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Abstract

Plastic pollution is a critical environmental concern and comprises the majority of anthropogenic
debris in the ocean, including macro, micro, and likely nano-scale (less than 100 nm in at least one
dimension) plastic particles. While the toxicity of macroplastics and microplastics is relatively
well studied, the toxicity of nanoplastics is largely uncharacterized. Here, fluorescent polystyrene
nanoparticles (PS NPs) were used to investigate the potential toxicity of nanoplastics in developing
zebrafish (Danio rerio), as well as characterize the uptake and distribution of the particles within
embryos and larvae. Zebrafish embryos at 6 h post-fertilization (hpf) were exposed to PS NPs (0.1,
1, or 10 ppm) until 120 hpf. Our results demonstrate that PS NPs accumulated in the yolk sac as
early as 24 hpf and migrated to the gastrointestinal tract, gallbladder, liver, pancreas, heart, and
brain throughout development (48 hpf-120 hpf). Accumulation of PS NPs decreased during the
depuration phase (120 hpf-168 hpf) in all organs, but at a slower rate in the pancreas and
gastrointestinal tract. Notably, exposure to PS NPs did not induce significant mortality,
deformities, or changes to mitochondrial bioenergetics, but did decrease the heart rate. Lastly,
exposure to PS NPs altered larval behavior as evidenced by swimming hypoactivity in exposed
larvae. Taken together, these data suggest that at least some nanoplastics can penetrate the chorion
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of developing zebrafish, accumulate in the tissues, and affect physiology and behavior, potentially
affecting organismal fitness in contaminated aquatic ecosystems.
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Introduction

Plastics are ubiquitous in aquatic environments, accounting for 50-80% of marine debris
(Barnes et al., 2009). While the hazard of macroplastics is well studied, the degradation of
macroplastic debris in the ocean and the beach litter into microplastics and nanoplastics has
recently become a significant concern and an increasingly important area of research
(Andrady, 2011). In fact, while macroplastics are the most widely studied, microplastics and
nanoplastics may actually be more pervasive by number in marine environments (Cozar et
al., 2014). They also can have a great effect through the food web chain: microplastics have
been found to accumulate in zooplankton (Cole et al., 2013), and nanoplastics have been
shown to pass from algae to zooplankton and fish (Mattsson et al., 2015a).

Nanoplastics are the least well-studied form of plastic debris, with little known about their
environmental concentrations, bioaccumulation potential, or toxicity. Nanoplastics are
defined as plastic particles having at least one dimension in the nanoscale (1-100 nm)
(Andrady, 2011; Mattsson et al., 2015b). Nanoplastics are hypothesized to be abundant in
aquatic environments due to the deficit of plastic at the lower end of the expected particle
size distribution (Cdzar et al., 2014). The abundance of nanoplastics is likely due to physical
and photo-degradation of macro and microplastics in the environment (Andrady, 2011).
However, nanoplastics have yet to be quantified in natural systems, because the necessary
analytical methods are still under development (Koelmans, 2015).

The biological effects of nanoplastics remain understudied (Rios and Moore, 2007). Most
toxicological studies on nanomaterials have focused on metal and carbon based
nanoparticles, while very little is known about the toxicity of nanoplastics, such as
polystyrene nanoparticles (PS NPs). Polystyrene (PS) is one of the most abundant forms of
plastic debris found in the marine environment. For example, PS was the second most
common form of floating plastic debris by number found at Tamar Estuary in Southwest
England, constituting 25% of the debris (polyethylene was the most common form at 40%)
(Sadri and Thompson, 2014). In adult fish, exposure to PS NPs has been shown to
compromise immune responses in fathead minnows (Pimephales promelas) (Greven et al.,
2016) and induce liver lesions in zebrafish (Danio rerio) (Lu et al., 2016). Carboxylated PS
NPs have been shown to accumulate in the gut of various marine organisms, such as sea
urchin embryos (Paracentrotus lividus) and brine shrimp (Artemia fanciscana), and as a
result it is hypothesized that PS NPs can bio-magnify via trophic transfer (Bergami et al.,
2016; Della Torre et al., 2014). Further, it has been demonstrated that PS NPs that
accumulate in algae (Scenedesmus sp.) can be passed up the food chain and ultimately affect
behavior, physiology, and metabolism of Crucian Carp (Carassius carassius) (Mattsson et al.,
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2015a). Thus, fish in the environment are likely exposed to nanoplastics directly through
ingestion and through the gills, as well as indirectly via trophic transfer within the food
chain (Lu et al., 2016; Mattson et al., 2014).

