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Abstract: Once in the environment, nanoplastics (NPls) may interact with other contaminants, such
as pharmaceuticals, potentially acting as carriers and modulating their toxicity. Thus, the main aim
of the current study is to investigate how polystyrene (PS) NPls (mean diameter: 60 nm) interact with
simvastatin (SIM), an anticholesterolemic drug, and modulate its toxicity to zebrafish (Danio rerio)
embryos. PS NPIs were carboxyl group functionalized, to promote the interaction/binding of NPIs
with SIM (worst-case scenarios) and it was fluorescently dyed, allowing to detect the intake. Exposure
was 96 h to 0-150 mg/L NPIs or 0-150 ug/L SIM, as well as to dual combinations (NPIs 0.015 or
1.5mg/L and SIM 12.5 or 15 ug/L). PS NPIs alone did not exert effects whereas SIM (>12.5 ug/L)
significantly delayed the hatching, decreased the heartbeat, induced edemas and mortality. The
combination of NPIs (1.5 mg/L) and SIM (12.5 or 15 ug/L) had significant effects on the survival
of the organisms while the correspondent NPIs and SIM single exposures did not have significant
effects on this endpoint. Concerning the malformations appearance, SIM alone had similar effects
than when in co-exposures (0.015 mg/L NPIs plus 12.5 or 15 pg/L SIM). Hatching and heartbeat
increased after the co-exposures SIM and NPls comparing with SIM single exposures, showing that
0.015 mg/L NPIs plus 12.5 or 15 ug/L SIM did not cause significant effects on these endpoints. This
study shows that NPIs effects on bioavailability and toxicity of other contaminants cannot be ignored
when assessing the environmental behavior and risks of NPls.

Keywords: plastics; pharmaceuticals; ecotoxicology; aquatic organisms; co-exposure

1. Introduction

Plastic particles are produced and released to the environment from industrial use, hu-
man activities and inadequate waste management [1,2]. Despite the definition of nanoplas-
tics (NPls) to be controversial, the most accepted one defines NPls as particles uninten-
tionally produced (i.e., from the degradation and the manufacturing of the plastic objects)
and presenting a colloidal behavior, within a size range from 1 to 1000 nm [3-5]. Due to
limitations in analytical methods, the quantification of NPls in the environment remains
a challenge [6-8]. However, it is foreseeable that the levels of NPls in the environment
(in specific aquatic systems) are increasing consistently over time due to the continuous
release and consequent degradation of macro-/microplastics [4,9-11]. Once in the envi-
ronment, NPls exhibit chemical and physical characteristics different from those of bulk
plastics. Therefore, their environmental fate, bioavailability, intake and potential impact
to the organisms should be investigated [11]. Some authors reported that NPls are able
to cross the biological barriers and accumulate in tissues of aquatic organisms like adult
and embryos of fish medaka (Oryzias latipes) and embryos of zebrafish (Danio rerio) [5,12].
This NPIs bioaccumulation will depend, among other factors, on the NPIs’ size (chorion
pore size of zebrafish is 600-700 nm) [4]. Despite the increasing number of studies re-
garding the toxicity of NPls in aquatic organisms [4,5,9,10,13], the knowledge about their
environmental risk, bioaccumulation and the mechanisms involved in their toxicity is yet
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limited [3-5]. On zebrafish embryos, polystyrene (PS) NPIs showed to be able to penetrate
the chorion, accumulate on the embryos and induce bradycardia and hypoactivity [10,13]
Table 1. However, no significant effect on survival, hatching and embryos morphology was

found [3,4,11,14,15].

Table 1. Studies assessing the biological effects of polystyrene nanoplastics (PS NPIs) to zebrafish (Danio rerio).

