic
Duan et al 100 nm (red) 2 x 10* beads/ml 0-120 hpf - InFernaI exposure: brain, gills, blood, - Delayed he_ltching by 12% - Mortality

2020 ' Round, =200 pg/ml liver, gut - Heart rate increased at 24hpf but - Blood flow

Waterborne (author’s decreased at 48 hpf




Anionic personal Total: 24, 48, 60, - Reduction in melanin by 15%
communication) 72 h depending Metabolome affected:
on assay - Biosynthesis of essential fatty acids
MR: No - Metabolism of alanine, aspartate and
glutamate
- Metabolism of taurine, nicotinate and
nicotinamide
100 nm Survival, heart Exposed: 2- 12hpf - Not studied - Increased heart rate (only tested at - Mortality (only tested at 0.01 pg/ml)
Round rate, locomotion MR: No 0.01 pg/ml) - UG: cat, dnmtl, dnmt3aa, cyp19aa,
Waterborne  and RNA seq: - Decreased locomotion speed (only cypl19alb (all concentrations)
Anionic 0.01 pg/ml tested at 0.01 pg/ml) - No difference in abundance of

Individual gene
analysis: 0.001,

- UR genes: sod and gpx (all
concentrations, concentration

endoderm, epidermal, neural anterior,
neural posterior and neural crest cells

0.01, 0.1 pg/ml dependent increase); gst (all (only tested at 0.01 pg/ml)
concentrations)
- DR genes: dnmt3bb1, dnmt3bb2 (all
Liu et al. concentrations, not concentration
2021 dependent)
- Reduction of mesoderm cells (only
tested at 0.01 pg/ml)
- Increased abundance of neural mid
cells (only tested at 0.01 pg/ml)
- Transcriptome analysis: effect on
brain and sensory system
development, muscle development,
altered notch pathway (only tested
at 0.01 pg/ml)
500 nm (red) 1 pg/mi 72t0 120 hpf - Not studied - NP observed in gut, gills and -P-gp, GST, GPx, CAT, ROS not
Parenti et al Round MR: every 24h neuromast affected
2019 Waterborne - Increased SOD
Neutral - Decreased COX
20 nm (green) Assays: 10 24 -120 hpf - Internal exposure: accumulation at 24 - LCso 20nm dialized 52 pg/ml, with ~ -No difference in mortality, hatching or
Round pg/ml Total: 96 h hpf: Chorion, yolk, eye, brain, and NaNs: 21.5 pg/ml. development (only tested at 10
Zhangand  Waterborne LCso: 3.125-50 MR: every 48h gut (only tested at 10 pg/ml). Other pg/ml)
Goss 2020 Anionic pg/ml organs not distinguishable at this - No difference in EROD (only tested at

stage

10 pg/ml)




500 nm Assays: 10 24 - 120 hpf - Internal exposure: accumulation at 24 - LCso 500 nm dialized > 100 pg/ml,  -No difference in mortality, hatching or
(green) pg/ml Total: 96 h hpf: Chorion and yolk sac (only  with NaNs: 78.3 pg/mi development (only tested at 10
Round LCso: 3.125-50 MR: every 48h tested at 10 pg/ml). ug/ml)
Waterborne pg/ml - Less accumulation than with 20 nm - No difference in EROD (only tested at
Anionic NP. 10 pg/ml)
25 nm (red) 50 pg/ml 24-72 and 72-120 Internal exposure: yolk, gut and ocular NA - Mortality, malformations
Round hpf region (only for animals exposed from - Unaffected eye size
Waterborne Total: 48 h 72 — 120 hpf)
Anionic MR: every 24 h  External exposure: gills and skin
50 nm (red) 50 pg/ml 0-48 and 72-120 Internal exposure: yolk, gut and ocular NA - Mortality, malformations
Round hpf region (only for animals exposed - Unaffected eye size
Waterborne Total: 48 h from 72 — 120 hpf)
VanPomeren Anionic MR: every 24 h  External exposure: gills and skin
etal. 2017 250 nm (red) 5 pg/ml 0-48 and 72-120 Internal exposure: gut (only animals NA - Mortality, malformations
Round hpf exposed from 72 — 120 hpf) - Unaffected eye size
Waterborne Total: 48 h External exposure: gills and skin
Anionic MR: every 24 h
700 nm (red) 5 pg/ml 0-48 and 72-120 Internal exposure: gut (only animals NA - Mortality, malformations
Round hpf exposed from 72 — 120 hpf) - Unaffected eye size
Waterborne Total: 48 h External exposure: gills and skin
Anionic MR: every 24 h
100 nm 0.001 and 1 0 -96 hpf - Not studied - NP decreased ROS levels (at 0.001 - Mortality, hatching, development
Liuetal. Round pg/ml Total 96 h pg/ml) - No difference in SOD
2019 Waterborne MR: No - NP increased ROS levels (at 1 pg/ml)
Anionic
50 nm (green) 0.01, 0.1, 1 and 6 to 120 hpf Accumulation concentration response: - 2 genes affected in transcriptomic - Mortality, hatching, development (all
Round 10 pg/ml Total: 114 h -No visible accumulation (0.01 pg/ml analysis (only at 10 pg/ml) concentrations)
Waterborne MR: every 24h - Internal exposure: yolk and gut (0.1 - Locomotion not affected (all
Anionic Transcriptomics: pag/ml) concentrations)
1 and 10 pg/ml - Internal exposure: yolk, gut,
Pedersen et pancreas, liver, ocular and cranial
al. 2020 regions (1 and 10 pg/ml)
200 nm 0.01,0.1, 1 and 6 to 120 hpf Accumulation concentration response: - Hyperactive behavior in dark periods - Mortality, hatching, development (all
(green) 10 pg/ml Total: 114 h -No visible accumulation (0.01 pg/ml (only at 1 and 10 pg/ml; concentrations)
Round MR: every 24h - Internal exposure: yolk and gut (0.1 concentration response)
Waterborne pag/ml) - 734 genes affected (at 1 pg/ml)




