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Plastics are world-wide pollutants that pose a potential threat to wildlife and human
health. Small plastic particles, such as microplastics and nanoplastics, are easily
ingested, and can act as a Trojan Horse by carrying microorganisms and pollutants.
This study investigated the potential role of the Trojan Horse effect in the toxicity
of nanoplastics to the vertebrate model organism, zebrafish (Danio rerio). First, we
investigated if this effect could affect the toxicity of nanoplastics. Second, we analyzed
if it could contribute to the biodistribution of the associated contaminants. And third, we
focused on its effect on the mitochondrial toxicity of nanoplastics. We incubated 44 nm
polystyrene nanoparticles with a real-world mixture of polycyclic aromatic hydrocarbons
(PAHs) for 7 days and removed the free PAHs by ultrafiltration. We dosed embryos
with 1 ppm of nanoplastics (NanoPS) or PAH-sorbed nanoplastics (PAH-NanoPS).
Neither type of plastic particle caused changes in embryonic and larval development.
Fluorescence microscopy and increased EROD activity suggested the uptake of PAHs
in larvae exposed to PAH-NanoPS. This coincided with higher concentrations in the yolk
sac and the brain. However, PAH-only exposure leads to their accumulation in the yolk
sac but not in the brain, suggesting that that the spatial distribution of bioaccumulated
PAHs can differ depending on their source of exposure. Both nanoplastic particles
affected mitochondrial energy metabolism but caused different adverse effects. While
NanoPS decreased NADH production, PAH-NanoPS decreased mitochondrial coupling
efficiency and spare respiratory capacity. In summary, the addition of PAHs to the surface
of nanoplastics did not translate into increased developmental toxicity. Low levels of
PAHs were accumulated in the organisms, and the transfer of PAHs seems to happen in
tissues and possibly organelles where nanoplastics accumulate. Disruption of the energy
metabolism in the mitochondria may be a key factor in the toxicity of nanoplastics, and
the Trojan Horse effect may amplify this effect.

Keywords: plastic pollution, nanoplastics, microplastics, carriers of organic pollutants, polystyrene,
mitochondria, toxicity, zebrafish
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INTRODUCTION

Plastics are of significant concern for water contamination
and constitute the largest amount of man-made debris in
aquatic environments (Koelmans et al., 2015). Degradation
of plastics via biotic and abiotic weathering leads to the
formation of plastic particles at the micro (≤5 mm) and
nanoscale (≤1 µm) (Gigault et al., 2018). Concentrations
of microplastics in freshwater and marine ecosystems are
very variable, ranging from a few particles to thousands of
particles per cubic meter (Hamid et al., 2018). Modeling studies
suggest that microplastics ranging from 0.333 to 4.75 mm
represent the vast majority of the plastic particles in the ocean,
accounting for more than 90% of the total number of plastics
in ocean surface waters (Eriksen et al., 2014). But modeling
studies may underestimate the potential environmental threat of
microplastics and nanoplastics. They are limited by the technical
challenge on detecting small microplastics (<0.333 mm) and
nanoplastics, the inadequate understanding of aggregation and
deposition patterns for microplastics and nanoplastics, and the
lack of robust models. For instance, a recent study (Brandon
et al., 2019) indicated that microplastic levels can be 5–7 orders
of magnitude higher than previously thought (Goldstein et al.,
2013) when microplastics as small as 10 µm are included.
These values can reach a few million to tens of millions of
particles per cubic meter in open ocean waters and nearshore
areas (Brandon et al., 2019). These findings suggest that small
microplastic particles, and presumably nanoplastics, are very
abundant plastic particles and may account for a significant
fraction of the problem of plastic pollution. Due to the small
size of nanoplastics, detection and removal prove to be difficult,
and it facilitates ingestion, tissue penetration, trophic transfer,
and interactions with organic matter and other contaminants.
Research addressing organismal accumulation and associated
adverse effects is of crucial importance. Nanoplastics are probably
the least understood compound of marine litter but potentially
also the most hazardous one (Koelmans et al., 2015).

The toxicity of nanoplastics has been studied using different
animal models, including the zebrafish (Danio rerio). Research
indicates that polystyrene nanoparticles (NanoPS) smaller than
200 nm are able to cross the zebrafish embryonic chorion through
pore canals and they appear to accumulate at first in the yolk sac,
brain, retina, and blood vessels (Pitt et al., 2018a; Lee et al., 2019).
NanoPS are then further transported to different organs, such
as the heart, pancreas, gall bladder, liver, and the intestine. They
can ultimately cause bradycardia and larval hypolocomotion (Pitt
et al., 2018a). Uptake of nanoplastics can lead to disturbances
in energy metabolism, including impaired glucose homeostasis
and mitochondrial ATP production (Brun et al., 2019; Trevisan
et al., 2019). These findings show that nanoplastics accumulate
in early developmental stages, reach different organs throughout
development, and have the potential to cause physiological
disorders. Most of these results come from animals exposed to
nanoplastics through the water. But nanoplastics can also be
transferred through the diet (Chae et al., 2018) and via maternal
transfer (Pitt et al., 2018b). Thus, their small size can also result
in multiple routes of exposure.

Nanoplastics are generally composed of inert polymers but
the adsorption of various molecules to their surfaces creates
a coat called the surface corona. This has the potential
to greatly increase their biological reactivity. The corona
can consist of metal ions, polysaccharides, proteins, lipids,
nucleic acids, microorganisms, and organic pollutants (Paul-
Pont et al., 2018). Their high surface area and significant
affinity to hydrophobic compounds suggest that nanoplastics
will likely have organic compounds sorbed to their surface in
the environment (Koelmans et al., 2015). Thus, nanoplastics
can carry toxic environmental pollutants through a Trojan
Horse effect mechanism. For example, plastic particles have
a high affinity for hydrophobic organic contaminants such as
polycyclic aromatic hydrocarbons (PAHs) (Lee et al., 2014). This
Trojan Horse effect can be potentiated by specialized feeding
strategies such as filter feeding, what can significantly increase
the ingestion of plastic particles and associated contaminants
(Fossi et al., 2014). In a previous study from our group, we
found that NanoPS interact with a complex mixture of PAHs.
This results in decreased levels of free PAHs available for
uptake and reduces the acute toxicity of the NanoPS + PAHs
mixture to zebrafish embryos (Trevisan et al., 2019). The present
study aimed to investigate the sole contribution of the Trojan
Horse effect to the transfer of PAHs. This was achieved by
using an approach in which NanoPS are the only source of
PAHs. We exposed zebrafish embryos to virgin or PAH-sorbed
nanoplastics and analyzed their development, accumulation of
PAHs, and mitochondrial energy metabolism. We hypothesized
that plastics could expose the sorbed contaminants to aging and
weathering, resulting in altered toxicity. We also hypothesized
that exposure to PAH-sorbed plastics would cause signs
similar to PAH exposure, such as cardiotoxicity, increased
EROD activity, and PAH bioaccumulation. And as both
nanoplastics and PAHs can modulate energy metabolism, we
hypothesized nanoplastics loaded with PAHs could cause greater
disruption of mitochondrial energy production when compared
to virgin nanoplastics.