All of the aforementioned studies focused on the toxicity of PS NPs to adult life stages of
fish and other aquatic organisms. In contrast, relatively few studies have focused on the
effects of PS NPs on developmental life stages of fish. PS NPs have previously been shown
to penetrate the chorion of Japanese medaka (Oryzias latjpes) embryos (Manabe et al.,
2011). However, van Pomeren et al. (2017) reported that PS NPs did not pass through the
chorion of developing zebrafish, though oral exposure played a major role on PS NPs
uptake. Additionally, Veneman et al. (2017) reported that injection of PS particles (700 nm)
into the yolk sac of 2-day old zebrafish resulted not only in particle distribution throughout
the bloodstream and accumulation in the heart region, but also in upregulation of the
immunological response, characterized by presence of neutrophils and macrophages around
PS particles.

To this end, the present study aimed to assess the potential bioaccumulation and toxicity of
PS NPs in embryonic and early larval stages of zebrafish. We predicted that the PS NPs
would pass through the zebrafish chorion since the particles are smaller than the pore size
(0.6-0.7 um) and were shown to penetrate the chorion of medaka (Kirsten, 2011; Manabe et
al., 2011). Further, we hypothesized that PS NPs would accumulate in various regions,
including yolk sac, pericardium, gallbladder, and gut, similarly to previous studies (Manabe
et al., 2011; Skjolding et al., 2017; Veneman et al., 2017). Finally, given that PS NPs have
been shown to accumulate at multiple tissues throughout the development, we predicted that
PS NPs could alter zebrafish physiology, bioenergetics, and behavior (Chen et al. 2017,
Mattson et al. 2014).

Materials and methods

PS NPs (cat. ##SDG001) were purchased from Bangs Laboratories, Inc. (Fishers, IN, USA).
The stock solution contained 1% fluorescent (internally labeled with Dragon Green; ex./em.
480/520) PS NPs with a nominal mean diameter of 51 nm. According to the manufacturer,
internal labeling does not change the particle surface chemistry, and thus should not affect
their adsorptive and bioaccumulative properties. Additionally, the stock solution contained
up to 0.1% sodium dodecyl sulfate (SDS) and 0.09% sodium azide. An aliquot of stock
solution was sonicated for 60 s at 50/60 Hz using NEY Ultrasonic Cleaner ULTASONIK
2QT/H (Barkmeyer Division Yucaipa, Ca, USA) prior to preparation of the working
solutions (see section 2.4).

PS NPs characterization

PS NPs were characterized using a dynamic light scattering (DLS) (Zetasizer Nano, Malvern
Instruments Ltd., Malvern, UK). The hydrodynamic diameter and zeta potential of 5 ppm PS
NPs were assessed in the exposure medium (see section 2.4).
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2.3. Zebrafish husbandry and embryo collection

Laboratory reared wild-type (EKkWill Waterlife Resources; Ruskin, FL) D. rerio were
maintained in a recirculating AHAB system (Aquatic Habitats, Inc., Apopka, FL, USA) on a
14:10 h light/dark cycle. Water quality was maintained at 28-29°C, pH 7.0-7.5, and 60 ppm
artificial seawater (ASW; Instant Ocean, Foster & Smith, Rhinelander, WI, USA). The fish
were fed twice daily with brine shrimp (INVE Aquaculture, Inc., Salt Lake City, UT, USA)
in the morning and Zeigler’s Adult Zebrafish Complete Diet (Aquatic Habitats, Inc.) in the
afternoon. Breeding crosses (3 females: 2 males) were set at 5 PM, and embryos were
collected the following morning within 1 h of spawning between 9 and 10 AM and kept in
30% Danieau’s medium (17.4 mM NaCl, 0.21 mM KCI, 0.12 mM MgSQy, 0.18 mM
Ca(NO3),, and 1.5 mM HEPES at pH 7.6) at 28°C. All zebrafish care and husbandry
procedures were approved by the Duke University Institutional Animal Care and Use
Committee (A139-16-06).