Size of PS Development . . s ge
NPls Stage Exposure Characteristics Assessed Endpoints Main Findings Ref.
NPls accumulated in various
Waterborne exposure Dopamine content tissues. Inhibited AChE activity
1mg-L~1 Acetylcholinesterase (AChE)  but not at the co-exposure. NPls
47 nm Adult 3 days activity caused myelin basic [3]
Co-exposure: NPIs quantification protein/gene up-regulation.
Bisphenol A (BPA) Gene/protein expression Co-exposure increased the BPA
uptake.
Waterborne exposure Locomotor activity NPIs alone and co-exposure
47 nm Body length induced hypoactivity. Reduced
Microplastics Embrvo 1mg-L~! Gene expression the body larvae length. NPIs 1]
(MPIs; Y 120 hours (h) Antioxidant system caused gene upregulation.
41 um) Co-exposure: AChE activity Decreased AChE activity and
17 x-ethynylestradiol NPIs quantification reduced glutathione content.
Mortality Smaller NPIs readily penetrated
Waterborne expostre Edemas the chorion and accumulated
0.1m -mLEl Hatching throughout the whole body.
50, 200 and Embrvo 6 ’ o4 agn d9 h Cell death NPIs induced only marginal [5]
500 nm Yy 4 Reactive oxygen species effects, but the HAuCly
Co-exposure: ROS isticall bated
Chloroauric acid (HAuCly) (ROS) synergistically exacerbate
Gene expression these effects in a dose and size
NPIs accumulation dependent manner.
Reproduction
. . Antioxidant system NPIs modified the antioxidant
Exposure via food 1 mg/fish . . . .
Mitochondrial function system. Accumulated in the
32and 35nm  Embryo and adult gram 1 phvsiol i ) P P [4]
1 week General physiology yolk sac. NPIs transferred from
NPIs distribution mothers to offspring.
Locomotor activity
NPIs ingestion and tissue
infiltration NPIs infiltrated tissues.
Waterborne exposure . . . o
500 nm Embryo 1 mg-L*I Protein carbonylation Decreased enzymatic activities. [11]
48h Antioxidant/ detoxifying Altered the locomotor
enzymes activities behaviour.
Swimming behavior
Waterborne exposure General physplogy ' NPls accumglated in the yolk
NPIs uptake and distribution sac and migrated to other
35nm Embryo 0.1,1 and 10 ppm . he h [10]
120h Locomotor activity organs. Decreased the heartbeat
Oxygen consumption rate and altered behavior.
Waterborne exposure .V1$uahzat1on. of .ads.orbed, The absorption was dependent
27,50,217 ) ingested or biodistributed . .
Embryo 5,25 and 50 mg-L on NPIs size and time of [14]
and 727 nm 48h NPIs exDOSUTe
Eye width and length P ’
NPIs decreased the
developmental deformities and
Waterborne exposure . :
impaired vascular development
0.1,1 and 10 ppm Heartbeat rate
24,48 and 96 h Enzymatic activit caused by
47 nm Embryo ! ¥ y PAHs. NPIs decreased the [15]
Co-exposure: Blood vessel formation . . .
. . . 11 . mitochondrial coupling
Polycyclic aromatic Mitochondrial bioenergetics ffici 1
hydrocarbons (PAHs) efficiency. NPls suggested
4 sorbing PAHs and decreasing
their uptake.
NPIs distribution NPIs accumulated in various
Waterborne exposure General physiology tissues. Affected swim bladder
19 nm Embryo 0.2,2 and 20 mg-L~! Cortisol and glucose levels development. Increased cortisol ~ [13]

48 h

Gene expression
Larval behavior

and decreased glucose levels.
NPIs induced hyperactivity.