MATERIALS AND METHODS

Plastic Nanoparticles and an
Environmental Mixture of PAHs
Non-functionalized polystyrene nanoparticles (NanoPS)
were obtained from Bangs Laboratories, Inc. (Fishers, IN,
United States), as a 10% (w:v) stock solution containing
0.1% sodium dodecyl sulfate (SDS) and 0.05% sodium azide.
According to the manufacturer, the stock solution (100 ppt)
contains 2.158E+15 particles/ml. These same NanoPS were
recently characterized in exposure medium (30% Danieau)
by our research group, with a hydrodynamic diameter of
44.73 nm, a surface charge of −38.0 mV, a relatively low
polydispersity index (0.328), and polymer composition of
polystyrene (Trevisan et al., 2019).

The environmental mixture of PAHs consisted of a sediment
extract from the Atlantic Wood Industries Superfund site, located
in the Elizabeth River (VA, United States), called Elizabeth River
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Sediment Extract (ERSE). It was previously collected, processed,
and chemically characterized by our laboratory with a total
PAH content of 5,073 ng/mL PAHs as a result of 36 different
analyzed PAHs (Fang et al., 2014). This solution has been
extensively studied in our laboratory as a model environmental
PAH mixture with different fish species, including zebrafish
(D. rerio), Atlantic killifish (Fundulus heteroclitus) and medaka
(Oryzias latipes) (Brown et al., 2016; Riley et al., 2016; Lindberg
et al., 2017; Mu et al., 2017; Trevisan et al., 2019). This extract
was obtained from sediments collected at the Atlantic Wood
Industries Superfund Site (VA, United States), which contained
˜122.6 µg/g dry sediment of total PAHs (Clark et al., 2013).
These values are extremely high and close to the values obtained
in highly industrialized or urbanized areas across the globe as
reviewed by Clark and Di Giulio (2015): Tokyo Bay (∼300 µg/g
dry weight), Sidney Harbor (∼400 µg/g dry sediment), and
Boston Harbor (∼400 µg/g dry sediment).

Animal Husbandry and Embryo
Collection
Laboratory zebrafish (D. rerio) were maintained in a recirculating
Aquatic Habitats system (Pentair Aquatic Eco-systems, Apopka,
FL, United States) on a 14:10 h light: dark cycle. Water quality
was maintained at 27.5–28.5◦C and pH 7.0–7.5, through the
use of carbon-filtered water supplemented with commercial sea
salts (60 mg/L; Instant Ocean, Foster & Smith, Rhinelander, WI,
United States). The fish were fed twice daily with brine shrimp
(INVE Aquaculture, Inc., Salt Lake City, UT, United States)
in the morning and Zeigler’s Adult Zebrafish Complete Diet
(Zeigler Bros., Inc., Gardners, PA, United States) in the afternoon.
Breeding crosses of two males and three females 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 a medium of
30% Danieau water (17 mM NaCl, 2 mM KCl, 0.12 mM MgSO4,
1.8 mM Ca(NO3)2, 1.5 mM HEPES, pH 7.6).

Sorption of PAHs to the Surface of
NanoPS
For each exposure independent experiment, two glass flasks
containing 40 ml of 30% Danieau water were prepared 1 week
before the experiment and NanoPS were added at the final
concentration of 10 ppm. One of the flasks also received the
ERSE solution at the final concentration of 5% (PAH-NanoPS
group), while the other flask did not receive ERSE (NanoPS
group). These values were chosen based on data from a previous
experiment that suggested the sorption of PAHs to NanoPS at
these concentrations (Trevisan et al., 2019). The flasks were
incubated at 28◦C and 60 rpm for 7 days with a 14:10 h light:
dark cycle (Figure 1A), after which the solutions were transferred
to Vivaspin 300 KDa MWC filters (Figure 1B) and centrifuged as
recommended by the manufacturer. The samples were washed
three times with 30% Danieau to remove free PAHs and the
retained fraction containing the nanoplastics was resuspended in
30% Danieau to the nominal concentration of 1 ppm NanoPS
and 1 ppm PAH-NanoPS. At this concentration, the expected
number of particles is 2.158E+9 particles/ml, close to the highest

predicted environmental concentrations for 50 nm nanoplastics
particles (between 1E+3 to 1E+9 particles/L) (Lenz et al., 2016).

Exposure to NanoPS and PAH-NanoPS
Zebrafish embryos at 6 hpf (hours post-fertilization) were dosed
with freshly prepared NanoPS or PAH-NanoPS solutions as
described in section “Sorption of PAHs to the Surface of NanoPS,”
and an additional group was kept in the exposure solution (30%
Danieau) as a control (Ctl) (Figures 1C,D). The exposures were
carried out in glass Petri dishes at a density of 1 zebrafish
embryo/ml. The total number of embryos per group varied
according to each assay, as described in the following sections.
Animals were exposed to the solutions in an incubator at 28◦C
and 60 rpm until further analysis.

