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Bioaccumulation of polystyrene nanoplastics and
their eﬀect on the toxicity of Au ions in zebraﬁsh
embryos†
Wang Sik Lee,‡a,b Hyun-Ju Cho,‡c Eungwang Kim,‡d Yang Hoon Huh,e
Hyo-Jeong Kim,e Bongsoo Kim,d Taejoon Kang,a,b Jeong-Soo Lee*b,c,f and
Jinyoung Jeong *a,b
As nano- and micro-sized plastics accumulate in the environment and the food chain of animals, including humans, it is imperative to assess the eﬀects of nanoplastics in living organisms in a systematic
manner, especially because of their ability to adsorb potential toxicants such as pollutants, heavy metals,
and organic macromolecules that coexist in the environment. Using the zebraﬁsh embryo as an animal
model, we investigated the bioaccumulation and in vivo toxicity of polystyrene (PS) nanoplastics individually or in combination with the Au ion. We showed that smaller PS nanoplastics readily penetrated the
chorion and developing embryos and accumulated throughout the whole body, mostly in lipid-rich
regions such as in yolk lipids. We also showed that PS nanoplastics induced only marginal eﬀects on the
survival, hatching rate, developmental abnormalities, and cell death of zebraﬁsh embryos but that these
eﬀects were synergistically exacerbated by the Au ion in a dose- and size-dependent manner. Such
exacerbation of toxicity was well correlated with the production of reactive oxygen species and the pro-
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inﬂammatory responses synergized by the presence of PS, supporting the combined toxicity of PS and Au
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ions. The synergistic eﬀect of PS on toxicity appeared to relate to mitochondrial damage as determined
by ultrastructural analysis. Taken together, the eﬀects of PS nanoplastics were marginal but could be a
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trigger for exacerbating the toxicity induced by other toxicants such as metal ions.

Introduction
Microplastics have been developed for a wide range of applications from industry to pharmaceuticals; therefore, it is
imperative to assess their biosafety and environmental
eﬀects.1,2 In particular, the accumulation of nanometre- to
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micrometre-sized plastics (approximately 1 to 1000 nm and 1
to 5000 μm in size and referred to collectively as nanoplastics
and microplastics, respectively) in the environment is an emerging issue that leads to serious ecological and biological concerns.3,4 Several studies have reported that microplastics are
globally dispersed in oceans, shorelines, and marine sediments in the form of debris generated from buoyant
Styrofoam or the degradation/hydrolysis of plastics.5 Due to
their small size and poor degradation capability, microplastics
can disrupt the food chain and environmental health.6,7
Similarly, toxic eﬀects of smaller-sized nanoplastics are also
very plausible, but there is limited relevant information, and
this research is still in its early stages.4,8
Thus far, it has been shown that microplastics can be
ingested and accumulated by small aquatic organisms such as
zooplankton (Centropages Typicus, Daphnia magna) and brown
shrimp (Crangon cargon), subsequently being transferred to
large organisms such as sea turtles.9,10 Moreover, 50 nm polystyrene (PS) nanoplastics triggered two-generation chronic toxicity in marine copepods while showing no acute toxicity in the
F0 generation.11 The toxicity induced by 5 μm microplastic
and 70 nm nanoplastic PS beads was shown to increase
inflammation and lipid accumulation, resulting in alteration
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of energy metabolism in adult zebrafish.12 Together, these
studies suggest that nanoplastics can exhibit toxicity in living
organisms. However, the acute toxic eﬀects of nanoplastics,
which are aﬀected by various factors such as size, charge, and
shape, on the distribution, survival, morphogenesis, and development of organisms in vivo remain largely under-evaluated.
Furthermore, one of the distinct features of nanoplastics is
that they are capable of physically or chemically adsorbing to
diverse elements in the environment, such as persistent
organic pollutants, natural organic macromolecules, microbes,
and heavy metals,8,13–15 as well as to biomolecules in living
organisms such as proteins, lipids, and metabolites in serum
and cytoplasm.8,16 This adsorption capability arises due to the
hydrophobic surface and large surface area of nanoplastics
and may change with the dynamics of the surface ionic
charges in the environmental context,15,17 eventually resulting
in altered toxicity of the complex consisting of the adsorbable
element and the nanoplastics. Therefore, it is critical to assess
the combinatorial eﬀects of potentially adsorbable elements
interacting with nanoplastics in a living organism using a systematic approach.
Zebrafish embryos (ZFEs) have become popular for use in
toxicity testing because of their small size, rapid embryonic
development, and large clutch size, all of which facilitate a
variety of in vivo toxicity tests within a short period time and
in a cost-eﬀective way, which is especially optimal for simultaneously assessing the interactions of multiple factors with
great flexibility.18 Furthermore, the optical clarity of zebrafish
embryos makes it possible to observe and image the eﬀects of
a test toxicant on the development of diverse organs in situ
and in real time with high resolution throughout embryogenesis, using wild-type and available tissue-specific fluorescent
transgenic zebrafish.19 By exploiting such advantages, not only
can ZFEs be used to model aquatic animals, but they can also
be utilized to assess toxic eﬀects on humans due to their high
similarity to higher vertebrates including humans at the
genomic, developmental, and anatomical levels.20–22 Thus far,
the zebrafish model has been demonstrated to be useful in
toxicity tests for many nanomaterials, including silver nanoparticles, gold nanoparticles, titanium dioxide nanoparticles,
and silica nanoparticles.23–25
Here, we report the bioaccumulation of nanoplastics and
their eﬀect on the toxicity of a metal ion individually and in
combination, using PS nanoplastics and Au ions as representative model materials, respectively, in ZFEs as a vertebrate
model system. Diﬀerently sized PS nanoplastics were evaluated
for accumulation patterns, mortality rates, hatching rates, and
deformation degrees during embryogenesis. We demonstrated
that PS nanoplastics induced only marginal alterations in the
survival, hatching rate, developmental abnormality, and cell
death of ZFEs but that these eﬀects became synergistically
exacerbated in a size- and dose-dependent manner when the
PS nanoplastics were concomitant with the Au ion. Such
exacerbation of toxicity was correlated with the oxidative stress
and pro-inflammatory responses synergized by the presence of
PS, which induced mitochondrial damages at the subcellular
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level. Taken together, we propose a role of PS mainly as a
potential risk factor for environments and organisms.