Ref., Reference. [3] Chen et al., [1] Chen et al., [5] Lee et al., [4] Pitt et al., [11] Parenti et al., [10] Pitt et al., [13] van Pomeren et al, [15]

Trevisan et al., [14] Brun et al.
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Another important aspect is that, due to their hydrophobicity and large surface area,
NPlIs are capable, physically or chemically, to adsorb onto other contaminants present in the
environment [5,8,15]. As plastic particles have been observed to be ingested by aquatic or-
ganisms, there is an increasing concern about their “vector” role for other contaminants [1].
Considering that, aquatic organisms, e.g., fish, might be exposed to a mixture of contami-
nants, the comprehension of the potential role of the NPls in the bioavailability and in the
biological effects of other contaminants is highly needed. Combined exposures of NPls
and other contaminants have shown differential toxicity to zebrafish [1,3,15]. Zebrafish
is widely used as a model species in toxicity testing [16,17] and it was already used to
investigate NPIs ability as a vector to Au ions, polycyclic aromatic hydrocarbons (PAHs),
bisphenol A and 17 a-ethynylestradiol [1,3,5,15].

Pharmaceuticals are considered contaminants of emerging concern due to, among
other reasons: (1) their high consumption and continuous environmental release (as
parental compound, metabolites and/or transformation products); (2) inefficient wastewa-
ter treatment processes; (3) high environmental persistence; (4) low degradation rates [18,19].
Albeit pharmaceuticals are found in trace amounts in aquatic environment, they were de-
signed to produce a biological effect to target organisms at low concentrations [20,21]. In
fact, several pharmaceuticals have been demonstrated to induce adverse effects at environ-
mentally relevant concentrations to non-target organisms [16]. Simvastatin (5IM), among
the most prescribed pharmaceuticals in western countries, is a hypolipidemic drug belong-
ing to the statin class and used as the primary treatment of hypercholesterolemia [17,22,23].
With the increasing SIM consumption and subsequently discharge into the aquatic en-
vironment, this pharmaceutical has been detected at low concentrations ranging from
0.1 to 1560 ng/L [17,24,25]. It has been reported that SIM presents a high environmental
persistence, a high bioaccumulation and induces adverse effects to non-target aquatic
organisms at environmentally relevant concentrations [23,25-27]. Accordingly, SIM caused
several effects to zebrafish embryos such as morphological damage (e.g., pericardial and
yolk sac edemas), delayed hatching, reduced heart beating and impaired larvae swimming
capacity [16,24,26,28].

Overall, the present research hypothesizes that PS NPIs alter the toxic effects of SIM to
the D. rerio embryos, being expected antagonistic and synergistic effects. Thus, the main
aim of this study is to assess how functionalized PS NPIs interact with SIM and modulate
its toxicity to zebrafish embryos. The survival, heartbeat, hatching and morphology of
embryos/larvae will be analyzed during 96 h of exposure.

2. Materials and Methods
2.1. Test Organism

Zebrafish (D. rerio) wild type AB eggs were obtained from a culture maintained at
the Department of Biology, University of Aveiro (Aveiro, Portugal). Zebrafish adults
were kept in a recirculating system with reverse osmosis and activated carbon filtered tap
water, complemented with instant ocean synthetic salt automatically adjusted for pH and
conductivity. The organisms were maintained at 26.0 &= 1°C, under a 16:8 h light/ dark
photoperiod cycle, with conductivity at 750 &= 50 uS/cm, pH at 7.5 £ 0.5, salinity of 0.35
and dissolved oxygen at 95% saturation. Adult fishes were fed daily with commercially
artificial diet, Gemma Micro 500 (Skretting®, Burgos, Spain). Reproduction groups of
zebrafish adults were placed in aquarium with marbles in the bottom, in the afternoon of
the day before the collection of the eggs. Two hours after the beginning of the illumination
in the next morning, the eggs were collected and cleaned from residues. Zebrafish eggs
with normal development were selected for the toxicity test, using a SMZ 1500 Stereoscopic
Zoom Microscope (Nikon, Amsterdam, The Netherlands). Unfertilized, irregular or injured
eggs were discarded.
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2.2. Preparation and Characterization of Nanoplastics