2.4. Experimental set-up

At 6 h post-fertilization (hpf), embryos were randomly assigned to 20 mL glass scintillation
vials with 2 embryos per vial. Each vial contained 7.5 mL of 65 ppm ASW supplemented
with 0.00003% methylene blue. The 65 ppm ASW medium used is similar to zebrafish egg
water established by Westerfield (2000). The embryos were randomly sorted into 4 groups: 0
(control), 0.1, 1, and 10 ppm PS NPs; these concentrations are up to 2 orders of magnitude
lower than the concentrations used in a previous zebrafish embryo study (van Pomeren et al.,
2017). The vials also contained 0.0001% SDS and 0.00009% sodium azide for the 10 ppm
PS NPs solution with decreasing orders of magnitude for the 1 and 0.1 ppm solutions from
the stock PS NPs solution (SDS and sodium azide are included in the stock solution to
prevent aggregation and bacterial growth, respectively). Such concentrations of SDS and
sodium azide did not significantly affect mortality, hatching success, heart rate, pericardial
area, and uptake of PS NPs. Inclusion of methylene blue also did not significantly affect the
toxicity of PS NPs (see sections 1 and 2 of Supplemental Materials for details). The
embryos/larvae were exposed to PS NPs until 120 hpf without refreshing the exposure
medium. Observations continued from 120 hpf until 168 hpf in 65 ppm ASW medium
without PS NPs in order to assess the relative amount of PS NPs after the exposure. The
toxicity endpoints were repeated using at least 3 independent zebrafish cohorts (see details
below).

2.5. General physiology

Survival rate was assessed daily from 24 to 120 hpf, and dead organisms were removed. A
total of 240 embryos were used per group. Hatching rate was assessed at 72 hpf by the
inspection of a total of 50 embryos per group. Both the survival and hatching rates were
calculated from at least 3 independent experiments (n=3-8), which were based on cohorts
from separate breeding events. Heart rate was measured at 72 hpf using tricaine as an
anesthetic agent [125 mg/L in 30% Danieau’s medium; a concentration shown not to have a
notable effect on embryonic heart rate (Huang et al., 2010)]. The larvae were washed and
placed into the tricaine solution for 5 min. Following this, heart rate was individually
evaluated by counting beats for 15 sec in 5 randomly selected larvae from different vials in
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each treatment group in 3 cohorts from separate breeding events (n=15). Larval deformities
were analyzed using bright field images that were taken during the fluorescence imaging of
the larvae (see section 2.6). Deformities were analyzed at 24 h intervals from 48 hpf to 168
hpf. At every time point, 5 individuals from each treatment group were imaged (n=5).
Specifically, presence or absence of spinal curvature and craniofacial abnormality were
assessed in a blind fashion. Pericardial area was quantified in 5 larvae per treatment group
(n=5) at 72 hpf using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.6. Uptake and distribution of PS NPs

Zebrafish were imaged using Zeiss Axioskop (Carl Zeiss, Oberkochen, Germany) at 24 h
intervals from 24 hpf to 168 hpf. At every time point, 5 randomly selected individuals from
each treatment group were imaged (n=5). While the zebrafish were exposed with their
chorions intact, the 24 hpf embryos were imaged both pre and post enzymatic
dechorionation with pronase (1 mg/mL). Fluorescence images were captured using a 75W/2
xenon short-arc lamp, a Photometric CoolSNAPfx monochromne CCD camera (Roper
Scientific, Tuscon, AR, USA), 480/30 nm (emission) and 535/40 nm (ex) filters, and 100 ms
camera exposure. Organ placement in the larvae was analyzed using illustrations from
Wallace and Pack (2003). Fluorescence intensity was analyzed using ImageJ software. The
brightness/contrast of fluorescent images was adjusted to the brightness/contrast of the
fluorescent signal corresponding to 10 ppm PS NPs. The fluorescence values were
normalized to the control group and expressed as fold change. Due to the high difference in
fluorescence levels between the exposure groups (up to 250 fold), log transformed values
were used in the statistical analysis.

2.7. Larval behavior

At 120 hpf, zebrafish larvae were washed and transferred into beakers with 200 mL of fresh
media. The larvae were transported to the behavioral testing facilities, where they were kept
on a 14:10 h light/dark cycle at 28 °C. At 144 hpf, around 12 pm, the larvae were transferred
into a 96 well plate (1 larvae/well, 23-24 wells/treatment group, in 3 cohorts from separate
breeding events, n=70-72). The larvae were allowed to acclimate for an hour in the dark,
prior to being transferred to a DanioVision™ observation chamber (Noldus Inc.,
Wageningen, The Netherlands) for an alternating light/dark test (Massarsky et al., 2015;
Brown et al., 2016; Bailey et al., 2016). This is a 50 minute test where the first 10 minute
period is habituation in the dark, and then the subsequent 40 minutes consist of 2 cycles of
alternating 10 minute periods of light and dark. Video data were recorded at a sample rate of
30 times/second via a high-speed infrared camera. The EthoVision XT® software (Noldus,
Wageningen, The Netherlands) was used to calculate total distance moved for each
individual larvae throughout the test.