Experimental section
Materials
Plain and fluorescent polystyrene (PS) nanoplastics, each with
diameters of 50, 200, and 500 nm (2.6% solids suspension),
were evaluated for toxicity and accumulation. Plain PS nanoplastics were used for toxicity tests, and PS nanoplastics fluorescently labelled with excitation of 441 nm/emission of
486 nm were for used for the accumulation test. All PS nanoplastics were purchased from Polyscience Inc. (USA). Gold(III)
chloride trihydrate (HAuCl4·3H2O, MW. 393.83, 99.9%) was
purchased from Sigma-Aldrich. H2-DCFDA (2′7′-dichlorofluorescin diacetate) was purchased from Abcam (Cambridge, UK).
E3 egg water (EW) was prepared by dissolving 5 mM NaCl,
0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4 in 1 litre
of distilled water (DW), according to Zebrafish Book.26 All
reagents were purchased from Sigma.
Preparation and characterization of PS nanoplastics and Au ion
The stock solution of PS nanoplastics was diluted with DW to
the concentration of 10 mg ml−1. The solution of PS nanoplastics containing Au ions was prepared by mixing a solution of
PS nanoplastics (0.1 mg ml−1) in EW and Au ion solutions at
various concentrations in DW at a ratio of 9 : 1. The mixture
solution was pre-incubated overnight prior to the experiment.
The size distribution and zeta-potential values of PS nanoplastics in EW were measured using a particle analyser (Zetasizer,
Malvern Instruments Ltd, UK).
Zebrafish maintenance
Adult zebrafish (Danio rerio, AB wild-type) were maintained at
28.5 °C with a light cycle of 14 hours light/10 hours dark and
fed with brine shrimp twice per day. To obtain zebrafish
embryos (ZFEs), male and female zebrafish were set up as
pairs the night before mating in breeding tanks with a divider.
The next morning, the zebrafish were stimulated with light,
and the dropped eggs were collected, pooled, and rinsed with
EW several times. For the experiments, fertilized eggs were
chosen and collected under a stereomicroscope (S6D, Leica,
UK), and dead/unfertilized embryos were removed to avoid test
solution contamination. Collected ZFEs were staged according
to Kimmel et al.21 All zebrafish experiments were performed in
compliance with guidelines from the Korea Research Institute
of Bioscience and Biotechnology (KRIBB), and the experimental protocols were approved by KRIBB-IACUC (approval
number: KRIBB-AEC-17122).
Microscopic observation of fluorescent PS nanoplastics in ZFEs
Healthy embryos at 24 h post fertilization (hpf ) were placed in
6-well culture plates, placing each sample in a mixture of EW
and DW at a ratio of 9 : 1 (10 embryos in 5 ml solution per
well). The samples were subjected to fluorescent PS nanoplas-
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tics of diﬀerent sizes (50, 200 and 500 nm) and at a fixed concentration of 0.1 mg ml−1. After incubation for 24 h at 28.5 °C,
ZFEs were washed with fresh EW three times. The accumulation of fluorescent PS nanoplastics in the ZFEs was observed
using a stereomicroscope (SMZ18, Nikon, Tokyo, Japan) with a
fluorescence filter (excitation 441 nm/emission 486 nm) under
halogen lamp illumination. Fluorescent images were obtained
using a monochrome camera (Progres Gryphax®Rigel,
Jenoptik, Germany). To prepare transverse sections, fluorescent PS-treated or non-treated embryos were fixed with 4%
paraformaldehyde overnight at 4 °C, embedded in an agar
block, sunk in a 30% sucrose solution, and cryosectioned to
∼25 μm thickness. Confocal images of the sectioned samples
were taken with an FV1000 (Olympus) instrument using a
DAPI, GFP, or transmitted channel filter set with 350, 488, and
543 lasers, respectively, and compiled using Photoshop
software.
Embryonic toxicity tests
For the mortality test, healthy ZFEs at 24 hpf were exposed to
the suspension of PS nanoplastics without or with HAuCl4 for
24 h at 28.5 °C (n = 10, triplicate). Then, live and dead embryos
at 48 hpf were counted, and photos were taken using a stereomicroscope with a mounted CMOS colour camera (Digi Retina
16, Tucson, China). For hatching rate measurement, the
number of hatched ZFEs exposed to each sample was counted
at 120 hpf.
Observation of chorion by scanning electron microscopy
For scanning electron microscopic analysis, chorions of ZFE
exposed to each sample were taken by manual dechorionation
and washed with DW. The chorions were gently placed on a
silicon wafer, air-dried, and coated by Au sputtering. The
images were taken using a field emission-SEM (Q250 SEM,
FEI, Netherland) under 10 k electron voltage.
Cell death assay
Acridine orange (AO) is a nucleic acid-selective dye that acts by
permeation into the plasma membrane in necrotic or lateapoptotic cells 24. For the detection of cell death of ZFE from
HAuCl4 or PS nanoplastics, fresh ZFEs at 24 hpf were exposed
to 2 μg ml−1 HAuCl4 with or without PS nanoplastics for 6 h at
28.5 °C. Then, they were collected and moved to fresh EW.
After rinsing three times, the ZFEs were incubated in AO solution (10 μg ml−1 in EW) for 30 minutes (min) in the dark. The
AO-stained ZFEs were washed 3 times for 10 min, and dead
cells were visualized under the stereomicroscope with a green
fluorescent filter.
RNA preparation and qRT-PCR analysis
Healthy ZFEs at 24 hpf were incubated separately with each 0,
PS50 nm (0.1 mg ml−1), HAuCl4 (0.5 μg ml−1), and the mixture
of PS50 nm and +HAuCl4 in 6 well-plate (total volume, 5 ml).
After 24 h of incubation at 28.5 °C, the ZFEs were rinsed with
fresh EW three times. Then, the ZFEs were prepared using TRI
reagent solution (Ambion, USA), followed by use of the Direct-
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zol RNA miniprep kit (Zymo Research). Synthesis of cDNA was
carried out using the SuperScript III First-Strand Synthesis
System (Invitrogen, USA) and random primers. The cDNA
samples were amplified by a StepOnePlus Realtime PCR
system (Applied Biosystems, Inc.) using the forward primer 5′GCT ATT CCT GTC TGC TAC ACT GG-3′ and the reverse primer
5′-TGA GGA GAG GAG TGC TGA TCC-3′ for il6 and, the forward
primer 5′-TGG ACT TCG CAG CAC AAA ATG-3′ and the reverse
primer 5′-GTT CAC TTC ACG CTC TTG GAT G-3′ for il1b. F The
fluorescent signal was detected with SYBR (SYBR green PCR
mix, Applied Biosystems, Inc.), and the reactions were performed with 40 cycles of 95 °C for 15 seconds and 60 °C for
1 minute. The fold change of expression was analysed based
on the ΔCt values of target genes, with eef1a1l1, as an
endogenous control.
ROS assay
The ROS generation induced by Au ions and PS nanoplastics
were measured using DCFDA, which is a cell-permeant, ROSreactive reagent. For sample preparation, healthy ZFEs at
24 hpf were incubated separately with 0, PS50 nm (0.1 mg ml−1),
HAuCl4 (1 μg ml−1), and the mixture of PS50 nm and +HAuCl4
in a 6-well plate (total volume 5 ml). After 6 h of incubation at
28.5 °C, ZFEs were rinsed with fresh EW three times, and
DCFDA stock solution was added (final concentration 10 μM),
then the ZFEs were incubated for 1 h. The fluorescence images
of DCFDA-stained ZFEs were captured using a stereomicroscope with a mounted monochrome camera. Semi-quantitative
analysis was performed using ImageJ software.
ICP-MS
The amounts of Au accumulated in the ZFEs were measured
using an inductively coupled plasma mass spectrometer
(ICP-MS, ELAN DRC II, PerkinElmer, USA). For sample preparation, healthy ZFEs (n = 10, triplicate) at 24 hpf were incubated separately with no PS, PS50 nm, and PS500 nm at a fixed
concentration of 0.1 mg ml−1 in the presence of HAuCl4
(1 μg ml−1, 5 ml) in a 6 well-plate. After 24 h of incubation at
28.5 °C, the ZFEs were rinsed with fresh EW three times and
collected. The amount of Au ions in the ZFEs with chorion or
without chorion (only embryos) were analysed after acidic
digestion.
TEM analysis
Zebrafish embryos at 48 hpf with or without treatment with Au
ions (1 μg ml−1) and PS (0.1 mg ml−1) for 24 h were sequentially fixed with 2.5% glutaraldehyde and 1% osmium tetroxide
on ice for 2 h and washed with PBS. The tissues were then dehydrated using an ethanol series, filtered using an ethanol :
epon mixture series, embedded in a pure Epon 812 mixture,
and polymerized in an oven at 70 °C for 24 h. The sections
acquired from the polymerized blocks were collected on
150-mesh copper grids, counterstained with uranyl acetate and
lead citrate, and examined with a Bio-HVEM system
(JEM-1400Plus at 120 kV and JEM-1000BEF at 1000 kV, JEOL,
JAPAN).
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Statistical analysis
Data were expressed as the mean ± S.D., and significance was
determined using a one-way analysis of variance (ANOVA) test
to compare the diﬀerences between groups with Prism
GraphPad software. Diﬀerences were considered significant at
p < 0.05.

