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Nanoplastics (NPs) as pollutants in aquatic environments and as a public health issue due to their

accumulation in food chains are of increasing concern. However, previous studies have employed mainly

commercial, chemically synthesized polystyrene model particles. Commercial NPs made of polyethylene

terephthalate (PET), which is widely used in drinking bottles and packaging, are rarely manufactured, and

thus have not been frequently studied in the laboratory. This seriously limits our understanding of their real

environmental and biological effects. Herein, we employ a simple method for producing PET NPs directly

from plastic bottles, preserving the PET chemical properties, and mimicking the mechanical breakdown

process of plastics in nature. Using developing zebrafish embryos as an animal model, we investigate the

bioaccumulation and in vivo toxicity of the produced PET NPs, which have diameter sizes of 20, 60–80,

and 800 nm and are capped by two dispersing agents, i.e., BSA and SDS. This study demonstrates the size-

dependent distribution and the size- and concentration-dependent toxicity of PET NPs in terms of

hatching rate, heart rate, and ROS generation. It also reveals that the PETBSA NP treatment groups exhibited

higher-level abnormalities in heart rate and more severe oxidative damage than the PETSDS NP treatment

groups. Taken together, this work proposes a novel mechanical preparation protocol for PET NPs and

provides evidence relating to the toxicity of environmentally relevant NPs towards aquatic organisms.

Introduction

Ever since the 1950s, plastic production has been increasing
rapidly, reaching a total amount of 8300 million metric

tonnes in 2015.1 With only around 5% of plastic products
recycled and 10% incinerated, the rest are released to landfill
or into the natural environment. Lately, numerous studies
have confirmed that plastic debris experiences a “weathering”
effect such as organic matter coating the surface, photo-
oxidation, and mechanical abrasion, breaking down into
microplastics (MPs, <5 mm) and nanoplastics (NPs, 1–100
nm).2,3 These particles have been found worldwide in the
natural environment, including soil, seawater and
sediments.4–8 At so small a size, there is a potential risk that
MP/NPs will be ingested (or penetrate) and be distributed
within living organisms. How the particles interact with
various biological systems and what their impacts really are
have become of growing concern to environmental scientists,
academia, and the public.
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Environmental significance

Nanoplastics (NPs) with a size of less than 100 nm have been discovered in both water ecosystems and wild aquatic organisms. Herein, we demonstrate a
method to produce realistic NPs, taking polyethylene terephthalate (PET) NPs as an example. The PET NPs are prepared directly from plastic water bottles
via a mechanical-breakdown process. The bioaccumulation and in vivo toxicity of the PET NPs on developing zebrafish embryos were investigated. The
results demonstrate the size- and concentration-dependent toxicity of PET NPs from the aspects of embryo and larval hatching rates and heart rates, and
the generation of reactive oxygen species. Taken together, this is the first proposed mechanical-preparation protocol for PET NPs, and this study provides
evidence relating to the toxicity of realistic NPs towards aquatic organisms.
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Real MPs/NPs in aquatic environments emerge as larger
plastics (e.g. bottles, plastic bags, nets) become subjected to
physical abrasion, such as friction due to water movement,
or scraping against stones, sand and rocks, or biological
conditions such as digestive fragmentation within the gastric
mill of Antarctic krill. The degraded MPs/NPs under natural
conditions are thought to have the following characteristics:
1) they are heterologous in size and morphology. 2) They
preserve the original chemical properties of polymers. 3) They
interact with surrounding biological matter in the complex
chemical environment. To date, a lot of work has been
performed using daphnia, mussels, zebrafish, and algae as
model species,9–12 revealing that MPs/NPs are widespread in
in vivo distribution and induce severe biological risks, such
as developmental retardation, inflammatory response,
neurotoxicity and even mortality.13–17 Such studies, however,
have employed mostly commercially manufactured MPs/NPs.
These products were well defined in terms of size and surface
chemistry, and usually had a spherical morphology, which
differed substantially from their real-life counterparts from
the aspects of many physical (morphology, surface
roughness, density) and chemical (surface chemistry,
polymerization degree, additive) properties. Research using
commercially manufactured nanoplastics, whose
physicochemical parameters (including size, shape, and
charge) can be accurately manipulated, are necessary to
provide basic information about nanoplastics' biological
effect in determining the importance of these parameters.
Yet, as our understanding of the nano-effect progresses, the
environmental relevance of micro/nanoplastics used in
laboratories must be improved to obtain results that
correspond better to reality in in vivo behavior and
toxicological studies.