2.8 Bioenergetics

The oxygen consumption rate (OCR) was assessed using the XFe24 Extracellular Flux

Analyzer (Agilent Instruments, CA, USA). This bioenergetic profiling method was adapted
from Stackley et al. (2011). For this assessment, embryos (24 hpf) were staged in a 24 well
plate with 700 uL of 65 ppm artificial seawater (2 embryos/well, 5 wells/exposure group, 4
blank wells). Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and sodium
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azide were loaded into separate injection ports, resulting in working concentrations of 2.5
UM and 6.25 mM in the well, respectively. The plate was then inserted into the Analyzer
where 8 OCR measurements (basal OCR) were first taken before the FCCP was injected into
the wells (8 measurements) followed by the sodium azide injections (25 measurements). The
FCCP acts as a mitochondrial un-coupler allowing for measurement of maximal respiration,
and the sodium azide inhibits cyctochrome c oxidase function allowing for measurement of
non-mitochondrial respiration. The total basal OCR was calculated by averaging the three
lowest values from the basal measurements. The OCR in the presence of pharmaceutical
agents was calculated by averaging the three highest values for the FCCP treatment (total
maximal) and by averaging the three lowest values for the sodium azide treatment (non-
mitochondrial). These OCR measurements were used to calculate additional respiratory
parameters, including basal mitochondrial, maximal mitochondrial, and mitochondrial
reserve capacity. The extracellular acidification rate (ECAR) was detected concurrently with
the OCR measurements. This parameter is used as a proxy for glycolytic activity. This
allowed for the calculation of the total basal ECAR and OCR/ECAR values, which estimates
the degree to which the embryo utilizes oxidative phosphorylation versus glycolytic activity.

2.9. Statistical analysis

For fluorescence imaging and deformity endpoints, one-way or two-way Analysis of
Variance (ANOVA) with a Fisher’s LSD post hoc method were used to assess statistical
differences among treatment groups. Such analyses were carried out with log transformed
values for fluorescence endpoints. For heart rate, two-way ANOVA with treatment and
cohort factors with a Fisher’s LSD post hoc method was used to test for PS NPs treatment
effects. These analyses were conducted using Graph Pad Prism 6.0 (San Diego, CA, USA).
For larval behavior, mixed-design repeated-measures ANOVA with treatment group and
cohort as the between-subject factors and light condition and trial minute as the repeated
measures was used with a Dunnett’s two-tailed post hoc to test for PS NPs treatment effects.
This analysis was conducted using StatView 5.0.1 (SAS Institute, Cary, NC). For all
endpoints, p-value <0.05 was considered statistically significant.

3. Results

3.1.

PS NPs characterization

The PS NPs (5 ppm in ASW medium) ranged from 20 to 100 nm in diameter with a mean
hydrodynamic diameter of 34.5£10.8 nm. The zeta potential was -21.1+2.47 mV. Both
values indicate a low aggregation behavior for these PS NPs.

3.2. General physiology

Mortality was not significantly different between the exposure groups throughout embryonic
and larval development at any of the time points measured (24-120 hpf) (Fig. 1A). The
hatching success was also not significantly different between exposure groups (Fig. 1A).
Exposure to PS NPs did not induce deformities nor did it increase the pericardial area (Fig.
1B). In contrast, heart rate was significantly decreased in larvae from all exposure groups
relative to control (Fig. 1C). Specifically, heart rate decreased in a dose-dependent manner
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by 5%, 8%, and 10% in the 0.1, 1, and 10 ppm PS NPs treatment groups relative to controls,
respectively.

3.3. Uptake and distribution of PS NPs

Green fluorescence was used to qualitatively and quantitatively evaluate uptake and
distribution of PS NPs in zebrafish embryos and early larval stages between 24 hpf to 168
hpf. At 24 hpf, fluorescence was mainly observed in 1 and 10 ppm PS NPs exposed embryos
in the yolk sac with some fluorescence also observed in the head in the 10 ppm group (Fig.
2). Aggregation of the PS NPs was visible on the surface of the chorions of some exposed
embryos (Fig. 2A). At 24 hpf, the fluorescence of the yolk sac region was significantly
higher in zebrafish embryos exposed to 1 and 10 ppm PS NPs relative to the control (11 and
102 fold higher, respectively) (Fig. 2C).