Results
Size-dependent accumulation of PS nanoplastics in ZFE
In this study, commercial plain PS nanoplastics of three
diﬀerent sizes, with diameters of 50, 200, and 500 nm (termed
PS50 nm, PS200 nm, PS500 nm, respectively), were used as representative nanoplastics. They were homogenously spherical, as
shown in the scanning electron microscopy (SEM) images in
Fig. S1.† Their hydrodynamic diameters were consistent for
48 hours when dispersed either in distilled water (DW) or in
E3 egg water (EW) for the zebrafish embryo experiments, indicating that the PS nanoplastics were highly stable in both DW
and EW. The zeta-potential values of the PS nanoplastics were
highly negative (approximately −60 to −70 mV) in DW, possibly
due to the surfactants such as Tween20 contained in the PS
solution provided by the manufacturer (Fig. S1†). The values
then reached around −30 to −50 mV depending on their size
in the EW, and it was assumed that many cations such as Na+,
K+, Ca2+, and Mg2+ in the EW might adsorb onto the negatively
charged surface of the PS nanoplastics, resulting in an
increase in the zeta-potential value. However, the particles
were still negatively charged and stably dispersed in the EW
for the duration of the experiment.
The accumulation of PS nanoplastics of diﬀerent sizes (50,
200, 500 nm) in the ZFEs was evaluated by exposure to fluorescent PS (FPS) nanoplastics (0.1 mg ml−1) for 24 hours at
24 hours post-fertilization (hpf ) ZFE in EW. Diﬀerential interference contrast (DIC) and fluorescence images of the ZFEs at
48 hpf were obtained before and after dechorionation (Fig. 1a
and b). With the chorion intact, the fluorescence of FPS50 nm
was clearly detectable in both the chorion and the ZFE body.
In contrast, the fluorescence of FPS200 nm and FPS500 nm was
mainly detected in the chorions but only weakly detected in
the embryos, indicating that large FPSs (200 nm and 500 nm)
were adsorbed onto the chorions to a greater degree than were
the small FPS50 nm. The fluorescence of the dechorionated ZFE
bodies was strong in both FPS50 nm- and FPS200 nm-exposed
ZFEs but was faint in FPS500 nm-exposed ZFEs (Fig. 1b). Semiquantitative analysis of the accumulated FPS nanoplastics relative to size was performed based on the fluorescence (FL)
intensity before and after dechorionation (Fig. 1c). The FL
intensities of eggs (before dechorionation) exposed to
FPS200 nm and FPS500 nm were almost two times higher than
that of eggs exposed to FPS50 nm, while the FL intensities of
embryonic bodies (after dechorionation) decreased in proportion to increasing FPS sizes (FPS50 nm > FPS200 nm >
FPS500 nm). Such fluorescence diﬀerence between eggs and
embryonic bodies was likely due to the diﬀerential adsorption
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and penetration capacity of FPSs towards the chorion, which is
the acellular envelope surrounding mature eggs, revealing a
reverse correlation between the amounts of accumulated FPSs
and their sizes.
To directly visualize the size-dependent accumulation patterns of PS nanoplastics and understand their potential
eﬀects, we examined ZFE chorions exposed to PS nanoplastics
by SEM. As seen in Fig. 1d, the chorions of the control ZFEs
showed clean and smooth surfaces with homogenous chorion
pore canals (CPCs) of diameters corresponding to ∼660 nm,
which is consistent with a previous report.27
In the SEM image of the chorion exposed to PS50 nm, the
pores were still visibly open and narrow with rough surfaces.
In a highly magnified image (Fig. 1d inset), the small nanoplastics were observed surrounding the pores, presumably
with PS50 nm penetrating through the holes in the chorion. In
contrast, the image of the chorion with PS200 nm revealed that
the nanoplastics were located on the surface and inside the
holes (Fig. 1d, yellow arrows). Moreover, most of the PS500 nm
nanoplastics were present on the surface of the chorion, and
some of the holes were blocked by PS500 nm nanoplastics,
whose sizes were similar to that of the CPC, suggesting that
chorion holes act as barriers to prevent the influx/outflux of
large particles, as illustrated in Fig. 1e. These size-dependent
accumulation patterns were well-correlated with the fluorescence intensities of the diﬀerent sizes of PS nanoplastics in
the chorion and body of the ZFEs (Fig. 1c).
Accumulation of PS nanoplastics in ZFE
To more specifically observe the biodistribution of the PS
nanoplastics, extended fluorescence images of FPS50 nmexposed ZFE were taken at 48 hpf after dechorionation. As
seen in Fig. 2a, the fluorescence was predominantly seen in
the yolk and, to some extent, in other tissues including the
brain, retina, and blood vessels of dechorionated embryos.
This indicates that FPS50 nm, which penetrated the pores of the
chorion, can readily be accumulated in particularly lipid-rich
regions and in most tissue of the embryonic bodies. In more
detail, the transverse-sectioned images of FPS50 nm-exposed
ZFEs stained with DAPI for the nucleus and with Phalloidin
for F-actin clearly revealed that large amounts of FPS50 nm were
distributed in the yolk, with some in the endoderm (ED),
muscle fibre (MF) and lateral fascicles (Dorso-, Medio-, and
Ventro-) in the spinal cord (SC) (Fig. 2b–i). These images were
distinctively compared to the transverse-sectioned images of
control ZFEs, which showed similar fluorescence except for the
green fluorescence (Fig. S2†). In addition, fluorescence of the
nanoplastics-exposed ZFEs was also seen in the cell cytoplasm
and membranes of the axon tracts of the central nervous
system (e.g., optic nerve (ON), tract of the post-optic commissure (TPOC) in Fig. 2j–l), while no similar fluorescence was
seen in control ZFEs (Fig. S2k–m†). This result shows that the
nanoplastics can not only penetrate the chorion as a blocking
barrier but can also be accumulated in various types of tissue
and cells including the nervous system and lipid-rich regions
such as the yolk and muscle fibre.
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Fig. 1 Accumulation of diﬀerent sized ﬂuorescent PS nanoplastics (FPS) (control, 50 nm, 200 nm, 500 nm) in zebraﬁsh embryos. (a) DIC and (b) ﬂuorescent microscopic images of the ZFE exposed to none as control, FPS50 nm, FPS200 nm, FPS500 nm before and after dechorionation, respectively. ZFEs were observed at 48 hpf after 24 h exposure of each sample. The images were captured using green ﬂuorescence ﬁlter set (excitation/
emission at 445/470 nm). Scale bar; 500 µm and 200 µm for (a) and (b), respectively. (c) The quantitative analysis of ﬂuorescence intensity of
diﬀerent sized FPSs-exposed ZFEs before (eggs) and after dechorionation (embryos). The ﬂuorescence intensity (F.I.) was measured from the images
using Image J software (n = 7). (d) SEM images of the ZFE chorions exposed to none as control, PS50 nm, PS200 nm, and PS500 nm. The inset image was
taken at high magniﬁcation. Scale bar: 5 µm for all images except 500 nm in the inset image. (e) Illustration of the accumulation pattern of PS nanoplastics depending on sizes at 24 hpf ZFE and the optical images at 48 hpf as a consequence.