Exposure to Different Ultrafiltration
Fractions of the Fresh and Aged PAH
Mixture
Preliminary experiments were carried out to account for possible
interferences in the toxicity assays. To investigate if the 7-day
pre-incubation period (hereafter called aging) could affect the
toxicity of the PAH-NanoPS solution due to alterations in the
chemical structure of the PAHs, preliminary acute toxicity assays
were carried out with unfiltered (total fraction) 5% fresh ERSE
and 5% aged ERSE (Figures 1E,F). The aged ERSE solution was
prepared in 30% Danieau under the same conditions as described
in section “Sorption of PAHs to the Surface of NanoPS”: one flask
containing 40 ml of 5% ERSE (diluted in 30% Danieau water) was
prepared 1 week before the experiment. The flask was incubated
at 28◦C and 60 rpm for 7 days with a 14:10 h light: dark cycle.
Animals were then exposed to this solution (unfiltered 5% aged
ERSE) or freshly prepared unfiltered 5% ERSE (freshly prepared
in 30% Danieau).

Another set of experiments was performed to investigate
the possible accumulation of free PAHs in the filter, which
could contaminate and increase the toxicity of the PAH-NanoPS
solution. Acute toxicity assays were tested with the retained and
eluted fractions of 5% fresh and aged ERSE (Figures 1E,F): 30 ml
of freshly prepared 5% ERSE (diluted in 30% Danieau) or 5%
aged ERSE (prepared as described above) were transferred to
Vivaspin 300 KDa MWC filters, centrifuged as recommended
by the manufacturer, and the eluted fraction was collected. The
retained fraction was washed three times with 30% Danieau to
remove free PAHs and resuspended in 30 ml of 30% Danieau.
Animals were exposed to these solutions as described above.

Preliminary Assessment of the
Developmental Toxicity of Fresh and
Aged ERSE Solutions
Zebrafish embryos exposed to the total, retained, and eluted
fractions of freshly prepared or aged ERSE solutions were
analyzed for survival and deformity rates at 96 hpf. Each
experiment consisted of 2 Petri dishes of 10 embryos per
group, and each petri dish was considered a biological replicate
in a total of three independent experiments (n = 6). Results
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FIGURE 1 | Procedures for the sorption of PAHs to nanoplastics and the exposure groups analyzed in this study. (A) Polystyrene nanoparticles (44 nm) were
incubated at 10 ppm with a mixture of PAHs (Elizabeth River Sediment Extract, ERSE – 5% v:v) in a glass flask for 7 days at the described conditions. Incubations
containing only NanoPS or ERSE were carried out in the same conditions. (B) Free PAHs unbound to nanoplastics were removed from the solution using an
ultrafiltration device, followed by resuspension of the retained nanoplastics to the final concentration of 1 ppm (NanoPS and PAH-NanoPS groups). (C,D) Zebrafish
embryos were exposed only to the retained fractions of the NanoPS and PAH-NanoPS solutions. For comparison, embryos were also exposed to the total
(unfiltered), retained and eluted fractions of (E) fresh 5% ERSE (non-incubated) or (F) aged 5% ERSE (incubated for 7 days in the absence of nanoplastics).
Checkmark indicates that the respective fraction was analyzed for toxicity while an X indicates the opposite.

of these preliminary experiments were used for design of
subsequent studies.

Assessment of the Developmental
Toxicity of NanoPS and PAH-NanoPS
Zebrafish embryos exposed to 1 ppm NanoPS or PAH-NanoPS
underwent a deformity assessment in the form of yolk sac edema,
pericardial edema, and curved tail every 24 h until 96 hpf. The
survival rate and hatching rate was determined at the same time
points, except that the hatching rate was additionally analyzed
at 56 hpf. Each experiment was carried out with three Petri
dishes per group, and each petri dish was considered a biological
replicate, in a total of three independent experiments (n = 9).
The heartbeat rate was measured in these same experiments at
48 hpf in 12 embryos per group (four embryos from each petri
dish) (n = 36).

Analysis of PAH Exposure by the EROD
Assay
In vivo Ethoxyresorufin-O-Deethylase (EROD) activity was
analyzed in 96 hpf zebrafish larvae to estimate PAH exposure
in Ctl, NanoPS, and PAH-NanoPS exposure groups. At 24 hpf,
embryos were dosed with 0.02 mg/L PTU (phenylthiourea)
to inhibit pigmentation. At 96 hpf, embryos were individually
transferred to solid white 384 well plates and incubated with

1.5 µM 7-ethoxyresorufin. The plate was incubated in a plate
reader at 28◦C, and the fluorescence was quantified after 8 h.
The assay was adapted from a previously published method
(Noury et al., 2006), and the relative EROD activity was calculated
by normalizing the fluorescence values to the control group.
The experiment was performed with 10 larvae per group per
experiment, in three independent experiments (n = 30).

Analysis of PAH Uptake by Fluorescence
Microscopy
PAH uptake was estimated in 96 hpf zebrafish larvae in
Ctl, NanoPS, and PAH-NanoPS exposure groups via fluoresce
microscopy, utilizing the natural fluorescence of PAHs. At 24
hpf, embryos were dosed with 0.02 mg/L PTU (phenylthiourea)
to inhibit pigmentation. Larvae were individually transferred
to a black clear bottom 96 well plate, anesthetized in
200 µg/mL tricaine (prepared in 30% Danieau), and analyzed
for green fluorescence using a BZ-X700 automated fluorescence
microscope (Keyence Corporation of America, Itasca, IL,
United States) with 470/40 (em) and 525/50 nm (ex) filters.
In vivo quantitative determination of PAH uptake was performed
relative to the control group. Fluorescence was quantified using
ImageJ software and expressed as fold change normalized to the
control group. The experiment was performed with 6–7 larvae
per group per experiment, in three independent experiments
(n = 18–21).
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To estimate the concentration of PAHs bioaccumulated by
the end of the PAH-NanoPS exposure, the fluorescence fold
change obtained as described above was compared to the values
obtained from animals exposed to unfiltered (total fraction) aged
ERSE solution at the concentrations of 0.1, 0.5, 1, 2, and 5%.
This experiment was performed with four larvae per group per
experiment, in three independent experiments (n = 12).