At 48 hpf and 72 hpf, the fluorescence levels were significantly higher in the yolk sac and
head (presumably the brain) even at the lowest concentration (Fig. S3 & S4). At these same
time points, fluorescence was also strongly observed in the pericardium at 1 and 10 ppm PS
NPs (Fig. S3 & S4).

By 120 hpf, the larva has resorbed the yolk sac, and the gastrointestinal (Gl) tract is
functional. At this stage in larval development, fluorescence was higher in the Gl tract,
pancreas, and the head for all the exposure groups relative to controls. At 1 ppm and 10 ppm
PS NPs, fluorescence was also higher in the liver, gall bladder, and pericardium (Fig. 3). The
magnitude of the fluorescence in the Gl tract and the pancreas appeared to be relatively
constant after removal of the larvae from the exposure medium (144 hpf — Fig. S5, and 168
hpf — Fig. 4); however, the fluorescence in the head, gall bladder, liver, and pericardium
began to decrease in all exposure groups during the depuration. Despite the decrease, the
fluorescence levels in all the tissues analyzed from larvae exposed to 10 ppm PS NPs
remained significantly higher than those of the controls (Fig. S5, Fig. 4). Fluorescence levels
remained significantly higher in the Gl tract and pancreas in larvae exposed to 1 ppm PS
NPs, and they returned to control values in all the analyzed organs in the lowest exposure
group (Fig. S5, Fig. 4).

The fluorescence values of each analyzed tissue during the exposure and depuration periods
are summarized in Figure 5. PS NPs quickly accumulate in the yolk sac, head, and
pericardium by 48 hpf, with the highest fluorescence levels in the pericardium. Between 72
and 120 hpf, fluorescence levels start to decrease in these organs, a possible sign of PS NPs
excretion. During the depuration period (144-168 hpf), fluorescence levels continue to
decrease in the head and pericardium, as well as gall bladder and liver. As previously
mentioned, fluorescence levels remain stable and significantly higher than controls in the Gl
tract and pancreas only at 1 and 10 ppm PS NPs.

3.4. Larval behavior

Larval locomotor activity over the course of an alternating light/dark test was measured at
144 hpf, following a 24 h acclimation in clean embryo medium. PS NPs exposure
significantly reduced larval locomotor activity (Fig. 6). Specifically, there was a significant
main effect of PS NPs treatment on total distance traveled over the course of the alternating

Aquat Toxicol. Author manuscript; available in PMC 2020 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitt et al.

Page 8

light-dark test. This effect was driven by significant hypoactivity in larvae from the medium
(1 ppm) PS NPs group (p<0.05) relative to control throughout the trial (Dunnett’s two-tailed
post hoc test). As expected, there was a significant main effect of light condition (p<0.0001)
on locomotor activity, with larvae from all treatments swimming more in the dark than the
light. There was not a significant interaction of light condition and PS NPs treatment
(p<0.98). However, while significant hypoactivity relative to control was measured in the 1
ppm PS NPs exposed larvae during the initial habituation period in the dark (p<0.05) and the
alternating dark periods (p<0.02), this effect was trending but not significant in the
alternating light periods (p<0.11) (Fig. 6A & B). While not significant, the larvae exposed to
0.1 or 10 ppm PS NPs also appeared to be hypoactive relative to the control group. Notably,
there were significant interactions of PS NPs treatment and cohort during both the
acclimation period (p<0.02) and the alternating light-dark test (p<0.04), reducing the
interpretability of these data.

3.4. Bioenergetics

The basal, maximal, and non-mitochondrial OCR values were not significantly different
across treatment groups. The calculated values for basal mitochondrial, maximal
mitochondrial, and mitochondrial reserve were also not different. No significant differences
were noted for ECAR or the ratio of basal OCR to ECAR (Fig. S6).

4. Discussion

While the hazards associated with macro and microplastics to aquatic organisms are
relatively well characterized, the bioaccumulation and toxicity of nanoplastics are only
beginning to be considered even though they could potentially be more hazardous
(Koelmans, 2015). The current study provides strong evidence that PS NPs are taken up by
developing zebrafish, localize to specific tissues, and potentially exert toxic effects that are
suggested by their tissue localization pattern. The following sections discuss our results in
detail and consider the potential physiological and ecological implications associated with
exposure to PS NPs, which are likely a ubiquitous contaminant in aquatic environments.