Eﬀect on mortality and deformation
Concerning the environmental and biological eﬀect of nanoplastics, we evaluated the acute toxicity of PS nanoplastics
depending on size (50, 200, 500 nm) and concentration (up to
0.2 mg ml−1). The results showed that the mortality and deformation caused by PS nanoplastics was marginal, indicating
that PS nanoplastics did not inflict an acute toxic eﬀect on
embryonic zebrafish, despite their distribution throughout the
body (Fig. S3†). Since it is widely known that nanoplastics
easily adsorb diverse components such as chemicals, organic
materials, and metal ions, we investigated the PS eﬀect on
metal ion-induced toxicity using ZFEs as an in vivo animal
model. As a representative ion, we chose the gold (Au) ion

This journal is © The Royal Society of Chemistry 2019

because of the high interest in its therapeutic and medical
applications due to its versatile catalytic activity and antiinflammatory properties.28 Although the Au ion is less toxic
compared to other metal ions such as Ag and Zn,23,25 limited
cytotoxicity and toxicity of the Au ion as determined using
various aquatic organism including zebrafish embryos (Danio
rerio) has been previously described.29,30 Prior to investigation
of the PS eﬀect on the toxicity of the Au ion, we first investigated the toxicity of the Au ion by exposing ZFEs at 24 hpf to
EW containing HAuCl4 at various doses (0, 0.1, 1, 10 μg ml−1)
for 24 hours, without or with PS50 nm (0.1 mg ml−1) (Fig. 4a).
In the absence of PS nanoplastics, the gross morphology of
most ZFEs in a low concentration of HAuCl4 (0.1 μg ml−1,
0.25 μM) was similar to that of untreated controls. However,
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Fig. 2 Fluorescent microscopic images of ZFE at 48 hpf after 24 h incubation of FPS50 nm following dechorionation. (a) stereoscopic image
of a whole ZFE with green ﬁlter, (b–i) confocal images of cross-section of the spinal cord and yolk sac at the point of white line in (a) with
blue ﬁlter for DAPI (b, f ), red ﬁlter for Phalloidin (c, g), green ﬁlter for FPS (d, h) and the merged (e, i). (f–i) The extended images of white
box in (b) with diﬀerent ﬁlters. ( j–k) Confocal images of cross-section of retina region and (l) the extended image of white box in ( j). Scale
bars: 100 µm (a–e); 200 µm (f–i); 50 µm ( j, k) and 20 µm (l). Abbreviations: Som, Somites; NC, notochord; ED, Endoderm; MF, Muscle
Fiber; DA, Dorsal Arota; dLF, Dorsolateral Fascicle; mLF, Medial Longitudinal Fascicle; vLF, ventrolateral Fasicle; DC, Diencephalon; INL, Inner
Nuclear Layer; ON, optic nerve; ONL, Outer Nuclear Layer; RGC, Retinal Ganglionic Cells; TPOC, Tract of Post-Optic Commissure;
Vent, Ventricle.