Bioenergetics Analyses
Assessment of oxygen consumption rate and extracellular
acidification rate was performed via the XFe24 Extracellular Flux
Analyzer (Agilent Instruments, Santa Clara, CA, United States)
in 24 hpf embryos or 96 hpf larvae according to previously
published protocols (Stackley et al., 2011; Raftery et al., 2017).
Animals were staged in an islet capture microplate (24 wells)
containing filtered water supplemented with commercial sea
salts (65 ppm), at a density of two embryos or one larva per
well. Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), oligomycin A, and sodium azide were used to estimate
the bioenergetics partitioning, as described in Supplementary
Material. Each experiment consisted of 7–8 animals per group,
in three independent experiments (n = 21–24).

Animals were also assayed in vivo for NADH production
according to a previously published protocol using Alamar
Blue (Thermo Fisher Scientific, Waltham, MA, United States)
(Williams and Renquist, 2016). Embryos at 24 hpf or larvae
at 96 hpf were transferred to a 96 well white plate at a
density of two embryos per well or one larva per well, and
the fluorescence was analyzed over 24 h at 28◦C. The change
in fluorescence values between the end and the start of the
assay was calculated, normalized to the control group for
each experiment, and expressed as relative fluorescence change.
Each experiment consisted of 10 animals per group, in three
independent experiments (n = 21–24).

Statistical Analysis
Data were analyzed for normal distribution and homogeneity of
variability by Shapiro-Wilk and Bartletts, respectively. Survival
rate and deformity rates after exposure to different ultrafiltration
fractions of fresh or aged ERSE or different concentrations of
unfiltered aged ERSE were analyzed by Kruskal-Wallis followed
by the two-stage set-up method of Benjamin, Krieger, and
Yekutieli for controlling the false discovery rate (5%). Additional
experiments with NanoPS and PAH-NanoPS exposure groups
were analyzed by one-way ANOVA followed by Tukey’s post-
hoc or Kruskal-Wallis followed by Dunn’s post-hoc. Values were
considered statistically significant at p < 0.05.

RESULTS

Preliminary Assessment of Aging and
Ultrafiltration in the Developmental
Toxicity of the PAH Mixture
Initial experiments investigated if the incubation period of
7 days at 28◦C could cause aging and weathering effects

on the PAHs, affecting their developmental toxicity. Zebrafish
embryos were exposed to the total fraction (unfiltered) of
freshly prepared or aged 5% ERSE solution. The results shown
in Figure 2 indicate that the total fraction of the fresh
PAH solution is highly toxic to early development zebrafish.
Exposure to it caused high frequencies of animals containing
pericardial edemas (98%) or curved tails (34%). On the other
hand, the toxicity of the aged PAHs solution appears to
be lower. After exposure, fewer animals presented pericardial
edema (36%), but a similar number of them had curved
tails (28%).

The effects of the removal of free PAHs by ultrafiltration
on the toxicity of the fresh and aged ERSE solution were
analyzed. This experiment aimed to investigate if PAHs could
unintentionally accumulate in the retained fraction during the
ultrafiltration of the PAH-NanoPS solution. Such accumulation
could contaminate and overestimate the biological effects of the
PAH-NanoPS. No signs of toxicity were detected when animals
were exposed to the retained fractions of fresh or aged PAHs
solutions (survival rate > 86% and deformity rates < 3%). These
findings suggest that no significant amount of PAHs accumulates
in this fraction after the washing steps. Yet, the toxicity of the
eluate fraction was slightly lower than the total fraction for both
PAHs solutions, probably due to some loss of free PAHs during
the ultrafiltration.

Developmental Toxicity Assays With
NanoPS and PAH-NanoPS
The preliminary tests ruled out the significant accumulation of
free PAHs in the retained fraction. After such confirmation,
an initial daily screening for alterations in developmental and
morphological parameters was performed in zebrafish embryos
and larvae exposed to 1 ppm NanoPS or PAH-NanoPS (Figure 3).
Results indicated no significant differences for survival, hatching,
and deformity rates from 24 to 96 hpf. No signs of cardiotoxicity
were detected when the heartbeat was assayed in 48 hpf
animals (Figure 3).

We measured the larval EROD activity as a qualitative
indication of the transfer and bioaccumulation of PAHs. A 1.8-
fold increase in EROD activity was detected in larvae exposed
to PAH-NanoPS (Figure 3). Despite the absence of classic
signs of PAH developmental toxicity, this result suggests that
bioaccumulation of PAHs occurs after exposure to PAH-NanoPS.

PAH Uptake in Organisms Exposed to
Nano-PS or PAH-NanoPS
We used the natural fluorescence of PAHs to further investigate
the bioaccumulation of PAHs. Green fluorescence levels were
analyzed in 96 hpf larvae through fluorescence microscopy. In
line with the EROD data, we detected high fluorescence levels in
animals exposed to PAH-NanoPS (Figures 4A,B). A 3D surface
plot analysis of the green fluorescence (Figure 4C) indicates the
yolk sac as the main organ for PAH bioaccumulation. This same
analysis also indicates that the area corresponding to the brain
appears as a possible target. Quantitative analysis indicates a 2.6-
fold increase in the fluorescence levels in the whole animal, a
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FIGURE 2 | Analysis of the incubation and ultrafiltration on the acute toxicity of the PAH solution to embryonic and larval zebrafish. Animals at 6 h post-fertilization
(hpf) were exposed to different ultrafiltration fractions of freshly prepared (fresh) 7 days old (aged) 5% Elizabeth River Sediment Extract as a model environmental PAH
solution. The total fraction represents an unfiltered solution, while the retained and eluted fractions are collected by ultrafiltration. Animals were analyzed at the end of
the exposure (96 hpf). Data were analyzed by Kruskal-Wallis followed by the two-stage set-up method of Benjamin, Krieger, and Yekutieli for controlling the false
discovery rate. Differences relative to the Ctl are shown as *, **, or *** (p < 0.05, 0.01, or 0.001) on top of the bars, while differences relative to the respective “total
fraction” are shown as #, ##, or ### (p < 0.05, 0.01, or 0.001) (all p-values were adjusted to the false discovery rate of 5%).

4.0-fold increase in the yolk sac, and a 1.25-fold increase in the
brain region of larvae exposed to PAH-NanoPS.