First, we demonstrate that PS NPs are able to penetrate the zebrafish chorion, which is a
known physical barrier to some chemicals (Mizell and Romig, 1997). The PS NPs initially
accumulate in the yolk sac and the head, and later in other regions, including pericardium,
gall bladder, pancreas, liver and Gl tract. These results are consistent with the findings of
analogous studies in medaka (Manabe et al., 2011; Kashiwada, 2006), but are in contrast
with those of van Pomeren et al. (2017), who reported that the chorion was an effective
barrier against PS NPs. These discrepancies are likely due to differences in PS NPs
concentration (our study used lower concentrations), supplier (and/or synthesis method) of
the PS NPs, and the size of the particles [in our study the particles were approximately half
the size of those used by van Pomeren et al. (2017)]. The ability of PS NPs to penetrate the
chorion suggests that accumulation in aquatic environments could affect development of fish
species and potentially have long lasting impacts at the population level.

While nanoparticles have a tendency to aggregate and PS NPs aggregates were occasionally
observed on the outside of the chorion, there was high fluorescence visible within the yolk
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sacs of the dechorionated embryos as early as 24 hpf. This suggests that the chorion may act
as a barrier against PS NPs aggregates but does not exclude PS NPs at the studied size (34.5
nm mean diameter). Further, the yolk sac appears to be a main target during the initial PS
NPs uptake. The yolk sac is the nutrient reserve for the developing zebrafish, containing
lipids that are processed and mobilized by lipoproteins and are essential for metabolic and
developmental processes (Fraher et al., 2016). PS NPs have been shown to interact with lipid
membranes (Rossi et al., 2014), and PS microparticles have been shown to alter lipid
metabolism and induce hepatic lipid accumulation in zebrafish (Lu et al., 2016). Notably,
multiple nuclear receptors involved in lipid metabolism are upregulated following
microinjection of 700 nm PS particles into the yolk sac of zebrafish (Meneman et al., 2017).
Early life exposure to PS seems to affect lipid metabolism in zebrafish, which could indicate
that PS NPs have the potential to induce metabolic disorders. It is also possible that the high
lipid content of the yolk sac could be a target for PS NPs accumulation, where further lipid
mobilization could play a role on the distribution of PS NPs throughout the embryo/larva.

Despite the apparent ability of PS NPs to penetrate the chorion, PS NPs had no effect on
mortality, hatching success, deformities, or pericardial area. However, zebrafish exposed to
PS NPs exhibited significant bradycardia. Notably zebrafish from all exposure groups (0.1,
1, and 10 ppm) had significantly reduced heart rates relative to controls, suggesting that
changes in heart function occur even at relatively low PS NPs concentrations. A number of
factors may play a role in reduced heart rates. One possibility is that PS NPs may interact
with cardiac sarcomeres. Previous findings suggest that PS NPs are localized into cells and
are not membrane bound (Geiser et al., 2005) creating potential for interactions with cardiac
sarcomeres affecting heart rate. Another possibility is that oxidative stress is occurring, as
suggested previously (Chen et al. 2017), altering the function of the heart. Future studies
will be necessary to determine the mechanism by which PS NPs reduce heart rate. PS NPs-
induced bradycardia may have negative implications for fish in the aquatic ecosystems
where cardiac function and aerobic condition may influence predator prey interactions and
other factors important for organismal ecological fitness.

Further, the present study is the first to show that PS NPs also localize to the Gl tract, heart,
head, liver, and pancreas as the zebrafish develops and the yolk sac is resorbed. Fluorescence
was detected even at the lowest PS NPs concentration (at the ppb range), highlighting the
potential bioaccumulation of these compounds throughout the fish development. It is
important to highlight that the fluorescence intensities detected here may actually
underestimate the amount of PS NPs in the developing zebrafish due to increased
pigmentation and skull development that occurs during the time frame studied. The presence
of PS NPs in the Gl tract is in agreement with the findings of Skjolding et al. (2017) and Van
Pomeren et al. (2017), and PS NPs presence in the pericardium was also noted by Veneman
et al. (2017). Most notably for this study, PS NPs were shown to localize in the pericardium
only at 1 ppm and 10 ppm, but a significant decrease in the heart rate was observed even in
larvae exposed to 0.1 ppm PS NPs. This suggests that even a low concentration of PS NPs is
enough to observe cardiotoxicity. Moreover, the degree of fluorescence intensities decreased
over time in all affected organs when the larvae were removed from the exposure media. The
fluorescence observed in the 10 ppm PS NPs group was still significant after two days of
depuration, but it returned to values similar to the control in lower concentrations. The high
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and constant fluorescence levels in the Gl tract during depuration indicate at least two
possible scenarios. The Gl tract may be an important site for PS NPs excretion, which is
consistent with excretion route of carbon-based nanoparticles (Zhao et al., 2014).
Alternatively, the clearance rate of PS NPs adsorbed within the intestinal tract is very slow,
potentially impeding its function.