embryonic toxicity began to be observed with 1 μg ml−1
(2.54 μM) HAuCl4 treatment, with some debris detected in the
perivitelline space inside the chorion (arrowheads in Fig. 3a),
and treatment with 10 μg ml−1 HAuCl4 caused complete disintegration of the embryos.
We then examined the PS eﬀect on the toxicity of Au ion
nanoplastics during ZFE development by exposing ZFEs to preincubated mixtures of several doses of Au ions and a fixed concentration of PS50 nm nanoplastics (0.1 mg ml−1). The PS50 nm
nanoplastics alone elicited minimal mortality during development, whereas the mortality rates of ZFEs upon treatment with
increasing concentrations of HAuCl4 were enhanced significantly in the presence of PS50 nm (Fig. 4a and b). The half-lethal
concentration (LC50) of HAuCl4 without PS nanoplastics was
calculated to be 1.88 μg ml−1 (4.77 μM Au ion), whereas it
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dropped to 1.25 μg ml−1 (3.17 μM Au ion) in the presence of
PS50 nm, indicating that the presence of PS exacerbated the mortality eﬀect of the Au ion. In addition to the eﬀect on mortality,
we also observed deformation of ZFEs with and without PS
nanoplastics in a fixed concentration of HAuCl4 (1 μg ml−1)
after manual dechorionation (Fig. S4†). In HAuCl4-treated ZFEs
without PS50 nm, most ZFEs survived (3.33% mortality in
Fig. 3b), with minor heart oedema and blood pooling in the
yolk seen in approximately 26.6% of the surviving ZFEs. In contrast, roughly half of the ZFEs treated with HAuCl4 and PS50 nm
survived (43.3% mortality in Fig. 3b), with 23.3% of the surviving ZFEs showing severe yolk oedema, underdeveloped hearts,
and immature brains (Fig. S4†). These results strongly support
the notion that metal ion toxicity in embryonic development is
synergistically exacerbated by the presence of PS nanoplastics.
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without PS50 nm. Generally, ZFEs start to hatch at approximately 48 hpf, and hatching is completed by 120 hpf. PS50 nm
alone did not aﬀect hatching—the ZFEs without HAuCl4 had
all hatched by 120 hpf, regardless of the presence or absence
of PS50 nm (0.1 mg ml−1) (Fig. 4a). The hatching rate of
HAuCl4-exposed ZFEs was reduced at a dose of 0.05 μg ml−1,
and no hatching occurred at doses greater than 0.2 μg ml−1
HAuCl4. Importantly, the hatching rates of HAuCl4-exposed
ZFEs at a dose of 0.05 μg ml−1 significantly decreased in the
presence of PS50 nm (Fig. 6b). No ZFEs hatched at HAuCl4 concentrations greater than 0.1 μg ml−1 with the presence PS
nanoplastics, which is only half of the complete hatching inhibition concentration of HAuCl4 in ZFEs without PS nanoplastics (Fig. 4b), with these embryos remaining inside the chorion
as seen in Fig. 4a (ZFEs with HAuCl4 without or with PS50 nm).
This indicates that the Au ion influences hatching and that PS
nanoplastics synergistically accelerated the inhibition of hatching by HAuCl4.
Fig. 3 Toxicity of Au ion and PS nanoplastics. (a) Optical images of ZFE
exposed to various concentration of HAuCl4 at 0, 0.1, 1, 10 µg ml−1
without or with PS50 nm (100 µg ml−1) for 24 h starting at 24 hpf. (b)
Mortality rate and (d) deformation rate of ZFEs exposed to HAuCl4
without or with PS nanoplastics. The asterisk (*) indicates a signiﬁcant
diﬀerence between the treatment group and control ( p < 0.05).

Fig. 4 Hatching rate of ZFEs. (a) Optical image of ZFE at 120 hpf after
exposure to none as control and HAuCl4 without or with of PS50 nm. (b)
Hatching rate of ZFE exposed to various concentration of HAuCl4
without or with PS50 nm. Samples were exposed to ZFE at 24 hpf until
120 hpf. Scale bar: 500 µm.

Eﬀects on ZFE hatching rates
Hatching, the escape of ZFEs from the chorion, is an essential
process for the survival of aquatic animals. Delay or inhibition
of hatching can cause life-threatening exposure to predators,
blocking of nutrient uptake, and eventual death inside the
chorion. We measured the hatching rates of ZFEs at 120 hpf
after exposure to various concentrations of HAuCl4 with or

This journal is © The Royal Society of Chemistry 2019

Size- and dose-dependent eﬀects of PS nanoplastics on ZFE
development
The size-dependent eﬀect of PS nanoplastics on the toxicity of
Au ions in ZFEs was investigated. The ZFEs exposed to PS
nanoplastics alone exhibited very marginal toxicity, similar to
that seen in control zebrafish, regardless of the size of PS
nanoplastics (Fig. S3†). However, the mortality and deformation rate of ZFEs with PS nanoplastics in the presence of a
fixed concentration of HAuCl4 (1 μg ml−1) for 24 hours
increased as the size of the PS nanoplastics decreased
(PS50 nm > PS200 nm ≈ PS500 nm) (Fig. 5a), indicating higher toxicity upon co-incubation with smaller PS nanoplastics.
Deformation of ZFEs was also observed after dechorionation
because ZFEs with intact chorions, when co-incubated with
large PS nanoplastics (200 nm and 500 nm), were diﬃcult to
be directly assessed due to particle accumulation on the
chorion and penetration failure. The mortality rates of ZFEs
co-incubated with PS50 nm and large PS nanoplastics (PS200 nm
and PS500 nm) were almost comparable to that of control ZFEs
(HAuCl4 alone); however, the deformation rates were slightly
higher with large PS nanoplastics compared to that of control
ZFEs (26.6% for the control and 40% and 33.3% for PS200 nm
and PS500 nm, respectively). We also investigated the eﬀect of
a relatively low concentration of HAuCl4 (0.1 μg ml−1) on the
hatching rates with PS nanoplastics depending on size
because none of the ZFEs hatched at 5 dpf at high concentrations of HAuCl4 (1 μg ml−1), regardless of PS size. The
hatching rate of control ZFEs (0.1 μg ml−1 HAuCl4 treatment)
was 30%, whereas PS50 nm-cotreated ZFEs exposed to HAuCl4
(0.1 μg ml−1) were completely unhatched. Meanwhile,
PS200 nm- and PS500 nm-cotreated ZFEs hatched at approximately 16.6% and 43.3%, respectively (Fig. S6†). These results
collectively show that Au ion toxicity, in terms of mortality,
deformation, and hatching rate, was influenced by the size of
the PS nanoplastics and that co-incubation with smaller PS
nanoplastics resulted in greater toxicity.
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Fig. 5 Size and dose-dependent toxicity of PS nanoplastics. (a) Optical image of ZFE at 48 hpf after exposure to diﬀerent sized PS nanoplastics (0,
50, 200, 500 nm) in presence of HAuCl4 (1 µg ml−1) for 24 h. (b) Mortality and deformation rate of ZFEs exposed to each sample. (c) Optical image of
ZFE at 48 hpf after exposure to diﬀerent concentration of PS50 nm (0, 10, 20, 50, 100 µg ml−1) in presence of HAuCl4 (1 µg ml−1). (d) Mortality and
deformation rate of ZFEs exposed to each sample. Deformation features was counted as heart edema, yolk edema, and eye development. The asterisks indicate signiﬁcant diﬀerences between treatment groups and control in term of mortality (** for p < 0.01, and *** for p < 0.005). All experiment
were performed triplicate with n = 10 (total 30 eggs) for each. Scale bar: 500 µm.