To overcome the problem, some recent work has
endeavored to propose new preparation protocols for MPs/
NPs. For example, Magri et al. 2018 employed laser ablation
of polymers to obtain PET nanoplastics. This method enabled
researchers to produce nanoparticles with a controlled size
distribution.18 However, its disadvantages, including the
limited amount obtained and the requirement for
sophisticated equipment, increased the difficulty for wider
application. More importantly, the PET NP products
experienced a chemical change in composition, thus losing
their chemical reality for biological assessment as model
NPs. Rodríguez Hernández et al. 2019 produced PET NPs by
precipitating PET dissolved in trifluoroacetic acid solution,
nevertheless changing the physical nature of the material.19

The studies mentioned above have made certain advances in
the production of environmentally relevant MPs/NPs and
provide helpful insights for new preparation protocols.
However, they cannot totally represent real NPs in natural
conditions in terms of morphology, surface roughness, and
additives, among other things.

In this work, we propose a new method to prepare
nanoplastics by the mechanical breakdown of plastic bottles
with the aid of a kitchen blender and BSA and SDS as the

dispersant. Compared with the PET particles reported above,
the NPs in our study are more environmentally relevant. On
the one hand, they are made of the plastic bottles used in
everyday life, better representing the physicochemical
properties of common plastic products. On the other hand,
the mechanical breakdown protocol mimics one of the major
degradation processes of plastics in nature. The PET NPs
made could thus better represent the physiological
interactions and biological effects of plastic particles under
ecological conditions. Given that the intense mechanical
breakdown process of NPs and their presence in different
aquatic matrices lead to NPs being formed with different
particle sizes and different capped surfactants, we predict the
following consequences: 1) NPs will show differences in
stability because of the different natural water conditions. 2)
The different existing states and different surface chemistries
will influence exposure scenarios and further interactions
with aquatic organisms, and thus produce different
biological effects. Using developing zebrafish embryos as an
animal model, we further assess the uptake, distribution,
and toxicity of the as-prepared PET NPs with different sizes
and different capping agents in zebrafish embryos and
larvae. This study explores a useful model for PET NP
production and investigates the size- and capping agent-
dependent toxicological effects of NPs.

Materials and methods
Chemicals and reagents

Polyethylene terephthalate (PET) pieces were cut from locally
purchased mineral water bottles (Nongfu Spring). Nile red
and sodium dodecyl sulfonate (SDS) were purchased from
Sigma. Bovine serum albumin (BSA) was purchased from
Beyotime Biotechnology. Tetrahydrofuran (THF) and dimethyl
sulfoxide (DMSO) were purchased from Sinopharm Chemical
Reagent Company. 2′,7′-Dichlorodihydrofluorescein diacetate
(H2DCFDA) was purchased from MedChemExpress. Ultrapure
water was used throughout this work.

Preparation of PET NP solutions

For nanoplastic preparation, 20 g of plastic sheet was broken
into small pieces with a paper shredder. Two types of
dispersants, BSA and SDS, were used to disperse the particles
during mechanical breakdown. The plastic debris was
removed into a beaker that contained 300 mL of 0.05% BSA
solution or 0.01% SDS solution. To simplify the experiment,
we used a hand blender (Panasonic MX-G51 600 W) to break
down the plastics. Because such blenders were not designed
to work at high speeds for a long time, which would generate
excessive heat, we made simple modifications to the
electrical circuits and subjected the blender to a working
pattern of 1 min of blending alternating with 5 min of
resting, for a total of 6 h.