Anionic Transcriptomics: - Internal exposure: yolk, gut, - 864 genes affected (at 10 pg/ml)
1 and 10 pg/ml pancreas, liver, ocular and cranial - Genes affected: Cardiovascular,
regions (1 and 10 pg/ml) skeletal and muscular, nervous and
hepatic systems. Genes related to
diseases: Cancer, development
abnormalities, endocrine systems
and neurological disorders, among
others
25 nm (red) 0.81 ng 4 t0 120 hpf - Internal exposure: accumulation of NP - Decreased survival (17%) and
Round injected/embryo Total: 116 h observed in yolk and brain by hatching rate (20%)
Injection electron microscopy. - Increased malformations (curved
Anionic body axis, tail, yolk sac and
Skmen et pericardial edema)
- ROS detected throughout body,
al. 2020 ;
especially head
- Cell death detected by Acridine
Orange
- DNA damage detection (presence of
80HdG)
25 nm (red) 0.01ng Injected at 30 hpf - Not studied - UR genes: il1p, socs3a, ccl20a - No difference in tail neutrophil
Brun et al. Round injected/embryo Total: 24 h - DR gene: trpv6 fluorescence
2018 | Injection - UG: tnfo, irgll, mucmsl, apoa2, aox5,
Anionic try
40 nm (green) 0.52ng,1.56 ng Injected at 0 hpf - Internal exposure: eyes, head, yolk, - Downregulated genes: mbp, syn2a - Mortality, hatching, length (all
Round and 2.6 ng Total: 95h gut (all concentrations) (only at 2.6 ng), opnlsw2, opnliw2, concentrations)
Injection injected/embryo opnlmwl (all concentrations) - No difference in bent tail, jaw and
Anionic heart abnormalities (only 2.6 ng
Zhang et al. tested)
2020a | - No difference in distance travelled,
velocity or rotation (all
concentrations)
- Unaffected genes: sod1, sod2, gfap (all
concentrations)
700 nm (red) 5ng 1-120 hpf - Internal exposure: yolk, blood stream - Significant transcriptomic changes: - Mortality, malformations
vV Round injected/embryo  Injected at 1 hpf and heart - Genes related to immunity
eneman et S .
al. 2017 InJe_ctlc_)n and 48 hpf (_co_mplement), nuclear re_cgptors in
Anionic Sampled at 72 lipid metabolism and toxicity, ACE
and 120 hpf pathway, and oxidative stress.