Functionalized (with carboxyl group -COOH) PS NPIs (catalog code FCO2F; mean
nominal diameter: 60 nm) were acquired from Bangs Laboratories, Inc. (Immunostep,
Salamanca, Spain). Functionalized PS NPls were selected to potentiate/promote the
interaction/binding of NPls with SIM. PS NPlIs are also fluorescent dyed by dragon green
with excitation/emission wavelength (nm) of 480/520, respectively. According to the
manufacturer, this dye is internal linked and stable within the bead under most aqueous
conditions (including 0.01% methanol used for the exposure conditions with SIM in the
fish bioassays). In addition, the stock dispersion had 1% of NPIs, 0.1% tween 20 and
2 mM sodium azide. The Supplementary Table S1 presents some characteristics of the PS
NPIs stock dispersion used. Prior to the bioassays, the particles were centrifuged using
a Vivaspin® 2 mL ultrafiltration device (Bangs Laboratories, Inc.) to remove the sodium
azide and tween 20 present in the NPIs stock dispersion. The procedure was made using
the manufacturer indication included in the Vivaspin® device.

The NPIs dispersion resultant from the centrifugation was characterized by hydro-
dynamic size, assessed by dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern,
USA); by primary size and shape, evaluated by the transmission electron microscopy (TEM;
Hitachi, H9000 NAR, Tokyo, Japan) and scanning electron microscopy (SEM; Hitachi, SU70,
Tokyo, Japan); and by zeta potential (ZP), assessed by electrophoretic light scattering (Zeta-
sizer Nano ZS, Malvern). Characterization of the NPls—hydrodynamic size and ZP—was
also performed in the medium used in the bioassays, at 0 and 96 h (corresponding to the
beginning and to the end of the tests). To investigate the interaction between NPIs and SIM
(acquired from Acros Organics™, Fisher Scientific, Darmstadt, Germany), hydrodynamic
size and ZP were also assessed at the tested exposure combinations.

2.3. Fish Assays

The test solutions were prepared 24 h before the beginning of the experiments, adding
the required volumes of the NPls and SIM in the medium used in the bioassays, followed
by a brief stirring. The solutions were pre-incubated overnight prior to the experiment due
to the presence of the contaminant mixture (NPIs + SIM) as previously performed for the
combination of NPls with other contaminants [5].

The assays were based on the OECD guideline on Fish Embryo Toxicity (FET) test [29].
Five embryos per glass petri dish (Diameter = 3.2 cm) were used (1 = 4, 20 embryos per
condition). Per embryo, 0.5 mL of medium was considered. Embryos were exposed to the
single exposures: 0; 0.015; 1.5 and 150 mg/L of NPIs or 0; 0.15; 1.5; 12.5; 15 and 150 pug/L
of SIM and to the combinations: 0.015 mg/L of NPls + 12.5 pug/L of SIM; 0.015 mg/L of
NPIs + 15 ug/L of SIM; 1.5 mg/L of NPIs + 12.5 ng/L of SIM and 1.5 mg/L of NPIs +
15 pg/L of SIM. The lowest NPls tested concentration (15 ng/L) has been predicted to be
environmentally relevant concentration for the aquatic environment [30]. The other tested
concentrations were 100-fold increases. The lowest SIM tested concentrations (0.15 and
1.5 pg/L) are environmentally relevant concentrations [23]. The other tested concentrations
were 10-fold increases (15 and 150 pg/L). In addition, an intermediate value (12.5 pug/L)
was tested to ensure at least two concentrations of SIM inducing sub-lethal effects to
zebrafish embryos (to be tested at combined exposures). The chosen concentrations for
the combined exposures were based on the concentrations causing sub-lethal effects in the
individual exposures. If no significant effect was detected, the lowest tested concentrations
were selected due to their environmental relevance. Due to the low solubility of SIM in
water, we also used a solvent control—methanol—at 0.01%, the concentration of methanol
present in the treatments with SIM not exceeding the value recommended by the OECD
guideline [31]. The test ran for 96 h, at 26 £ 1 °C, and embryos/larvae were observed
daily with a stereomicroscope. Egg coagulation and larvae mortality, the presence of
malformations (such as pericardial/yolk sac edemas and tail deformation), hatching and
heartbeat were evaluated during embryogenesis.
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2.4. Statistical Analysis