After 6 h of blending, the supernatant was withdrawn
with a syringe. Considering that the settling rate of
nanoplastics is the key factor determining centrifugal speed,
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the supernatant was subjected to differential centrifugation
to obtain nanoparticles in different diameter ranges. The
precipitate was collected after every centrifugation with the
set speed, and a higher centrifugal speed was applied for
further centrifugation of the suspension to obtain smaller
particles. The speed of the rotor was set, respectively, at
500, 1000, 1500, 2000, 4000, 6000, 8000 and 10 000 rpm for
20 min each time. In order to reduce the overlap of various
particle size ranges, precipitates centrifuged with 1000 (or
1500), 4000, and 10 000 rpm were used in the following
studies. Each precipitate of a PET NP sample was suspended
with BSA (0.05%) or SDS (0.1%) to maintain good
dispersibility. Each PET nanoparticle solution was divided
into two equal lots; one half was dried for 24 hours in a
vacuum drying oven (Bo Xun, China) at 40 °C, followed by
weighing with a millionth analytical balance (Sartorius,
Germany), and the other half was diluted using 0.05% BSA
or 0.1% SDS at a final concentration of 5 mg mL−1 which
were stored at 4 °C until further use. SEM images of the
NPs were captured on an S-4800 field emission scanning
electron microscope (SEM, Hitachi, Japan), and SEM sizes
were analyzed using Nano Measurer software. The dynamic
light scattering (DLS) and zeta potential of the PET
nanoparticle samples at a concentration of 1 ppm were
measured on a Zetasizer NanoZS90 (Malvern Instruments,
UK).

Labeling of PET NPs

The nanoparticle solutions (1 mg mL−1, 1 mL) were mixed
with 2 μL of Nile red (5 × 10−4 M, dissolved in THF), and were
stirred for 2 h. The mixture solutions were then centrifuged
at 14 000 rpm for 30 min, and were washed with 0.05% BSA
solution or 0.01% SDS solution three times.

Zebrafish and exposure

Zebrafish were purchased from Shanghai FishBio Co. Ltd. All
zebrafish experimental procedures were performed in
accordance with the Guide for the Care and Use of
Laboratory Animals (Ministry of Science and Technology of
China, 2006) and were approved by the Animal Ethics
Committee of Yantai Institute of Coastal Zone Research,
Chinese Academy of Science. Zebrafish embryotoxicity test
(ZFET) assays were performed according to previous
methodology described in the report by Vogs et al. 2019.20

Adult zebrafish (Danio rerio, AB wild-type) were maintained at
28 ± 0.5 °C in a 14 : 10 h light/dark cycle and were fed with
brine shrimp twice daily. To obtain embryos, female and
male zebrafish (3 : 2) were mixed at 5 PM and embryos were
collected the next morning at 9 AM. Dead/unfertilized
embryos were removed. The embryo exposure tests began
from 6 hpf and continued until 144 hpf. Zebrafish embryos
were placed in 4 mL of treated solution (n = 15 per treatment)
in 12-well microplates which were then covered with lids.

Toxicity tests

In this study, PET nanoparticles in three particle sizes and
with two different dispersants were tested. Each PET
nanoparticle sample at a concentration of 5 mg mL−1 was
diluted with 0.0001% BSA or SDS to the concentration
required for exposure experiments. At 6 hpf, healthy embryos
were exposed to PET NP treated solutions (n = 15, triplicate)
or control groups. For treatment groups, 15 embryos each
time were assigned to a pool containing 4 mL of the
following solutions: PET solutions with 20 nm particle size
and dispersed by BSA (PET20-BSA) of 50 ppm, 10 ppm, and 1
ppm; PET80-BSA of 50 ppm, 10 ppm, and 1 ppm; PET800-BSA of
50 ppm, 10 ppm, and 1 ppm; PET20-SDS of 50 ppm, 10 ppm,
and 1 ppm; PET60-SDS of 50 ppm, 10 ppm, and 1 ppm; and
PET800-SDS of 50 ppm, 10 ppm, and 1 ppm. Control groups
included 4 mL of 0.0001% BSA or SDS, and Milli-Q water. A
total of 3 pools for each group were used for these assays
(that is, 45 embryos/samples). The hatching rate was
measured at 48 hpf, and survivorship and heart rate were
measured daily from 48 to 96 hpf. Heart rate was assessed by
counting beats for 15 s in 5 individuals for every treatment
group. The use of anesthesia was avoided lest it influence
heart rate.