40 nm (green) 6 to 144 hpf - Internal exposure: yolk, gut, liver, - Decreased heart rate - Mortality
Round Maternal, Total:138 h pancreas, gall bladder - Uninflated swim bladders - No difference in locomotion
Pitt et al. Maternal concentration - Decreased Thiol and GR - No difference in GPx, CAT or OCR
2018b Paternal unknown
Co-parental
Anionic

L NP size: Average diameter according to supplier. All NP in all studies were spherical. Color: color of fluorophore used. Transcript names are in lower case letters, enzymes,
metabolites and processes in capital letters: ROS: reactive oxygen species , SOD: supeoxide distmutase, P-gp: p- glycoprotein, CAT:catalase, GPx: glutathione peroxidase,
GST: glutathione-S-transferase, EROD: Ethoxyresorufin-O-deethylase, GR: Glutathione reductase, COX: cyclooxygenase, GSH: reduced form of glutathione; AchE:
Acetylcholinesterase, TSH: Thyroid stimulating hormone, NADH: reduced nicotinamide adenine dinucleotide, T3: Triiodothyronine, T4: thyroxine, ACE: angiotensin
converting enzyme, 80HdG: 8-Oxo-2'-deoxyguanosine, OCR: oxygen consumption rate, ECAR: extracellular acidification rate; CNS: central nervous system. NA: Non-

applicable, no other effect studied at this concentration/size
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Table 2. Summary of nanoplastic (NP) characteristics and concentration, exposure time, and analyzed effect of all articles reviewed®.

NP Size NP Exposure time Accumulation Effects No Effects
Reference (color), concentration and medium
Shape, Route renewal (MR)
& Charge
25 nm (red) 10 pg/ml Mortality, - Internal exposure: gut - Upregulated (UR) genes: il1p, irgll, - Mortality, hatching rate,
Round development 0- - External exposure: skin (neuromasts, ccl20a, apoa2, aox5 malformations
B Waterborne 120 hpf tail) - Downregulated (DR) genes: - Unaffected genes (UG): socs3a,
run et al. L .
2018 Anionic Gene expression: tnfo, trpv6, arrdc3 mgcmsl, tr_y )
72-120 hpf - No increase in neutrophil fluorescence
MR: every 24h - No difference in macrophages and il1
in situ
25 nm (green) 20 pg/mi 72-120 hpf - Internal exposure: Gut, pancreas, gall - LCso 25nm at 75 pg/ml; 100% - Unaffected mortality
Round MR: every 24h bladder mortality at 85 pg/ml - No difference in length or swim
Waterborne - Malformations: swim bladder bladder area
Brun et al. Anionic - Higher cortisol; lower glucose - UG: slc2a2 and cat
2019 - UR genes: pckl, gépca
- DR genes: fgf21, Idha, slc6a4 -
Larval hyperactivity in the dark
40 nm (green) 0.1, 1,and 10 6 to 168 hpf - Internal exposure: At 1 and 10 pg/ml  For all concentrations: For all concentrations:
Round pg/ml MR:No yolk, brain, heart, gut, pancreas, - Decreased heart rate - Mortality, hatching, development
Pitt et al. Waterborne liver, gall bladder. At 0.1 pg/ml gut, - Hypoactive behavior in dark periods - No difference in OCR (mitochondrial
2018a Anionic head and pancreas. - Locomotion: Interaction of NP or not)
- External exposure: chorion treatment and cohort in dark and - No difference in ECAR
light periods - No concentration response
40nm (green 0.1, 1,and 10 5120 hpf - Internal exposure: At 0.1 pg/ml gut, -Decrease heart rate and locomotion -Mortality, hatching or development (all
and pristine) pg/mi MR: No pancreas. At 1 and 10 pg/ml liver, (all concentrations) concentrations)
Round, gut, pancreas and gall bladder - Concentration response in genetic - UG at 0.1 pg/ml: ifn- v, il-6, tfn-a,
Hu et al. Waterborne markers. More genes affected at il1B, sod1, sod2.
2020 Anionic highest concentrations: - UG at 1 pg/ml: il-6, tfn-a, il1B, sod2.

- UR genes at 1 pg/ml: ifn-y
- UR genes at 10 pg/ml: ifn- vy, il-6,
tfn-o, il1B

L]
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- DR genes at 0.1 pg/ml and 1 pg/mil:
gstp, gr

- DR genes at 1 pg/ml: sod 1

- DR genes at 10 pg/ml: gstp, gr, sod1,
s0d2.

- Significant transcriptomic changes
(only 10 pg/ml tested): Genes
related to MAPK signaling
pathway, carbohydrate metabolism,
cell membrane biogenesis,
immunity, endocytosis, and
catalytic activity.