Graphics and statistical treatment were performed using the Sigma Plot 12.5 software
package (Systat Software Inc., Munich, Germany). Shapiro-Wilk and Levene’s tests were
done to assess the normality and homoscedasticity of data, respectively. Differences
between control and solvent control were carried out using a Student t-test. If data passed
the normality and homoscedasticity tests, one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparison post hoc test was used to assess differences between
control and treatments. One-way ANOVA followed by Tukey test was also used to compare
differences between single and combined exposures. When data failed the normality
and/or homoscedasticity tests, a non-parametric Kruskal-Wallis” test was performed.
Significant differences were assumed for a significance level (p) < 0.05. Median effect
concentrations (ECsg) were estimated using the Toxicity Relationship Analysis Program
(TRAP v1.22) (Washington, DC, USA) or the Sigma Plot 12.5 software.

3. Results
3.1. Characterization of Nanoplastics Alone and with Simvastatin

At 0 and 96 h, in the test media without organisms, NPls hydrodynamic size and ZP
were similar than the ones measured in the stock dispersion (Table 2). After 96 h, both
in the test media with organisms and with SIM, the NPIs hydrodynamic size increased
for all the tested concentrations (Table 2). In terms of NPIs ZP, this value increased in
the test media containing SIM (Table 2). The analysis by electron microscopy (TEM and
SEM) showed that NPIs are mostly spherical (Supplementary Figure S1) with an average
diameter of 55 nm.

Table 2. At 0 and 96 h, hydrodynamic size and zeta potential average values of the polystyrene nanoplastics in the stock

dispersion (at 0.001%) and in the medium used in the bioassays, at the tested concentrations (in the absence and presence of

organisms and in combination with simvastatin (SIM)).

Nanoplastics Hydrodynamic Size (nm) Zeta Potential (mV)
3 0h 96 h 0h 96 h
Stock dispersion 69 69 -29 -29
In test media 66 66 25 25
(without organisms)
In test media 68 294 —26 —23
(with organisms)
In test media (with SIM) 77 305 —12 —12

3.2. Effects of Single Exposures
3.2.1. Effects of Nanoplastics

NPIs single exposures caused no significant effects on the survival and hatching rates
of the organisms during the 96 h of the exposure (p > 0.05, Figure 1C,D). Additionally, no
significant malformations were induced by NPIs during the time of the exposure (p > 0.05,
Figure 1A). The assessment of the heartbeat of the organisms, at 48 h, showed that NPls
did not cause a significant effect on this endpoint (p > 0.05, Figure 1B).
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Figure 1. Effects of functionalized polystyrene nanoplastics on malformations appearance (A), heartbeat (B), hatching (C)
and mortality (D) on zebrafish (Danio rerio) embryos/larvae exposed for 96 h. Results are expressed in average value (AV)
=+ standard error (SE).

3.2.2. Effects of Simvastatin

In the bioassays testing the effects of SIM, there were no significant differences between
the control and the solvent control (p > 0.05). Therefore, the differences were assessed
between treatments and the control group. SIM, at 150 ug/L, caused 100% of mortality
in less than 24 h of exposure (p < 0.05). Although not significant, 15 ug/L SIM produced
approximately 40% of mortality (p > 0.05) for 96 h of exposure (Figure 2D). Additionally,
12.5 and 15 pg/L SIM significantly induced edemas and other malformations (pericardial
edemas, yolk sac edemas and tail malformations) on the organisms (Figure 2A). The
assessment of the heartbeat of the organisms at 48 h, showed that 12.5 and 15 pg/L
SIM significantly induced a reduction of the number of heartbeats per minute (p < 0.05,
Figure 2B). A significant delay in the hatching of the organisms was also detected at 15 pg/L
SIM (p < 0.05, Figure 2C).
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Figure 2. Effects of simvastatin on malformations appearance (A), heartbeat (B), hatching (C) and mortality (D) on
zebrafish (Danio rerio) embryos/larvae exposed for 96 h. Results are expressed in average value (AV) & standard error (SE).
* Significant differences to control (p < 0.05).