We also estimated the amount of PAHs accumulated in larvae
exposed to PAH-NanoPS (Figure 4D). The fluorescence levels of
organisms exposed to PAH-NanoPS were compared to the ones
obtained from direct exposures to aged ERSE. The fluorescence
increase in the whole animal and the yolk sac in PAH-NanoPS
animals is similar to the increase after exposure to 0.5% aged
ERSE. Yet, we did not detect significant accumulation of PAHs
in the brain region with aged ERSE concentration as high as 5%.
Moreover, the levels of total PAHs accumulated after exposure
to 5% aged ERSE were still slightly lower than the ones from
PAH-NanoPS animals.

Mitochondrial Bioenergetics of Animals
Exposed to NanoPS and PAH-NanoPS
Both nanoplastics and PAHs can affect the mitochondria (Meyer
et al., 2013; Lee et al., 2019; Trevisan et al., 2019). Thus,
we analyzed the mitochondrial energy metabolism in zebrafish
embryos and larvae in vivo. A summary of the mitochondrial
bioenergetics partitioning can be seen in Figure 5. The top panel
(Figure 5A) shows the different metabolic fractions of the oxygen
consumption rates (OCR) analyzed in vivo in this study. The
total maximum respiration of the organism is comprised of a
non-mitochondrial fraction, a mitochondrial basal respiration
fraction, and a mitochondrial spare capacity fraction. We can
also divide the mitochondrial basal respiration into ATP-linked
and proton leak fractions. The bioenergetics fractions in 24 hpf
embryos and 96 hpf larvae are shown as the corresponding

percentage of the total maximum respiration (sum equals 100%).
The statistical analyses of the absolute values of these fractions are
shown in Supplementary Figures S1, S2.

Figure 5B indicates the effects of NanoPS and PAH-NanoPS
on the bioenergetics fractions in 24 hpf embryos. Both exposures
seem to increase the fraction associated with proton-leak at the
expense of ATP-linked OCR. This can be further analyzed by
looking at the mitochondrial coupling efficiency. This parameter
represents the percentage of mitochondrial respiration linked
to ATP synthesis. Only exposure to PAH-NanoPS caused a
significant decrease, from 85 to 79% (Figure 5C).

It is not possible to estimate the proton-leak and ATP-linked
OCR in 96 hpf larvae. Under our experimental conditions,
oligomycin A is not effective at this developmental stage. Thus,
only the basal mitochondrial OCR fraction is shown. At this
developmental stage, PAH-NanoPS decreased the mitochondrial
spare capacity from 29 to 21% of the total maximum respiration.
It also decreased the non-mitochondrial OCR fraction from 12.7
to 9.2% (Figure 5D).

In addition to the OCRs, we measured the NADH production
and extracellular acidification rate (ECAR) in vivo in embryos
and larvae. In these whole organisms, the ECAR values do
not reflect the glycolysis rate due to lactic acid excretion. They
are indicative of the excretion of CO2 from the tricarboxylic
acid (TCA) cycle (Stackley et al., 2011). CO2 will then generate
bicarbonate and carbonate in the medium, changing the pH value
of the medium. We did not see differences in either of these assays
in 24 hpf embryos (Figure 6). Yet, 96 hpf larvae had lower NADH
production rates when exposed to NanoPS. It was not possible
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FIGURE 3 | Morphological screening and EROD activity of zebrafish embryos and larvae. Animals were exposed at 6 h post-fertilization (hpf) to 1 ppm polystyrene
nanoparticles (NanoPS) or 1 ppm polystyrene nanoparticles with PAHs sorbed to their surface (PAH-NanoPS) (please see Figure 1 and section “Sorption of PAHs to
the surface of NanoPS” for further details). Survival, hatching, yolk sac edema, and pericardial edema were assessed throughout the exposure, while the heartbeat
was assessed at 48 hpf and EROD activity was analyzed in vivo at 96 hpf. Data are presented as average ± standard deviation (n = 9–12), except for heartbeat
(n = 48) and EROD activity (n = 32–35) which are shown as average and scatter plot of individual replicates. The dotted line represents the average of the control
group. Survival rate was analyzed by Mantel-Cox log-rank test; hatching, yolk sac edema, and pericardial edema rates were individually analyzed at each time point
by one-way ANOVA followed by Tukey’s post-hoc or Kruskal-Wallis followed by Dunn’s post-hoc; heartbeat was analyzed by one-way ANOVA followed by Tukey’s
post-hoc. Groups not sharing letters are statistically different (p < 0.01).

to measure the ECAR/CO2 release rates in larvae, as the values
were negligible.

DISCUSSION

As previously discussed, plastics have been detected globally
in a wide range of environments, including freshwater and
marine environments. Land-based activities are major players

for marine plastic pollution. Thus, it is not surprising that
rivers are classified as main transporters of plastics into the
estuaries and the ocean, and that estuarine benthic sediments are
important sinks for plastic accumulation (Simon-Sánchez et al.,
2019). During this transport, the sorption of organic pollutants
to plastic particles can result in the accumulation of chemicals
in the estuaries (Fraser et al., 2020) and ultimately, the ocean. In
freshwater systems, nanoplastics quickly interact with dissolved
organic matter to form microgels, which will be transformed

Frontiers in Environmental Science | www.frontiersin.org 7 July 2020 | Volume 8 | Article 78

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-00078 July 22, 2020 Time: 17:52 # 8

Trevisan et al. Nanoplastics as Carriers of Pollutants

FIGURE 4 | PAH uptake estimated by green fluorescence microscopy in 96 hpf larvae. Animals were exposed at 6 h post-fertilization (hpf) to 1 ppm polystyrene
nanoparticles (NanoPS) or 1 ppm polystyrene nanoparticles with PAHs sorbed to their surface (PAH-NanoPS) (see Figure 1 and section “Sorption of PAHs to the
surface of NanoPS” for further details). (A) Green fluorescence was quantified in the whole animal, in the yolk sac, and in the brain region, and is shown as average
and scatter plot of individual replicates (n = 17–20). (B) Representative images are shown in the top, and the dashed circles indicate the individual areas analyzed.
(C) 3D surface plot representations of the green fluorescence levels indicate that the fluorescence increase related to PAHs uptake occurs mostly in the yolk
sac (arrow) and to some extent in the brain region (arrow). The insets (dashed line) represent an estimate of PAH uptake in the brain region with the color scale adjusted

(Continued)
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FIGURE 4 | Continued
to that region. (D) Green fluorescence levels in larvae exposed to aged ERSE (n = 15). The black dotted line represents the average of the control group, while the
dashed orange lines indicate the fluorescence values obtained from animals exposed to PAH-NanoPS. Data were analyzed by one-way ANOVA followed by Tukey’s
post-hoc or Kruskal-Wallis followed by Dunn’s post-hoc for (A), and one-way ANOVA followed by Dunnet’s post-hoc or Kruskal-Wallis followed by Dunn’s post-hoc
for (D). Groups not sharing letters are statistically different (p < 0.01) when compared to the Ctl group (A), and ** (p < 0.01) or *** (p < 0.001) represents statistical
differences against the Ctl group (D).