40 nm (green) 0.5and 5 pg/ml 1-96 hpf - Internal exposure at all - Significantly higher rates of bent tail - Mortality, hatching, length (all
Round MR: every 24h concentrations: eye, head, yolk, gut (only 0.5 pg/ml tested) concentrations)
Waterborne - Decreased larvae rotation (only at5 - No difference in distance travelled or
Zhang et al. Anionic pg/ml) velocity (all concentrations)
2020a - DR genes: sod2, gfap, opnllw2, - UG sod1, mbp, syn2a, opnlsw2 (all
opnimwl (all concentrations) concentrations)

- No difference in jaw and heart
abnormalities (only 0.5 pg/ml tested)

44 nm 10 pg/ml 6 to 96 hpf - Not studied - Slight tail curve (p = 0.07) - Mortality and heart rate
Round MR: No - Decreased ATP-linked OCR (50- - No difference in EROD, blood vessel
) Waterborne 65%) area, OCR (total basal, mitochondrial
Trevisan et Anionic - Increased Proton leak OCR (6 fold) basal, non- mitochondrial basal, total
al. 2019 - Decreased mitochondrial coupling maximal, mitochondrial maximal and
efficiency (50-60%) mitochondrial spare capacity), and
- Higher NADH at 96hpf mitochondrial mass
44 nm 1 pg/mi 6 to 96 hpf - Not studied - Slight decrease in mitochondrial - Mortality, hatching rate,
Round MR: No coupling efficiency (p = 0.09) malformations, heart rate
Anionic - Lower NADH at 96hpf - No difference in OCR (total basal,

mitochondrial basal, non-
mitochondrial basal, total maximal,
mitochondrial maximal and
mitochondrial spare capacity, ATP-
linked and proton leak), and

- No difference in CO2 excretion

Trevisan et
al. 2020




50 nm 1 pg/mi 310 120 hpf - Not studied - Locomotor activity reduced - Mortality or malformations
Round MR: every 24h - Decreased body length - UG: zfrho
Chenetal. Anionic - Highly UR genes: gfap and altubulin - Unaffecterd enzymes: CAT and GPx
2017 - Small upregulation of: zfblue
- Increased activity of AchE
- Decreased GSH concentration
50 nm, (green 100 pg/ml 24 t0 48 hpf - Internal exposure: yolk, brain, retina, - Minor subcellular organelle damage - Mortality, malformations, hatching or
and undyed) blood vessels, muscle, fascicles,  with 50 nm NP (mitochondria). cell death
Round spinal cord, CNS cells. - Increased ROS -UG: il1p and il-6
Waterborne - Increased mitochondrial ROS
Anionic
200 nm (green 100 pg/ml 24 10 48 hpf -Chorion and yolk. NA -Mortality
Lee et al and undyed)
2019 ’ Round Only
Waterborne accumulation
Anionic and mortality
tested
500 nm (green 100 pg/ml 24 10 48 hpf -Chorion and yolk. Less internal NA -Mortality
and undyed) fluorescence than with 200 nm NP
Round Only
Waterborne accumulation
Anionic and mortality
tested
100 nm 0.02,0.2,2,20 4to 168 hpf - Not studied - Decreased hatching, body length - Heart rate (all concentrations)
(data in and 200 pg/ml (only at 200 pg/ml)
supplementary
Zhao et al. material)

2020 65 nm (green) 20 pg/ml 4 to 168 hpf -Internal exposure: gut, pancreas - Increase TSH - No effect on mortality, hatching,
Round, dyed Up to 12 dpf for - 37 changed metabolites from: amino development and heart rate
and pristine vertebrae assay acid, glycerophospholipid, and - No difference in T3 and T4
Waterborne MR: every 24h arachidonic acid groups. - Unaltered vertebrae

Anionic
Duan et al 100 nm (red) 2 x 10* beads/ml 0-120 hpf - In_ternal exposure: brain, gills, blood, - Delayed he_ltching by 12% - Mortality

2020 ' Round, =200 pg/ml liver, gut - Heart rate increased at 24hpf but - Blood flow

Waterborne (author’s decreased at 48 hpf




Anionic personal Total: 24, 48, 60, - Reduction in melanin by 15%
communication) 72 h depending Metabolome affected:
on assay - Biosynthesis of essential fatty acids
MR: No - Metabolism of alanine, aspartate and
glutamate
- Metabolism of taurine, nicotinate and
nicotinamide
100 nm Survival, heart  Exposed: 2- 12hpf - Not studied - Increased heart rate (only tested at - Mortality (only tested at 0.01 pg/ml)
Round rate, locomotion MR: No 0.01 pg/ml) - UG: cat, dnmtl, dnmt3aa, cyp19aa,
Waterborne  and RNA seq: - Decreased locomotion speed (only cypl19alb (all concentrations)
Anionic 0.01 pg/ml tested at 0.01 pg/ml) - No difference in abundance of