Significant PS NP fluorescence was also detected in the head, presumably the brain, of the
zebrafish. This finding is consistent with previous studies that found PS NPs in brain tissues
of fish exposed directly or through an aquatic food chain (Kashiwada, 2006; Mattsson et al.,
2015a), suggesting that PS NPs are capable of penetrating the blood-brain barrier (Mattsson
et al., 2017). PS NPs can translocate into red blood cells and are not membrane bound
(Geiser et al., 2005), and therefore could enter the brain circulated via the blood. As the
blood-brain barrier is established at approximately 72 hpf in zebrafish (Xie et al., 2010), and
PS NPs were detected at significant fluorescence levels in the head of the embryos as soon
as 24 hpf and 48 hpf, it could be expected that there is a larger PS NP uptake by the brain at
early stages. After the blood-brain barrier is formed at 72 hpf, PS NPs fluorescence sharply
decreases over time, suggesting that the faster clearance at later stages could be due to the
formation of the blood-brain barrier. However, it has been previously shown that 53 nm PS
NPs can pass through the blood-brain barrier (Mattsson et al., 2017). Thus, the role of the
blood-barrier formation in the uptake of PS NPs should be examined in more details in
future studies.

Given that PS NPs were shown to localize in the head (thus possibly the brain) as early as 24
hpf and throughout subsequent development, larval locomotor activity was evaluated to
assess the potential of these nanoparticles to disrupt neural development and ultimately
behavior. Zebrafish larvae exposed to PS NPs were hypoactive relative to controls over the
course of an alternating light/dark test. This effect was driven by significantly reduced
locomotor activity in the 1 ppm exposure group. Although this observation suggests that
hypoactivity could be due to neurological differences rather than a mobility issue, the
metabolic effects of PS NPs could not be excluded. While our OCR data suggests that there
was no impact of PS NPs on mitochondrial function at 24 hpf, metabolic effects could occur
later on due to a prolonged PS NPs exposure. Future studies should examine this issue on
more details. It is noteworthy that decreased activity as well as altered feeding and shoaling
behaviors have previously been shown in adult Crucian Carp (Carassius carassius) exposed
to PS NPs through an aquatic food chain (Mattsson et al. 2015a, Mattsson et al., 2017). It is
possible that the PS NPs are triggering a specific targeting mechanism within the brain;
however, further studies will be required to elucidate the precise mechanisms by which PS
NPs exposure affects locomotor activity in early developmental stages. These findings are
consistent with the hypoactivity observed by Chen et al. (2017), who suggested that PS NPs-
induced hypoactivity is due to oxidative stress and reduced acetylcholinesterase activity. In
an aquatic ecosystem, PS NPs-induced hypoactivity could reduce organismal fitness by
affecting foraging or predator avoidance behaviors. While we show functional effects on
heart and brain tissues herein, future studies will be necessary to determine whether there are
functional effects on other tissue types where PS NPs accumulate.
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The lack of mortality, morphological deformities, and normal mitochondrial metabolism
suggest that PS NPs exposure would not result in acute lethal toxicity in wild fish
populations. However, behavioral and cardiac effects could become pervasive throughout the
fish populations. Specifically, both of these effects could reduce organismal ecological
fitness, such as decreased ability to avoid predation, which could ultimately lead to
decreased biodiversity in wild populations. It is also possible that the PS NPs could affect
reproductive fitness or even cause transgenerational effects as PS NPs have been found to
accumulate in the testes of zebrafish (Kashiwada, 2006). Future work should also examine
how presence of nanoplastics can alter the effects of chemical, physical, and/or biological
stressors, since aquatic organisms often face multiple stressors simultaneously.