To evaluate the dose eﬀect of PS nanoplastics in the presence of the Au ion, we conducted a toxicity test by exposing
ZFEs to diﬀerent concentrations (0, 10, 20, 50, 100 μg ml−1) of
PS50 nm in the presence of 1 μg ml−1 HAuCl4. The mortality
and deformation rates of ZFEs exposed to PS50 nm with HAuCl4
increased gradually as the concentrations of PS50 nm increased
to 100 μg ml−1. This toxicity was easily detectable with various
doses of PS50 nm in the presence of HAuCl4. For instance, ZFEs
co-treated with the highest dose of PS50 nm (0.1 mg ml−1)
showed obvious cell debris that appeared opaque in the yolk
and body (Fig. 5c and d). These defects are consistent with the
increase in fluorescence intensity in the eggs and embryo
upon co-incubation with FPS50 nm and HAuCl4 (Fig. S7†), indicating that the toxicity of the Au ion is related to the increase
of accumulated PS nanoplastics in the embryonic bodies.
The toxicity of the Au ion and PS nanoplastics induced
aberrant cellular responses in treated embryos
To compare the cell death caused by Au ions with or without
PS nanoplastics, acridine orange (AO) staining was performed
in ZFEs exposed to HAuCl4 (2 μg ml−1) with or without PS50 nm
(0.1 mg ml−1) for 6 hours starting at 24 hpf. As controls, nonexposed or PS nanoplastics only-exposed ZFEs showed no distinct signals of cell death (Fig. 6a). Meanwhile, ZFEs exposed
only to HAuCl4 exhibited positive but weak green fluorescence
throughout the central nervous system, such as in the hindbrain (yellow arrowheads in Fig. 6a). The ZFEs exposed to the
mixture of HAuCl4 and PS50 nm showed stronger green fluorescence, particularly in the retina, brain, and spinal cord, as
well as in the hatching gland cells (HGCs) region (white arrowheads in Fig. 6a), indicating more severe damage in larger
areas of the whole body. These AO-positive regions overlapped
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with the locations of PS accumulation (Fig. 1a), supporting the
hypothesis that PS aﬀects the toxicity of Au ions in terms of
cell death induction.
To understand the exacerbation of Au ion-induced toxicity
by PS nanoplastics, we investigated the inflammatory gene
expression and measured oxidative stress. First, we evaluated
the expression of interleukin-1β and interleukin-6 as representative pro-inflammatory genes by quantitative reverse transcription-PCR to examine the inflammatory response upon ‘suboptimal’ treatment with Au ions (0.5 μg ml−1 HAuCl4) with or
without PS50 nm. Under these conditions, the mortality was
very low (∼3.3%) in both the presence and absence of PS nanoplastics, while the deformation rates were 6.6% and 13.3%
without or with PS50 nm, respectively. In line with the increased
deformation rates, co-treatment with Au ion and PS nanoplastics, but not the individual treatments, triggered a significant
immune response (Fig. 6b and c), suggesting a combinatorial
eﬀect on inflammation.
Reactive oxygen species (ROS) are one of the important features resulting from toxicant-induced cell death and are implicated in the inflammatory response. ROS generation by PS
nanoplastics (0.1 mg ml−1 PS50 nm) and Au ions (1 μg ml−1),
individually or in combination, was examined using 2′,7′dichlorofluorescein diacetate, an ROS indicator. While ROS
generated by PS nanoplastics were only weakly detectable compared to the control, ROS production was dramatically
increased in Au ion-treated ZFEs (Fig. 6d and e), and ROS production was even further increased in PS + Au ion-exposed
ZFEs (1.5 times higher compared to that in Au ion-exposed
ZFEs) (Fig. 6d and e), indicating that the presence of PS nanoplastics synergistically aggravated ROS production by Au ions
in the ZFEs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Mechanism study of toxicity induced Au ion and PS nanoplastics. (a) DIC and green ﬂuorescent microscopic images of AO staining ZFEs after
exposure to none as control, PS50 nm (100 µg ml−1), HAuCl4 (2 µg ml−1), and the mixture of PS50 nm and HAuCl4. The ZFEs were observed at 30 hpf
after 6 h exposure to each sample. Scale bar: 200 µm. (b–c) Pro-inﬂammatory responses of ZFEs conﬁrmed by quantitative RT-PCR of (a) interleukin-1β (IL-1β) and (b) interleukin 6 (IL-6). The asterisk (*) indicates a signiﬁcant diﬀerence between the treatment group and control (* for p < 0.05, **
for p < 0.01, and *** for p < 0.005). (d–e) Fluorescent images and semi-quantitative analysis of ROS response in ZFEs after DCFDA assay, respectively.
Semi-quantitative analysis was performed using Image J software (n = 5). Scale bar: 1 mm.