Individual gene
analysis: 0.001,

- UR genes: sod and gpx (all
concentrations, concentration

endoderm, epidermal, neural anterior,
neural posterior and neural crest cells

0.01, 0.1 pg/ml dependent increase); gst (all (only tested at 0.01 pg/ml)
concentrations)
- DR genes: dnmt3bb1, dnmt3bb2 (all
Liu et al. concentrations, not concentration
2021 dependent)
- Reduction of mesoderm cells (only
tested at 0.01 pg/ml)
- Increased abundance of neural mid
cells (only tested at 0.01 pg/ml)
- Transcriptome analysis: effect on
brain and sensory system
development, muscle development,
altered notch pathway (only tested
at 0.01 pg/ml)
500 nm (red) 1 pg/mi 72t0 120 hpf - Not studied - NP observed in gut, gills and -P-gp, GST, GPx, CAT, ROS not
Parenti et al Round MR: every 24h neuromast affected
2019 Waterborne - Increased SOD
Neutral - Decreased COX
20 nm (green) Assays: 10 24 -120 hpf - Internal exposure: accumulation at 24 - LCso 20nm dialized 52 pg/ml, with ~ -No difference in mortality, hatching or
Round pg/ml Total: 96 h hpf: Chorion, yolk, eye, brain, and NaNs: 21.5 pg/ml. development (only tested at 10
Zhangand  Waterborne  LCso: 3.125-50 MR: every 48h gut (only tested at 10 pg/ml). Other pg/ml)
Goss 2020 Anionic pg/ml organs not distinguishable at this - No difference in EROD (only tested at

stage

10 pg/ml)




500 nm Assays: 10 24 -120 hpf - Internal exposure: accumulation at 24 - LCso 500 nm dialized > 100 pg/ml,  -No difference in mortality, hatching or
(green) pg/ml Total: 96 h hpf: Chorion and yolk sac (only  with NaNs: 78.3 pg/mi development (only tested at 10
Round LCso: 3.125-50 MR: every 48h tested at 10 pg/ml). pg/ml)
Waterborne pg/ml - Less accumulation than with 20 nm - No difference in EROD (only tested at
Anionic NP. 10 pg/ml)
25 nm (red) 50 pg/ml 24-72 and 72-120 Internal exposure: yolk, gut and ocular NA - Mortality, malformations
Round hpf region (only for animals exposed from - Unaffected eye size
Waterborne Total: 48 h 72 — 120 hpf)
Anionic MR: every 24 h  External exposure: gills and skin
50 nm (red) 50 pg/ml 0-48 and 72-120 Internal exposure: yolk, gut and ocular NA - Mortality, malformations
Round hpf region (only for animals exposed - Unaffected eye size
Waterborne Total: 48 h from 72 — 120 hpf)
VanPomeren Anionic MR: every 24 h  External exposure: gills and skin
etal. 2017 950 nm (red) 5 pg/ml 0-48 and 72-120 Internal exposure: gut (only animals NA - Mortality, malformations
Round hpf exposed from 72 — 120 hpf) - Unaffected eye size
Waterborne Total: 48 h External exposure: gills and skin
Anionic MR: every 24 h
700 nm (red) 5 pg/ml 0-48 and 72-120 Internal exposure: gut (only animals NA - Mortality, malformations
Round hpf exposed from 72 — 120 hpf) - Unaffected eye size
Waterborne Total: 48 h External exposure: gills and skin
Anionic MR: every 24 h
100 nm 0.001 and 1 0 -96 hpf - Not studied - NP decreased ROS levels (at 0.001 - Mortality, hatching, development
Liuetal. Round pg/ml Total 96 h pg/ml) - No difference in SOD
2019 Waterborne MR: No - NP increased ROS levels (at 1 pg/ml)
Anionic
50 nm (green) 0.01,0.1, 1 and 6 to 120 hpf Accumulation concentration response: - 2 genes affected in transcriptomic - Mortality, hatching, development (all
Round 10 pg/ml Total: 114 h -No visible accumulation (0.01 pg/ml analysis (only at 10 pg/ml) concentrations)
Waterborne MR: every 24h - Internal exposure: yolk and gut (0.1 - Locomotion not affected (all
Anionic Transcriptomics: pag/ml) concentrations)
1and 10 pg/ml - Internal exposure: yolk, gut,
Pedersen et pancreas, liver, ocular and cranial
al. 2020 regions (1 and 10 pg/ml)
200 nm 0.01,0.1, 1 and 6 to 120 hpf Accumulation concentration response: - Hyperactive behavior in dark periods - Mortality, hatching, development (all
(green) 10 pg/ml Total: 114 h -No visible accumulation (0.01 pg/ml (only at 1 and 10 pg/ml; concentrations)
Round MR: every 24h - Internal exposure: yolk and gut (0.1 concentration response)
Waterborne pag/ml) - 734 genes affected (at 1 pg/ml)