From 48 up to 96 h exposure, the pericardial edemas, yolk sac edemas and tail malfor-
mations observed in the organisms after the exposure to 15 ug/L of SIM are presented in
Figure 3.

Figure 3. Malformations detected in the organisms after the exposure to 15 ug/L of simvastatin,
from 48 up to 96 h exposure: (A) Pericardial edema; (B) Yolk sac edema; (C) Tail malformation;
(D) Delayed hatching at 96 h of exposure; (E) Normal larvae.
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3.3. Effects of Combined Exposures Nanoplastics and Simvastatin

The combinations 1.5 mg/L NPIs + 12.5 ug/L SIM and 1.5 mg/L NPIs + 15 pug/L SIM
caused mortality of all the organisms at less than 48 h (p < 0.05, Figure 4D). The other two
combinations tested (0.015 mg/L NPIs + 12.5 pg/L SIM and 0.015 mg/L NPIs + 15 ug/L
SIM) have no significant effects in terms of mortality and hatching percentages during the
96 h of exposure (p > 0.05, Figure 4C,D). Also, heartbeat of the organisms, assessed at 48 h,
was not altered by 0.015 mg/L NPIs + 12.5 pug/L SIM and 0.015 mg/L NPIs + 15 pg/L SIM
(p > 0.05, Figure 4B). However, these two combinations induced significant malformations
appearance on the organisms, from 48 up to 96 h of exposure (p < 0.05, Figure 4A).
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Figure 4. Effects of combined exposure of functionalized nanoplastics (NPIs) with simvastatin (SIM) on malformations
appearance (A), heartbeat (B), hatching (C) and mortality (D) on zebrafish (Danio rerio) embryos/larvae exposed for 96 h.
Results are expressed in average value (AV) £ standard error (SE). * Significant differences to control (p < 0.05).

From 48 up to 96 h exposure, the malformations—pericardial edemas, yolk sac ede-
mas and tail malformations—observed in the organisms caused by the exposure to the
combinations: 0.015 mg/L NPIs + 12.5 pg/L SIM and 0.015 mg/L NPls + 15 ug/L SIM are
presented in Figure 5.
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Figure 5. Malformations detected in the organisms after the exposure to combined exposures
of nanoplastics (0.015 mg/L) and simvastatin (12.5 or 15 pg/L), from 48 up to 96 h exposure.
(A) Pericardial edema; (B) Yolk sac edema; (C) Tail malformation; (D) Delayed hatching at 72 h of
exposure detected on the combination 0.015 mg/L NPIs + 15 pug/L SIM; (E) Normal larvae.

The EC5q for survival was around 15 pg/L in SIM single exposure and in combination
with 0.015 mg/L NPls, whereas when SIM was in combination with 1.5 mg/L NPlIs the
ECsq decreased to around 7 pg/L (Table 3). The ECs, for the appearance of malformations
was similar when SIM was alone or combined with NPIs. However, for hatching and
heartbeat, the ECs( increased when SIM was in the presence of NPIs (Table 3).

Table 3. Median effect concentration (ECs) for zebrafish embryos/larvae exposed during 96 h to
simvastatin (SIM) single versus combined with nanoplastics (NPlIs).

. EC50 (ug/L)
Endpoints SIM SIM + 0.015 NPIs SIM + 1.5 NPlIs
Survival 15.39 + 0.36 15.33 + 25.07 6.93 + 5.60
Malformations 971+ 144 9.79 + 2.09 n.d.
Hatching 13.96 + 0.33 15.05 + 8.86 nd.
Heartbeat 19.71 + 2.15 27.29 + 7.13 nd.