FIGURE 5 | Mitochondrial bioenergetics profiles of zebrafish embryos and larvae. Animals were exposed at 6 h post-fertilization (hpf) to 1 ppm polystyrene
nanoparticles (NanoPS) or 1 ppm polystyrene nanoparticles with PAHs sorbed to their surface (PAH-NanoPS) (please see Figure 1 and section “Sorption of PAHs to
the surface of NanoPS” for further details). (A) In vivo oxygen consumption rates (OCR) in 24 hpf embryos, shown as the proportion of OCR due to the mitochondrial
spare capacity, ATP synthase (ATP-linked), proton leak, and non-mitochondrial respiration. The percentages were calculated based on the in vivo total maximal OCR
values (100%, sum of non-mitochondrial, mitochondrial basal and spare capacity). (B) Mitochondrial coupling efficiency of oxidative phosphorylation in 24 hpf
zebrafish embryos, shown as average and the scatter plot of individual replicates (n = 21–22). The dotted line represents the average of the control group. (C) In vivo
oxygen consumption rates (OCR) in 96 hpf larvae, shown as the proportion of OCR due to mitochondrial spare capacity, basal mitochondrial respiration (sum of
ATP-linked and proton leak), and non-mitochondrial respiration. ATP-linked respiration, proton leak respiration, and mitochondrial coupling efficiency could not be
determined in larvae due to their lack of response to the chemical drugs used in the assay. (D) Metabolic partitioning of whole animal OCR used in the present study.
For the bioenergetics partitioning, * represents statistical difference when compared to the control group (p < 0.05), while for the mitochondrial coupling efficiency
groups not sharing letters indicate statistical differences (p < 0.05). Please see Supplementary Material for additional information on the assay, equations for the
bioenergetics partitioning, and additional statistical analyses.

Frontiers in Environmental Science | www.frontiersin.org 9 July 2020 | Volume 8 | Article 78

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-00078 July 22, 2020 Time: 17:52 # 10

Trevisan et al. Nanoplastics as Carriers of Pollutants

FIGURE 6 | Assessment of the TCA cycle through NADH production and CO2 release in zebrafish embryos and larvae. Animals were exposed at 6 h
post-fertilization (hpf) to 1 ppm polystyrene nanoparticles (NanoPS) or 1 ppm polystyrene nanoparticles with PAHs sorbed to their surface (PAH-NanoPS) (please see
Figure 1 and section “Sorption of PAHs to the surface of NanoPS” for further details). In vivo NADPH production was estimated in 24 hpf embryos and 96 hpf larvae
(n = 26–28), while CO2 release from the TCA cycle was analyzed only in 24 hpf embryos (n = 21–22). The dotted line represents the average of the control group.
The bottom right image indicates how NADH and CO2 productions can be indicative of the activity of the TCA cycle. Data were analyzed by one-way ANOVA
followed by Tukey’s post-hoc or Kruskal-Wallis followed by Dunn’s post-hoc. Groups not sharing letters are significantly different (p < 0.05).

into particulate organic matter and facilitate sedimentation and
pollutant transport (Shiu et al., 2020). Despite this role of rivers
in the fate and transport of microplastics and co-contaminants,
there is a large gap between research on freshwater and marine
plastic pollution as little is known about plastic particles in
freshwater systems. This study aims to provide information on
how nanoplastics can be a source of other pollutants in freshwater
systems and potentially in estuaries and marine environments.
It aims to describe how the transport of such contaminants
by nanoplastics in these environments can affect the energy
metabolism of embryonic and larval fish, as we used zebrafish
as a model organism commonly used to investigate the potential
adverse effects of freshwater and marine contaminants.

Many studies have shown that virgin nanoplastics can cause
adverse effects in a range of organisms. This includes bacteria,
algae, zooplankton, bivalves, copepods, and fish, as reviewed
elsewhere (Shen et al., 2019). Many authors suggest that the use
of virgin and homogeneous micro or nanoplastics is a limitation
for toxicological studies (Horton et al., 2017). But such studies
can provide valuable information for future research using
other plastic particles and more realistic exposure scenarios. For
example, many studies using virgin plastics have investigated

the potential role of the Trojan Horse effect. And they have
shown that it can increase the overall toxicity of plastics particles
(Ma et al., 2016; Yu et al., 2019). Previous data from our
group indicated that NanoPS decreases the uptake and the
overall toxicity of free PAHs in a co-exposure scenario. This
is likely due to the sorption of the PAHs to the NanoPS
(Trevisan et al., 2019). The present study further explored
this topic by investigating if exposures to PAH-sorbed NanoPS
could cause the transfer of PAHS and induce signs of PAH-
dependent toxicity in developing zebrafish. In specific, we were
interested if such transfer would happen in areas suggested to
accumulate NanoPS during early development. And we aimed to
investigate if such bioaccumulation could lead to disruption of
the energy metabolism.