Anionic

Transcriptomics:

- Internal exposure: yolk, gut, - 864 genes affected (at 10 pg/ml)

1 and 10 pg/ml pancreas, liver, ocular and cranial - Genes affected: Cardiovascular,
regions (1 and 10 pg/ml) skeletal and muscular, nervous and
hepatic systems. Genes related to
diseases: Cancer, development
abnormalities, endocrine systems
and neurological disorders, among
others
25 nm (red) 0.81 ng 4 to 120 hpf - Internal exposure: accumulation of NP - Decreased survival (17%) and
Round injected/embryo Total: 116 h observed in yolk and brain by  hatching rate (20%)
Injection electron microscopy. - Increased malformations (curved
Anionic body axis, tail, yolk sac and
Skmen et pericardial edema)
- ROS detected throughout body,
al. 2020 ;
especially head
- Cell death detected by Acridine
Orange
- DNA damage detection (presence of
80HdG)
25 nm (red) 0.01ng Injected at 30 hpf - Not studied - UR genes: il1p, socs3a, ccl20a - No difference in tail neutrophil
Brun et al. Round injected/embryo Total: 24 h - DR gene: trpv6 fluorescence
2018 | Injection - UG: tnfo, irgll, mucmsl, apoa2, aox5,
Anionic try
40 nm (green) 0.52ng,1.56 ng Injected at 0 hpf - Internal exposure: eyes, head, yolk, - Downregulated genes: mbp, syn2a - Mortality, hatching, length (all
Round and 2.6 ng Total: 95h gut (all concentrations) (only at 2.6 ng), opnlsw2, opnliw2, concentrations)
Injection injected/embryo opnlmwl (all concentrations) - No difference in bent tail, jaw and
Anionic heart abnormalities (only 2.6 ng
Zhang et al. tested)
2020a | - No difference in distance travelled,
velocity or rotation (all
concentrations)
- Unaffected genes: sod1, sod2, gfap (all
concentrations)
700 nm (red) 5ng 1-120 hpf - Internal exposure: yolk, blood stream - Significant transcriptomic changes: - Mortality, malformations
vV Round injected/embryo  Injected at 1 hpf and heart - Genes related to immunity
eneman et S .
al. 2017 InJe_ctlc_)n and 48 hpf (_co_mplement), nuclear re_cgptors in
Anionic Sampled at 72 lipid metabolism and toxicity, ACE
and 120 hpf pathway, and oxidative stress.




40 nm (green) 6 to 144 hpf - Internal exposure: yolk, gut, liver, - Decreased heart rate - Mortality
Round Maternal, Total:138 h pancreas, gall bladder - Uninflated swim bladders - No difference in locomotion
Pitt et al. Maternal concentration - Decreased Thiol and GR - No difference in GPx, CAT or OCR
2018b Paternal unknown
Co-parental
Anionic

L NP size: Average diameter according to supplier. All NP in all studies were spherical. Color: color of fluorophore used. Transcript names are in lower case letters, enzymes,
metabolites and processes in capital letters: ROS: reactive oxygen species , SOD: supeoxide distmutase, P-gp: p- glycoprotein, CAT:catalase, GPx: glutathione peroxidase,
GST: glutathione-S-transferase, EROD: Ethoxyresorufin-O-deethylase, GR: Glutathione reductase, COX: cyclooxygenase, GSH: reduced form of glutathione; AchE:
Acetylcholinesterase, TSH: Thyroid stimulating hormone, NADH: reduced nicotinamide adenine dinucleotide, T3: Triiodothyronine, T4: thyroxine, ACE: angiotensin
converting enzyme, 80HdG: 8-Oxo-2'-deoxyguanosine, OCR: oxygen consumption rate, ECAR: extracellular acidification rate; CNS: central nervous system. NA: Non-

applicable, no other effect studied at this concentration/size
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