Fluorescent distribution of PET NPs in zebrafish

At 6 h post-fertilization, healthy embryos were randomly
assigned to 8 groups. 6 of them were NP treatment groups
with 4 mL of Nile red-labelled PET NP (10 ppm) solutions
with different sizes (20, 60–80, and 800 nm) and capping
agents (BSA and SDS), and 2 control groups solely with Nile
red (10 nM) in 0.0001% BSA or SDS solutions. There were 15
embryos in each group. The uptake and distribution of PET
NPs was observed using a Leica SP8 confocal microscope
(CLSM, Leica, Germany). 5 embryos or hatched larva were
selected randomly at a time from each treatment group. The
mean fluorescence intensity of the embryos and larvae was
analyzed using Leica Application Suite X software equipped
in a Leica SP8 confocal microscope.

ROS assays

For quantitative ROS generation, the exposure experiment
was performed in 12-well cell culture plates; three wells were
set up for each size (20, 60–80 and 800 nm) and each
dispersant (BSA or SDS), with each well consisting of 15
embryos exposed for 120 h. Then, five larvae were randomly
selected from each group. The larvae were washed with water
three times and exposed to 10 μM of DCFH-DA fluorescent
probe solution for 1 h. After anesthetizing the larvae with
0.016 M tricaine, the ROS production in the larvae was
detected with a confocal microscope. The mean fluorescence
intensity of the larvae was analyzed using Leica Application
Suite X software equipped in a Leica SP8 confocal
microscope.
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Statistical analysis

Statistical analyses were performed with Graphpad Prism
software (version 5.0, GraphPad Software Co., USA).
Experimental data were statistically analyzed by the two-way
analysis of variance followed by Bonferroni's multiple
comparisons test. The normality of the data was checked
(Shapiro–Wilk test) prior to analysis. Experimental data were
expressed as means ± standard deviation (S.D.), and
differences were considered statistically significant at p <

0.05.

Results and discussion
Preparation and characterization of PET NPs

In natural water bodies, there are numerous kinds of protein
biosurfactants that have capping and stabilizing abilities
towards NPs.21 Similarly, surfactants are omnipresent in the
environment, either naturally formed or released by human
activities,22 which can also act as effective NP dispersive
reagents in liquid media. To mimic the mechanical
breakdown process of plastic in the natural environment, two
widely used NP dispersants, i.e., BSA and SDS, respectively,
from the two categories mentioned above, were selected for
PET NP preparation considering their environmental
meaning. As shown from the SEM images in Fig. 1A and B,
PET NPs of different diameters ranging from ∼20 nm, ∼60–
80 nm, to ∼800 nm could be obtained by using different
centrifugation speeds. In the mixtures, the zeta potentials of
BSA-capped and SDS-capped PET NPs were between −20.0
and −25.5 mV, and −66.7 and −84.2 mV, respectively, which
rendered NPs with good dispersity (Table S1†). Besides, the
production yield of NPs prepared using the “top-down”
method was quantitatively measured. The amount of NPs
with different diameters ranging from ∼20 nm to ∼800 nm
reached the few milligrams to a dozen milligrams level in a
single batch from 20 g of initial PET sheets (Table S3†),
which was sufficient for the toxicological assessments on
zebrafish embryos.