Quantitative analysis of Au ions by ICP-MS
The enhanced toxicity of the Au ion being exacerbated by
smaller PS nanoplastics (PS50 nm) is consistent with the
increased penetration of PS nanoplastics and their higher
surface/volume ratio, potentially leading to the delivery of
more adsorbed Au ions into the ZFE body. To better understand the underlying mechanism of the exacerbation of the
toxicity of the Au ion by PS50 nm, we measured the amounts of
Au ions accumulated in eggs and individual embryos in situ
following treatment with the Au ion and/or PS nanoplastics by
inductively coupled plasma-mass spectrometry (ICP-MS)
(Fig. 7). The measured amounts of Au ions existing in the eggs
(including chorion) were not significantly diﬀerent among the
conditions tested (109.3, 118.3 and 101.7 ng per egg for Au
ion, Au + PS50 nm, and Au + PS500 nm treatments, respectively),
irrespective of the presence of diﬀerent sizes of PS nanoplastics (Fig. 7a). Meanwhile, the amounts of Au ions in the
embryos (without chorion) were almost one hundred-fold
lower (0.93, 1.01, and 0.50 ng per embryo for Au ion, Au +
PS50 nm, and Au + PS500 nm treatments, respectively) than those
in the eggs (Fig. 7b), indicating that most Au ions were
adsorbed on the chorion and that only a small portion of Au
ions accumulated in the embryonic body and contributed to
the toxicity. This observation is consistent with a previous

This journal is © The Royal Society of Chemistry 2019

Fig. 7 ICP-MS analysis of Au ion in ZFEs. (a) Eggs (including chorions)
and (b) embryos after exposure to none, PS50 nm, and PS500 nm in presence of HAuCl4 (1 µg ml−1) for 24 h. The asterisks indicate signiﬁcant
diﬀerences between treatment groups and control (*** for p < 0.005).
The experiments were performed triplicate with n = 10 for (a) and n = 7
for (b).

report by Böhme et al., which showed that various metal ions
and nanoparticles were mainly found on the chorion structure
in zebrafish embryos, determined by measurement using laser
ablation (LA)-ICP-MS.31 Importantly, the size of the PS nanoplastics determined the amount of uptake of Au ions in the
embryonic bodies—the amount of Au ions in Au + PS50 nmtreated embryos (1.01 ng per embryo) was two times higher
than that in Au + PS500 nm-treated embryos (0.50 ng per
embryo) (Fig. 7b), which is consistent with the lesser pene-
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tration of PS500 nm through CPCs (Fig. 1). Interestingly, the
amounts of Au ions in the conditions of ‘Au ion only’ and
‘Au + PS50 nm’ were comparable, suggesting Au ion concentration-independent toxic eﬀects from PS50 nm (see discussion).
Ultrastructural analysis by TEM
To understand the eﬀects of PS nanoplastics and Au ions at
the ultrastructural level, the subcellular structures of the retina
and midbrain regions of zebrafish embryos were examined by
transmission electron microscopy (TEM) (Fig. 8). The cell morphology of the retina and brain region of the embryo without
treatment as a control was typical, showing well-organized subcellular organelles such as round-shaped nucleus (N) and
mitochondria (Mit) with intact cristae and membranes (Fig. 8a
and b). However, PS50 nm-exposed cells contained many vacuoles in the cytoplasm (arrows in Fig. 8c) and partially in mitochondria by the rupture of cristae, with the majority of cristae
structures relatively intact (Fig. 8c′ and d′) in both regions. The
mitochondrial damage by PS nanoplastics shown in this study
was very similar to the results of a previous study, showing
mitochondrial shrinkage by cationic PS (60 nm) in BEAS-2B

Nanoscale

cells.32 Subcellular damage was also pronounced Au ionexposed cells, as the morphology of the nucleus was deformed
(arrows in Fig. 8e) and the mitochondria were crumbled inside
with large empty spaces (Fig. 8e′ and f′). Interestingly, diﬀerent
from PS50 nm-exposed cells, Au ion-exposed cells contained
fewer intracellular vacuoles, while the mitochondrial cristae
were often disrupted, suggesting that the subcellular responses
between nanoplastics and the metal ions were distinct.
Treatment with the mixture of PS50 nm and Au ions elicited
both the formation of intracellular vacuoles (arrows in Fig. 8g
and h) and damage to the mitochondria, which had empty
spaces inside with defective cristae (Fig. 8g′ and h′), in cells of
the embryos, indicating combined damages from the mixture
of PS50 nm and Au ions. This ultrastructural TEM analysis
demonstrated that the nanoplastics themselves induced minor
subcellular organelle damages (Fig. 8c and d) and may be
potentially toxic. To determine the cause of the mitochondrial
damage, we investigated mitochondrial ROS generation using
a mitochondrial superoxide indicator (MitoSOX™ Red) (see
Fig. S8†). As a result, the ZFEs treated with only PS50 nm exhibited more mitochondrial ROS generation, indicating that the

Fig. 8 Transmission electron microscopic images of retina and brain region in zebraﬁsh embryos at 48 hpf after 24 h exposure to (a, b) none as
negative control, (c, d) 100 µg ml−1 PS50 nm, (e, f ) 1 µg ml−1 Au ion, and (g, h) the mixture of Au ion + PS50 nm at same condition, respectively. The
extended images (a’–h’) of black boxes were placed beside each. The scales are 2 μm (a–h) and 500 nm (a’–h’) in extended images.
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mitochondrial damage was related to the PS nanoplastics. The
eﬀect may not be suﬃcient for dramatically increased ROS production, cell death, and mortality in developing zebrafish
embryos, but the toxicity becomes obvious and enhanced
when combined with the toxic metal ions.33