In summary, the present study revealed that PS NPs can penetrate the zebrafish chorion and
are taken up by the embryo. PS NPs initially localize to the yolk sac, but the particles
migrate to the pericardium, head, pancreas, gallbladder, liver, and GI tract throughout
development, even in the ppb range of exposure. Significant physiological effects of PS NPs
exposure (e.g. bradycardia and hypoactivity) were quantified in tissues where the particles
were shown to localize (e.g. pericardium and head, respectively), including at low exposure
levels. Further, PS NPs exposures in the ppm range did not result in significant mortality or
morphological deformities, suggesting that the observed toxic effects were not secondary to
teratogenesis. Together these data suggest that PS NPs may induce organ toxicity specific to
their developmental distribution pattern.
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Figure 1. Survivor ship, hatch rate, and cardiotoxicity in zebrafish larvae exposed to polystyrene
nanoparticles (PS NPs).

(A) Mortality of larvae exposed to PS NPs. Survivorship from 24-120 hpf (n=124-240).
Hatch rate was evaluated at 72 hpf (n=50). (B) Pericardial area expressed as fold change.
The circled area that the arrow is pointing at in the image is representative of the pericardial
area used (n=5). (C) Heart rate in beats per minute (bpm) (n=15). All data are presented as
means + SEM. Significance was accepted if p<0.05. Different letters denote statistical
differences across treatments.
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Figure 2. Polystyrene nanoparticles (PS NPs) fluorescence and distribution in 24 hpf zebrafish
embryos

PS NPs fluorescence in zebrafish embryos at 24 hpf. Embryos were exposed with the
chorion intact but were dechorionated prior to imaging (n=5). (A) Fluorescence in the
chorionated zebrafish embryos. The arrows indicate PS NP aggregates on the surface of the
chorion and fluorescence in the yolk sac. (B) Fluorescence in zebrafish embryos
dechorionated prior to imaging to show PS NPs penetrated the chorion. (C) Fluorescence in
the head and yolk sac of zebrafish embryos dechorionated prior to imaging. All fluorescence
data are presented as fold change (means £ SEM). Significance was accepted if p<0.05.
Different letters denote statistical differences across treatments
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Figure 3. Polystyrene nanoparticles (PS NPs) fluorescence and distribution in 120 hpf zebrafish
larvae

PS NPs fluorescence in zebrafish larvae at 120 hpf (n=5). (A) Fluorescence in the zebrafish
larvae. The letters in the control image correspond to the various organs analyzed: (H) head,
(GB) gall bladder, (P) pancreas, (PC) pericardium, (L) liver, (GI) gastrointestinal tract. (B)
Fluorescence in the gastrointestinal tract, head, gall bladder, liver, pericardial area, and
pancreas of zebrafish larvae presented as fold change (means + SEM). Significance was
accepted if p<0.05. Different letters denote statistical differences across treatments.
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Figure 4. Polystyrene nanoparticles (PS NPs) fluorescence and distribution in 168 hpf zebrafish

larvae

PS NPs fluorescence in zebrafish larvae at 168 hpf after 48 h of depuration (n=5). These
images represent the last day of recovery. (A) Fluorescence in the zebrafish larvae. The
letters in the control image correspond to the various organs analyzed: (H) head, (GB) gall
bladder, (P) pancreas, (PC) pericardium, (L) liver, (GI) gastrointestinal tract. (B)
Fluorescence of the gastrointestinal tract, head, gall bladder, liver, pericardial area, and
pancreas of zebrafish larvae presented as fold change (means + SEM). Significance was
accepted if p<0.05. Different letters denote statistical differences across treatments.
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Fig 5. Polystyrene nanoparticles (PS NPs) fluorescence and distribution throughout the zebrafish
development.

Green fluorescence in different areas or organs of zebrafish embryos and larvae (n=5).
Exposure to PS NPs started at 6 hpf and finished at 120 hpf. At this time point, PS NPs were
removed and animals were allowed to depurate until 168 hpf. At 120 hpf, the yolk sac is
resorbed, and the gall bladder, gastrointestinal (Gl tract), pancreas, and liver are visible. Data
are plotted against a logarithmic scale. Two-way ANOVA results are summarized in the
bottom right panel, including the p-value for each factor (time of exposure and NP PSs
concentration) and their interaction (* p<0.05, ** p<0.01, *** p< 0.001, **** p<0.0001, ns
p>0.05).
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Fig 6. Behavioral toxicity in zebrafish larvae exposed to polystyrene nanoparticles (PS NPs).
(A) Locomotor activity by light condition of larvae (144 hpf) exposed to PS NPs. The above

plot represents average distance travelled per minute (cm/min) as a function of light
condition (n=70-72). (B) Locomotor activity by light condition of larvae exposed to PS NPs.
For both (A) & (B), data are presented as means + SEM. Significance was accepted if
p<0.05. * represents significant difference from control within the condition.
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