The dispersants played an important role in the formation
of PET NPs. During the breaking of raw PET with a blender,
BSA and SDS were quickly adsorbed on the freshly formed
hydrophobic PET surface, preventing the aggregation of small
PET pieces and thus subjecting them to further rounds of
breaking for the generation of smaller pieces. Different
molecular binding modes are involved in the dispersant-PET
NPs. For BSA, the binding mechanisms are non-specific
attraction force,23 the hydrophobic bonds induced by electric
polarity changes of approaching molecules, van der Waals'
force, and hydrogen bonds, among others.24 PET NPs were
well dispersed as they took advantage of the steric hindrance
and negative repulsion provided by BSA coating. For SDS, its
12-carbon tail and a sodium sulfonate “head-group” gave it
amphiphilic properties. When it was incorporated with PET
NPs, the hydrophobic tails clustered around the surface of
the particle, while the hydrophilic sodium sulfonate “head-
group,” which has a negative charge, pointed outwards to the

water. When the PET solutions were prepared at a
concentration of 0.1% for SDS, the levels of SDS created like-
charge repulsion strong enough to stabilize the NPs.

Colloidal stability difference between BSA- and SDS-capped
PET NPs

In the following, the as-prepared NPs samples were used for
toxicological studies (Table S2†). Considering the low
concentration of NPs and dispersants in real ecological
conditions, the dilution effect on the dispersion of the NPs
was investigated first. In addition, in order to reduce
interference to the intrinsic toxicity effect of nanoplastics, we
chose BSA and SDS with a concentration of 0.0001%, which
exhibited good biocompatibility, to disperse the
nanoplastics.25–27 PET20-BSA and PET20-SDS with 0.05% BSA or
0.1% SDS were diluted to 0.0001% dispersant concentration,
followed by DLS measurement at different time points. As
shown in Fig. 1D, the initial DLS sizes of PET20-BSA and
PET20-SDS were both around 180 nm (larger than the TEM size
because of the surface corona). After the dispersant dilution,
the DLS size of PET20-BSA remained unchanged, whereas that
of PET20-SDS immediately expanded drastically to around 900
nm, and similar large sizes could be continuously detected
within 24 h. This observation suggested that BSA-capped PET
NPs were effectively dispersed when released into a larger
water body, and the SDS-capped PET NPs formed an
agglomeration shortly after the dilution of SDS. In addition,
zeta potential changes in PET NPs after dilution were
observed (Fig. S1†). The result showed that the zeta potentials
of PET20-BSA increased slightly after the dispersant dilution
(−25.5 ± 2.5 mV versus −22.8 ± 0.6 mV). By contrast, the zeta
potentials of PET20-SDS increased significantly from −66.7 ±
6.8 mV to −23.2 ± 3.4 mV. The striking changes in surface
charge of SDS-capped PET NPs before and after dilution may
be one factor contributing to its colloidal instability.

As a macromolecule with a tertiary structure, BSA had
strong affinity to PET NPs through multiple interaction
modes and binding sites, such as van der Waals' force via the
hydrophobic imidazole ring of histidine, the side chains of
phenylalanine, and hydrogen bonds, or via hydrophilic
chemical groups (–OH, O, –NH, NH).24 Thus, despite the
decreasing BSA concentration, a number of factors converged
to create a stable dispersion of PET NPs. By contrast, the
colloidal stability of linear SDS-capped NPs relied greatly on
the concentration of SDS in the surroundings. When the PET
solutions were prepared at a concentration of 0.1% for SDS
(far larger than its CMC, 8 × 10−3 mol L−1), a high density of
SDS, resulting from the hydrophobic effect of the alkyl long
chains, was adsorbed on the PET NP surface. The negatively
charged terminal groups, pointing towards water, created
enough negative charge and thus repulsion force between
particles to achieve temporary colloidal stability. However,
when the concentration of SDS was reduced to 0.0001%, the
SDS–PET NP adsorption equilibrium was broken, resulting in
the dissociation of SDS from PET NPs into water. The
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remaining SDS on the PET NP surface failed to overcome the
van der Waals' attractive force between NPs, leading to the
formation of (sub)micro-sized PET particles.