Discussion
With the increased potential risk of adverse eﬀects of nanoplastics on the environment, such as marine ecosystems, and
on public health, it is essential and imminent to investigate
the biosafety of nanoplastics. One of the distinct characteristics of nanoplastics is their adsorption capacity for trace
metals; however, the influence of metal-adsorbed nanoplastics
in animals has not been systematically studied. In this study,
we demonstrated the combined toxic eﬀects of PS nanoplastics, as model nanoplastics, and Au ions using the developing
zebrafish embryo as a living model organism. We confirmed
the eﬀects of PS nanoplastics on developing ZFEs in terms of
mortality, deformation, and inhibition of hatching in the presence of metal ions (i.e., HAuCl4). Nanoplastics themselves may
not be severely detrimental, but when they are combined with
environmental toxicants such as metal ions, the toxic eﬀects
may be exacerbated. Both the size and the concentration of
nanoplastics appear to be among the key determinants for
such toxicity, which eventually resulted in enhanced ROS production and cell death, as well as pro-inflammatory responses.
At the ultrastructural level, nanoparticles induced obvious subcellular damages in the cytoplasmic organelles, especially in
the mitochondria, which were significantly aggravated in the
presence of Au ions.
The combined toxicity of nanoplastics (i.e., PS) and metal
ions appears to be dependent on the physical size of the nanoplastics. When the toxicity of PS nanoplastics of various sizes
(50, 200, 500 nm) in ZFEs was tested in the presence of Au
ions, smaller PS nanoplastics (50 nm) contributed more toxicity than did larger PS nanoplastics (200 nm and 500 nm) in
terms of mortality (∼20-fold increase) and deformity (∼2.5-fold
increase), despite the obvious non-toxicity of PS treatment
alone, irrespective of size (Fig. S3†). These toxic eﬀects were
well-correlated with the accumulation patterns observed
during the incubation period—smaller PS nanoplastics accumulated on the ZFE body inside the chorion more than did
larger PS (200 nm and 500 nm) nanoplastics, which mostly
accumulated on the surface of the chorion (Fig. 1), indicating
that smaller PS nanoplastics were readily able to penetrate
through the chorion. This PS size-dependent penetration
showed significant correlation with the observed diﬀerences in
fluorescence intensity (Fig. 1c) and SEM images (Fig. 1d).
According to the SEM data, a large amount of PS50 nm nanoplastics appeared to enter into the CPCs (the inset image of
Fig. 1d), whereas only a fraction of PS200 nm nanoplastics
were located inside the CPCs, and the entry of PS500 nm nanoplastics, of which the size was similar to that of the CPCs,
were almost completely excluded (yellow arrows in Fig. 1d). Of
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note, the bare chorion in our study was similar to that
described by Rawson et al.,27 in which CPCs were shown to be
approximately 500–700 nm in diameter with a centre-tocentre distance of 1.5–2.0 μm. In addition, metal nanoparticles
(Au-, Ag-, ZnO-, CuO-NPs) were recently shown to exhibit
sorption and agglomeration behaviours on the ZFE chorion
structure, which is similar to our observation of PS
accumulation.30
Since the surface area of PS50 nm is larger than those of
nanoplastics >PS200 nm, more Au metal ions adsorbed onto the
PS would be delivered inside the chorion, leading to a higher
toxicity due to the increased concentration of Au ions. This is
consistent with the observation that the amount of Au ions in
the ‘Au + PS50 nm’ treatment was two-fold higher than that in
the ‘Au + PS500 nm’ treatment (Fig. 7b). Interestingly, however,
the amount of Au ions found inside the embryonic bodies
were not increased by the presence of PS50 nm upon Au ion
incubation, despite the enhanced toxicity of their co-treatment.
Therefore, such enhanced toxicity cannot be explained on the
basis of increased Au concentrations (Fig. 3; Fig. S6†). Since PS
alone caused subcellular damage to cytoplasmic organelles
such as mitochondria (Fig. 8) but did not lead to embryonic
lethality (Fig. S3†), the presence of PS may sensitize aﬄicted
cells to further damage by toxicants such as metal ions, presumably by lowering the threshold for those damages. The
fluorescence of PS50 nm within the whole embryo was strongly
observed in the axon tract of the central nervous system and
the yolk, which is enriched with lipid contents (Fig. 1a and
2),34 and PS nanoplastics have been reported to diﬀerentially
localize in the hydrophobic regions of the lipid bilayer according to their size and perturb the lipid membrane in vitro,35,36
as well as disrupt lipid metabolism by accumulating in the
zebrafish liver and inducing inflammation.37 It is thus possible
that a relatively high level of Au ions in the membranous structures of a cell, concentrated by PS nanoplastics, rather than a
high total Au concentration, may disrupt the structure fluidity,
which eventually produces toxic reactive oxygen species and
induces cell death (Fig. 6). Therefore, it appears that accumulated PS in zebrafish embryos does not function as a toxicant
per se; rather, it may act as a risk factor amplifying the damage
induced by a toxicant.
Interestingly, Au ions or Au nanoparticles are known to be
inert and relatively non-toxic compared to other elemental
nanoparticles such as silver or zinc oxide according to some
reports.23,38 However, we found that high doses of Au ions
caused severe toxicity, suggesting that Au ion toxicity is dosedependent. Our results are consistent with those of a report
from Asharani et al.,38 which revealed that Au3+ ions at concentrations up to 100 nM did not aﬀect hatching. Importantly, we
demonstrated that Au3+ ion concentrations over 100 nM
induced inhibition of hatching and serious deformation in the
heart and even cell death (Fig. 3 and Fig. S4†). Although the
LC50 of the Au ion is relatively higher than those of other
metal elements (Ag, ZnO, and Cd), the development, mortality,
and hatching processes of zebrafish embryos are clearly
aﬀected by high concentrations of Au ions. In particular, Au
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ions critically influenced hatching, even at a low concentration
(125 nM Au3+ ion). It has been reported that metal oxide nanoparticles such as CuO-, ZnO-, and NiO-NP inhibit zebrafish
hatching by inactivating the zebrafish hatching enzyme
(ZHE1).39 During hatching, ZHE1 plays an important role in
breaking down protein barriers in the chorion. Upon HAuCl4
treatment, AO intensity exhibited an abnormal increase in the
HGCs, which produce, accumulate and secrete choriolysins
that digest glycoproteins present on the chorion,40 suggesting
a functional defect in apoptosis or phagocytosis (Fig. 4).
Furthermore, small PS nanoplastics (50 nm and 200 nm)
exacerbated the hatching inhibition eﬀect of Au ions, as
evidenced by the fact that the hatching rate decreased dramatically in the presence of low concentrations of HAuCl4
(Fig. S6†). PS500 nm did not influence the inhibition of hatching of ZFEs treated with Au ions at a low concentration
(0.1 μg ml−1 HAuCl4), which remained similar to that of
control (HAuCl4 only). Therefore, PS nanoplastics exacerbate,
in a size-dependent manner, the toxicity of metal ions below
their critical concentration by causing deformation and inhibition of hatching.

Conclusions
In summary, we demonstrated the combinatorial eﬀect of
nanoplastics in the presence of a metal ion using PS nanoplastics and Au ions in developing ZFEs. PS nanoplastics themselves did not show toxicity but exacerbated the mortality,
deformation, and reduced hatching rate induced by the metal
ions in a size- and dose-dependent manner. This may be
caused by the subcellular damages from PS nanoplastics accumulated through the zebrafish embryonic body in the presence
of Au ions, as revealed by diverse toxicity tests, the distribution
of fluorescent PS50 nm, the direct measurement of Au ions in
embryos, and ultrastructural analysis. This study paves the way
towards addressing and evaluating the potential toxicity of
diverse nanoplastics brought into the environment and into
organisms including humans by taking advantage of zebrafish
embryos as a model system.
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