Our experimental design used nanoplastics as the only source
of PAHs during the exposure. The exposure of nanoplastics to
PAHs happened at 5% ERSE, ∼253.65 µg/L. These values are
considered high when compared to the PAHs levels detected
in rivers in urban or industrial areas across the world, such
as the Seine River (France, 0.004–0.036 µg/L), Mississippi
River (United States, 0.063–0.145 µg/L), Tonghui River (China,
0.192–2.651 µg/L), and Pearl River (China, 6.960–26.920 µg/L)
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(reviewed by Cao et al., 2010), but can be found in highly
contaminated estuarine and marine environments such as the
Niger Delta (Nigeria, 24.390–283.600 µg/L) (Duke, 2008). It
is important to note that the total levels of PAHs detected in
each study are a result of the PAHs selected for analysis, and
therefore the values cannot be easily compared between studies.
In our experimental approach, after the sorption of PAHs to
the nanoplastics, we removed any remaining free PAHs from
solution by ultrafiltration. Preliminary toxicity assays estimated
the efficiency of such removal. The results indicated no signs
of acute toxicity in the retained fraction of both the fresh or
aged ERSE solution in the absence of nanoplastics. This finding
suggests that the levels of free PAHs were low or absent after the
washing steps. Thus, the use of ultrafiltration should not interfere
with the toxicity of the PAH-NanoPS particles. In fact, we
detected a possible loss of free PAHs after the ultrafiltration. This
is expected as PAHs can sorb to the filter resin (polyethersulfone)
(Endo and Matsuura, 2018). But it is important to highlight that
this should not affect the toxicity of the PAH-NanoPS solution, as
it should not contain free PAHs after the ultrafiltration.

The effects of the 7 days incubation period on the toxicity of
the PAHs solution were also analyzed. The aged ERSE solution
was less toxic to developing zebrafish than the respective fresh
solution. Aging and weathering effects such as volatilization,
dissolution, and photodegradation can have direct effects on
PAHs. They can decrease their concentrations, change their
physicochemical properties, and alter the final composition
of PAH mixtures (Stout et al., 2016). The exact mechanisms
underlying the lower toxicity of the aged ERSE solution were
not investigated in the present study. But our results suggest
that weathering and aging of the associated pollutants must be
taken into account for laboratory studies. They also point to
a significant role of these events on the toxicity of plastics in
the environment.

The initial toxicity screening of NanoPS and PAH-NanoPS
indicated no signs of adverse effects of these particles. We did not
detect changes in the survival, hatching, and deformity rates in
zebrafish using the same NanoPS in previous studies (Pitt et al.,
2018a; Trevisan et al., 2019). A decrease in heartbeat rate after
exposure to 1 ppm NanoPS has been reported previously by our
group (Pitt et al., 2018a). These results cannot be easily compared
to the present study, in which the NanoPS were pre-incubated
for 7 days. But these findings suggest that 35–45 nm NanoPS
at the low ppm range do not cause major effects on zebrafish
early development. Other studies of NanoPS of similar sizes had
comparable results (Lee et al., 2019; Liu et al., 2019).

Sorption of NanoPS with PAHs for 7 days before the exposure
period did not lead to acute toxicity or teratogenicity. The
environmental mixture of PAHs used in this study (ERSE) is
a potent inducer of cardiac toxicity in developing fish (Brown
et al., 2016; Riley et al., 2016; Lindberg et al., 2017; Mu et al.,
2017; Trevisan et al., 2019). The lack of such findings in animals
exposed to PAH-NanoPS suggests, at least, two possible scenarios.
One is the low transfer of PAHs through exposure to PAH-
NanoPS. And the other is the decrease of the PAH-related toxicity
of the PAH-NanoPS due to aging and weathering during the
incubation period.

Analysis of EROD activity indicated a possible increase in the
body burden of PAHs in animals exposed to PAH-NanoPS. ERSE
exposure is known to cause an increase in EROD activity through
the activation of the AhR pathway (Fleming and Di Giulio, 2011;
Lindberg et al., 2017; Trevisan et al., 2019). Although it does not
necessarily correspond to the developmental toxicity of PAHs,
EROD activity is a very sensitive biomarker response to exposure
to many PAHs (Shankar et al., 2019). Fluorescence microscopy
confirmed the bioaccumulation of PAHs in animals exposed to
PAH-NanoPS. It occurred mostly in the yolk sac and at minor
levels in the brain. This increase in PAH levels in the whole animal
and the yolk sac is equivalent to exposures between 0.1 and 0.5%
of aged ERSE. At these concentrations, aged ERSE is not expected
to affect the development of zebrafish embryos (Supplementary
Figure S3). This supports the acute toxicity data obtained
from the PAH-NanoPS group. Fluorescence microscopy cannot
discriminate between PAHs accumulated as free molecules or
still sorbed to the nanoplastics. It remains unclear what is the
extent of PAH desorption after the uptake of PAH-NanoPS.
Regardless, EROD activity serves as a biomarker for increased
bioaccumulation of reactive PAHs. Our findings show that, at
least, a significant fraction of the bioaccumulated PAHs should
be available as free PAHs within the zebrafish. It also remains
unclear which PAHs present on the ERSE mixture sorb to the
nanoplastics and bioaccumulated in the organisms. And how
aging and weathering may have affected the PAH composition
of the plastic particles and the profile of PAHs bioaccumulated.
Further studies on this topic could offer insights into the organic
contaminant buildup in aquatic environments and biota by nano
and microplastics.

The bioaccumulation of PAHs in the yolk sac and the brain
is not surprising. Both organs can be a target for hydrophobic
contaminants due to their high lipid content. An interesting
finding was that no significant amount of PAHs bioaccumulated
in the brain of larvae exposed to aged ERSE at concentrations
as high as 5%. This is the opposite of the data obtained from
animals exposed to PAH-NanoPS. PAHs seem to bioaccumulate
at higher levels in the brain when the exposure happens
through nanoplastics rather than through the water. Nanoplastics
accumulate at high levels in the yolk sac and can be further
transported to other organs, including the brain and digestive
organs (Pitt et al., 2018a; Sokmen et al., 2019). This should
ease the transfer of associated contaminants to these organs.
Unfortunately, the bioaccumulation of PAHs in the digestive
organs of larval zebrafish was not investigated due to the high
fluorescence levels in the yolk sac in animals exposed to PAH-
NanoPS. Co-exposures of nano and microplastics with other
chemicals can alter the biodistribution of the co-contaminants
(Chen et al., 2017; Trevisan et al., 2019). Ma et al. (2016) showed
nanoplastics accumulate in the gut of daphnids and that co-
exposures with phenanthrene increase the accumulation of this
PAH in the whole animal (Ma et al., 2016). However, these studies
relied on co-exposures of plastics and other contaminants. They
could not address if the Trojan Horse effect of plastic particles
could cause the transfer of contaminants to specific areas of
the organisms. This possibility of targeted transfer of associated
contaminants needs to be further investigated. Such an effect can
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help to understand the potential risks of plastic particles in a more
realistic environmental scenario.