Uptake of PET NPs in developing zebrafish

The uptake of PET NPs of different sizes was evaluated. As
shown in Fig. 2 and S2–S4,† the fluorescence levels of
PET20-BSA and PET20-SDS were consistently larger than those
of PET80-BSA and PET60-SDS, respectively, and those of nano-
sized particles were consistently larger than those of

PET800-BSA and PET800-SDS, showing that most of the
submicro-sized PET particles were blocked by the chorion
and epidermis. Control groups (containing only free Nile
red dye at the same concentration in NPs) showed very weak
fluorescence which remained constant with increasing
incubation time, suggesting that free dye (if there was any
leakage from NPs or insoluble Nile red particles) would not
interfere with the imaging results (Fig. 2B). All treatment
groups showed more intense fluorescence than did the
control groups (BSA, SDS). We also observed differences in
the fluorescence levels between BSA and SDS treatment

Fig. 1 (A) SEM images of differently sized PET NPs. (B) Particle sizes of PET NPs. (C) Zeta potentials of PET NPs. (D) DLS measurements of diluted
PET20-BSA and PET20-SDS from 0 to 72 h.
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groups. The fluorescence levels for PET20-BSA and PET80-BSA
were consistently higher than those of PET20-SDS and PET60-
SDS, suggesting that the well-dispersed nanoparticles led to a
higher bioaccumulation level in zebrafish embryos and
larvae. In addition, the maintenance of clear fluorescence
signals for PET20-SDS and PET60-SDS in agglomeration states
indicated that, despite the aggregation of SDS-capped
samples, some small-sized particles still passed through the
chorion, which has pore canals with outer openings of 500
to 700 nm, as reported in previous studies.28

Simultaneously, the agglomerated entities showed more
distinguishable and stronger fluorescence, resulting in a
high level of average fluorescence of SDS-dispersed PET
detected with the confocal microscope.

The distribution of PET NPs in zebrafish embryos and
larvae is shown in Fig. 3. At 24 hpf, apparent fluorescence
could be observed not only on the chorion but also in the
yolk, indicating that PET NPs could pass through the
chorion. The clearer aggregations of PET20-SDS were visible
on the surface of the chorions, which might be attributed to

the low colloidal stability of SDS-capped NPs. From 48 hpf
to 72 hpf, the fluorescence increased by up to 1 magnitude
level in intensity, corresponding to the opening of the
protruding mouth (oral pathway), the emergence of gills,
and the inflation of the swim bladder.29 In the same time
period, fluorescence was also observed in the pericardium.
From 72 hpf to 120 hpf, the larva resorbed the yolk sac, and
the gastro-intestinal (GI) tract was functional. Fluorescence
appeared in the GI tract, pancreas, liver, gall bladder, and
pericardium. By 168 hpf, fluorescence was mostly observed
in the GI tract and pancreas. However, fluorescence levels
decreased in the pericardium, gall bladder and liver, which
aligned with the excretion process of PET NPs.

Toxicity of PET NPs in developing zebrafish

Hatching, the emerging of young animals from their
embryos, is fundamental for their survival and later
development. Retardation of hatching could inhibit the
uptake of nutrients, while failure to hatch means death. At

Fig. 2 The accumulation of PET NPs with different particle sizes (20, 800 nm) and with different capping agents (BSA, SDS) in zebrafish embryos
and larvae (n = 5). (A) The fluorescent distribution of PET20-BSA and PET800-BSA, and PET20-SDS and PET800-SDS at 24 and 72 hpf, measured with a
Leica SP8 confocal microscope. (B) Normalized fluorescence levels of PET NPs, BSA, and SDS in zebrafish embryos and larvae from 24 to 168 hpf
(n = 5). *p < 0.05, PET@BAS20 versus PET@SDS20. #p < 0.05, PET@BAS80 versus PET@SDS60.
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48 hpf, we measured the hatching rate of zebrafish embryos
exposed to PET NPs (Fig. 4). BSA-dispersed PET did show a
generally larger hatching inhibition than did SDS-dispersed
PET. In addition, BSA-capped nano-sized particles (20 nm
and 80 nm) exhibited a hatching inhibition effect at higher
tested concentrations (10 and 50 ppm), indicating that the
hatching rate decreased in a size- and concentration-
dependent manner. Meanwhile, 800 nm SDS capped NPs also

showed side effects on the hatching of the eggs at 50 ppm,
probably owing to the blocking of chorion pore canals.

Furthermore, the effect of PET NPs on the heart rate of
zebrafish larvae was examined (Fig. 5). PETBSA was found to
induce a more dramatic influence than PETSDS samples. At an
early stage of 48 hpf, 20 nm and 80 nm BSA capped NPs
significantly reduced the heart rate at higher tested
concentrations (10 and 50 ppm), and 800 nm SDS capped NPs

Fig. 3 Accumulation of fluorescent PET NPs with different capping agents (BSA and SDS) in zebrafish embryos and larvae at 24, 72, 120 and 168
hpf. Fluorescent distributions of PET20-BSA (A) and PET20-SDS (B). The letters in the images refer to various organs: (YS) yolk sac, (Ch) chorion, (YE)
yolk extension, (PC) pericardium, (P) pancreas, (GB) gall bladder, (L) liver, (SB) swim bladder, and (GI) gastrointestinal tract.

Fig. 4 Hatching rates (measured at 48 hpf) of zebrafish embryos exposed to PET NPs of different particle sizes (20, 60–80, and 800 nm), with
different capping agents (BSA and SDS), and at different concentrations (1, 10, and 50 ppm).
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slightly reduced the heart rate at the highest NP concentration
(50 ppm). In contrast, no disturbance was observed for SDS-
capped nano-sized particles (20 nm and 60 nm) at the tested
concentrations. In 72 hpf, the adverse effect was alleviated,
suggesting that 20 nm and 80 nm BSA capped NPs showed a
decreased heart rate only at the highest tested concentrations (50
ppm). Overall, BSA coating, small size and large concentration
seemed to be the dominant factors in heart rate abnormality.

Consistent differences between BSA-capped and SDS-capped
PET NPs in toxicity might be explained by two main factors. The
first was the capping-agent-dependent NP size. PETBSA NPs
effectively dispersed in their original small size, allowing for free
penetration through the embryo membrane. In contrast, PETSDS
NPs tended to aggregate and their sizes were distributed over a
wide range. Only particles smaller than the pore size of the
chorion could enter the embryos, and a large number of
agglomerated NPs were observed to be blocked by the chorion
(Fig. 2A). Previous studies have reported that the accumulation
of nanoparticles on the chorion blocks the pores that transport
oxygen/carbon dioxide and nutrients, thus delaying or
inhibiting embryonic development.30–32 This should be a key
factor for the hatching disturbance effect of PETSDS NPs. The
uncontrollable particle size of PETSDS NPs resulted in deviations
in hatching rate results, which was also a sign of the toxic
mechanism of blocking by NPs.

The second possible factor was the effect of NPs on intrinsic
molecules in zebrafish embryos. Some previous studies have

shown that the initial protein corona would continue to interact
with other proteins in biological systems through non-specific
protein–protein attraction, producing a remarkable coalescence
effect on NPs,1,33–35 while other studies observed the dispersion
effect of organic matter on NPs, consistent with our results.36–38

Either way, the adsorption of intrinsic key proteins and
enzymes upon NPs could induce conformational structural
changes. For instance, Brandes et al. in 2006 reported that
adsorption of protein onto ceramic particles induced
destabilization and loss of alpha-helical structure.39 Lundqvist
et al. in 2019 observed that the particle curvature of silica
nanoparticles strongly influenced the amount of
conformational changes in human carbonic anhydrase upon
adsorption.40 This effect would deliver further adverse
biological activities of the nanoparticles, including longer
retention time in vivo,36 anti-inflammatory response,41 and DNA
damage.24 Upon penetration into the embryo, the NPs would
interact with the intrinsic functional biomolecules. In many fish
species, the hatching gland cells are responsible for releasing
chlorinase that kickstarts the initiation of hatching gene-
expression, enabling the breakdown of eggs by the newborn
fish.42 Thus, the inhibition (blocking) of the secretory functions
of the hatching gland cell, or malfunction of chlorinase induced
by NP adsorption, could be reasons behind the reduction in
hatching rate. Similarly, the formation and bio-interaction of
protein corona could also explain the more severe heart rate
disturbance shown in PETBSA NP treatment groups.