Mitochondria are also targets of both nanoparticles and PAHs
(Meyer et al., 2013; Jayasundara, 2017), and our results show that
both NanoPS and PAH-NanoPS cause mitochondrial stress. The
effects of NanoPS were limited to decreased NADH production
in larvae. On the other hand, PAH-NanoPS decreased embryonic
mitochondrial coupling efficiency and larval mitochondrial spare
capacity. Virgin NanoPS at higher concentration (10 ppm)
can decrease embryonic mitochondrial coupling efficiency and
increase larval NADH production in zebrafish (Trevisan et al.,
2019). Nanoplastics smaller than 100 nm can be easily taken up
by cells. After uptake, they interact with the tubulin cytoskeleton
and localize within the mitochondria (Johnston et al., 2010).
Live-cell imaging indicates that exposure to virgin NanoPS
causes rapid uptake and accumulation of nanoplastics in the
cytosol. This is followed by interaction and accumulation in
reticular and vesicular structures such as mitochondria. Diffusion
to the nucleus can also happen, but at a much slower rate
(Hemmerich and Von Mikecz, 2013). The mitochondrial toxicity
of polystyrene nanoparticles is not limited to effects on energy
metabolism. It also includes mitochondrial swelling, loss of
mitochondrial membrane integrity, and release of cytochrome
c. This toxicity depends on nanoparticle’s surface chemistry and
corona (Ruenraroengsak and Tetley, 2015).

The effects on mitochondrial bioenergetic fractions
happened only in animals exposed to PAH-NanoPS. PAHs
can decrease ATP production and content by negatively affecting
mitochondrial coupling (Du et al., 2015; Lindberg and Di Giulio,
2019). PAH exposure can also decrease mitochondrial spare
capacity in vitro and in vivo (Bansal et al., 2014; Raftery et al.,
2017). As the effects on these parameters were limited to the
exposure to PAH-sorbed polystyrene nanoparticles, we suggest
that the Trojan Horse effect can also determine the fate of
associated contaminants at the subcellular level. It is possible
that nanoplastics can transfer environmental pollutants to
target organelles, including the mitochondria. The release of
these chemicals could then cause more severe adverse effects.
Mitochondria are associated with numerous metabolic pathways,
not only with ATP production and the TCA cycle, but also
fatty acid oxidation, amino acid metabolism, nitrogen balance
and elimination, calcium signaling, and the biosynthesis of
heme, steroid hormones, pyrimidines and purines (Hu et al.,
2019). The potential toxicity of nanoplastics and associated
contaminants to the mitochondria suggest that exposure to
these plastic particles can have direct effects on many cellular
systems. For example, exposure to virgin NanoPS decreased the
levels of metabolites related to the TCA cycle and amino acid
metabolism in the nematode Caenorhabditis elegans (Kim et al.,
2019). It also disrupted the expression of genes associated with
energy metabolism in the copepod Daphnia pulex (Liu et al.,
2018). But further studies are necessary to shed light on the
effects of nanoplastics on mitochondrial metabolism and their
physiological consequences, and how the Trojan Horse effect can
aggravate this scenario.

As recently suggested, there is an urgent need for a
more comprehensive view of ecotoxicology with a focus on

the biological fitness of an organism instead of lethal and
sublethal effects (Straub et al., 2020). While additional studies
with multigenerational and reproductive approaches would be
necessary to achieve such a goal, this study indicates that
energy production can be a key component of the ecological
impacts of pollutant-sorbed nanoplastics. It is known that
mitochondrial integrity and function are essential for organismal
performance and fitness and that mitochondria can be more
sensitive to pollutants than natural stressors (Sokolova, 2018).
Impaired mitochondrial bioenergetics can lead to decreased
larval growth (Bolser et al., 2018), altered larval behavior
(Zhang et al., 2017), and possibly lower reproduction rates
(as discussed by Dreier et al., 2019). These are key ecological
outcomes linked to animal fitness. Based on our data and
the use of mitochondrial Adverse Outcome Pathways (as
reviewed by Dreier et al., 2019), we hypothesize that the
exposure of freshwater organisms to high concentrations of
pollutant-sorbed nanoplastics (at the ppm range) can potentially
impact the ecosystem via the disruption of energy homeostasis
at the organismal level. And that long-term exposures to
this scenario could cause populational effects by decreased
reproduction rates and population decline. It is important to
note that in estuarine and marine environments, sedimentation
of nanoplastics due to salinity and particulate organic matter
can partially protect free-swimming organisms from waterborne
exposures to nanoplastics. But it remains unclear if the trophic
transfer of nanoplastics and associated contaminants or their
accumulation in sediments in these environments could trigger
similar effects in energy homeostasis of free-swimming or sessile
organisms, respectively.

In summary, our results suggest that aging and weathering
events can play an important role in plastic toxicity. They can
not only affect the plastic particles but also the chemical structure
and composition of contaminants bound to them. This can
result in different toxicity profiles and should be taken into
consideration for laboratory and field studies. The sorption of
PAHs to nanoplastics has significant effects on their toxicity. In
this study, it did not affect fish early development, but as expected,
nanoplastics acted as carriers of environmental pollutants. Like
nanoplastics, PAHs accumulated in lipid-rich environments. It
occurred primarily and in the yolk sac, but significant levels were
also found in the brain. We hypothesize that the Trojan Horse
effect can also happen at the tissue and organelle level, with
plastic particles mediating the transfer of PAHs to specific parts
of the organism. The sorption of PAHs also increased the toxicity
of the nanoplastics to the mitochondria through a decrease in
their efficiency to produce energy. Our findings also indicate that
developing fish exposed to nanoplastics maintain their ability to
survive. However, the presence of PAHs in their surface could
potentially affect the nervous system and the ability of organisms
to operate in high-energy demand scenarios.
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