Fig. 5 Heart rates of zebrafish embryos and larvae exposed to PET NPs of different particle sizes (20, 60–80, and 800 nm), with different capping
agents (BSA and SDS), and at different concentrations (1, 10, and 50 ppm). The asterisks refer to a significant heart rate decrease between the
treatment groups and controls (n = 5). *p < 0.05, versus water group. &p < 0.05, versus smaller sized and same-capped PET NPs. #p < 0.05,
versus same sized and different-capped PET NPs.
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What is more, the results indicated a size- and dose-
dependent toxic effect. In treatment groups using the same
dispersant, smaller particle size and higher concentration
seemed to be the dominant factors contributing to PET NP
toxicity. A smaller NP size was more inclined to penetrate
and accumulate in the embryo, resulting in greater toxicity
impacts. Most of the toxic effects were not observed for all
PET NPs with a concentration of 1 ppm.

ROS detection

Due to the large specific surface area, high reactivity and
electron density, plastic particles exposed to the acidic

environment of lysosomes or mitochondria can induce the
generation of reactive oxygen species.43,44 Changes in ROS
content reflect the level of lipid peroxidation and cellular
damage in the body. In this study, the embryos were
incubated in a culture medium containing PET NPs of
different sizes and with different capping agents for 120 hpf.
It was observed that the ROS content increased significantly
and accumulated mainly in the heart and spine (Fig. 6),
suggesting that cellular damage was inflicted by PET NPs on
zebrafish embryonic development. ROS content was shown to
be dependent on the type of capping agent and the particle
size. Generally, BSA-capped particles induced more ROS
content than did SDS-dispersed PET particles. Nano-sized

Fig. 6 Oxidative damage in zebrafish larvae. (A) Fluorescent images of ROS generation in zebrafish larvae at 120 hpf exposed to PET NPs with
different particle sizes (20, 60–80, and 800 nm) and different capping agents (BSA and SDS) at a concentration of 10 ppm. (B) The quantitative
analysis of ROS production in treatment groups and controls. *p < 0.05, versus water group. &p < 0.05, versus smaller-sized and same-capped
PET NPs. #p < 0.05, versus same-sized and different-capped PET NPs.
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particles induced more ROS content than did submicro-sized
particles in PETBSA NP treatment groups, which was possibly
due to the larger amount of embryo uptake and thus more
severe cell membrane and mitochondrial damage. By
contrast, the ROS level in zebrafish larvae exposed to 800 nm
SDS capped NPs was higher compared to those exposed to 20
nm or 60 nm SDS capped nano-sized particles. This might be
accounted for by the aggregations of larger PETSDS NPs,
which were more capable of blocking the chorion pores. This
result revealed that PET NPs were able to trigger ROS
generation in a size- and dispersing agent-dependent
manner, one of the underlying factors for the observed
disturbance in hatching and heart rate.

Conclusions

In this study, we provide a simple method that mimics the
natural breakdown process via mechanical force to produce
environmentally relevant PET nanoparticles in large amounts
and with the chemical properties of PET preserved. We
evaluated the distribution of and cellular damage induced by
three differently sized PET NPs capped with two dispersing
agents in developing zebrafish embryos. Size-dependent and
dispersing-agent-dependent uptake and accumulation of PET
NPs, abnormalities in hatching rate and heart rate, and the
generation of oxidative stress were observed. What is more,
our results highlight the importance of the eco-corona on the
colloidal stability and biological toxicity of NPs.
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