Results are presented as estimated value + standard error. SIM + 0.015 NPlIs: 12.5 or 15 pg/L SIM + 0.015 mg/L
NPls; SIM + 1.5 NPls: 12.5 or 15 ug/L SIM + 1.5 mg/L NPIs; n.d.: Not determined. (The exposure condition
induced 100% mortality, which did not allow to evaluate the other endpoints: malformations, hatching and
heartbeat).

Comparing the effects of single versus combined exposures (Table 4), in terms of
survival, the combinations 1.5 mg/L NPIs with 12.5 or 15 pg/L SIM induced 100% mortality
(p < 0.05), whereas the single exposures did not cause any significant effect (comparing
with the control group (p > 0.05)). In relation to hatching and heartbeat assessment, the
combinations 0.015 mg/L NPIs with 12.5 or 15 ug/L SIM caused no significant effects on
these endpoints (p > 0.05). However, the single exposures of SIM (both 12.5 and 15 ug/L)
caused a significant decrease on the heartbeat and 15 pug/L caused a significant decrease
on the hatching of the organisms (p < 0.05). The occurrence of malformations after the
exposure to SIM was independent of the presence or absence of NPIs: SIM combined with
0.015 mg/L NPIs or SIM in single exposures induced significant malformations on the
exposed organisms (p < 0.05).



Toxics 2021, 9, 44

10 of 15

Table 4. Effects of single versus combined exposures of nanoplastics (NPls) and simvastatin (SIM) on mortality, hatching,

heartbeat and malformations appearance on zebrafish embryos/larvae exposed for 96 h.

Experimental Conditions

Time
Exposure 0.015 NPlIs + 0.015 NPls + 1.5 NPIs + 12.5 1.5 NPIs +

P 0.015 NPls 1.5 NPlIs 12.5 SIM 15 SIM 12.5 SIM 15 SIM SIM 15 SIM
Cumulative Mortality (%)

24 h 15.0 £5.0 15.0 £ 9.6 0.0+ 0.0 25425 0.0£0.0 0.0£0.0 0.0+ 0.0 10.0 £5.8

48 h 15.0 £ 5.0 20.0 +8.2 0.0 +0.0 25.0 £ 8.2 0.0 £0.0 20.0 + 14.1 95.0 + 5.0 *#S 95.0 +5.0*

72 h 15.0 £5.0 20.0 £ 8.2 5.0+ 5.0 32.5+10.6 0.0 £0.0 20.0 + 14.1 95.0 +5.0* 95.0 +5.0*

96 h 20.0 £8.2 20.0 £8.2 5.0=+5.0 40.0 +11.3 0.0£0.0 25.0 £ 12.6 100.0 £ 0.0 *#S 100.0 £ 0.0 *
Cumulative Hatching (%)

72 h 93.8 £ 6.3 83.3 +16.7 56.3 +16.3 342+ 86* 100.0 £+ 0.0 77.5 +10.3 n.d. n.d.

96 h 1000 £0.0 91.7+83 725+ 11.1 51.7 £ 14.2* 100.0 £ 0.0 100.0 +£ 0.0 % n.d. n.d.

Heartbeat (per minute)
48 h 131.0+£3.1 131.6 £0.8 982 +4.3* 91.0 +24* 122.6 +2.8 126.0 £ 1.8 n.d. n.d.
Cumulative Malformations (%)

48h 6.3 +63 0.0£0.0 40.0 + 8.2 779+£109%  70.0 + 58N 73.8 & 12.5 ¥ n.d. nd.

72h 6.3 +£6.3 0.0+0.0 63.8+9.0% 95.0 +5.0* 75.0 + 5.0 #N 85.0 + 9.6 *N n.d. n.d.

96 h 63+6.3 83483 80.0 £141*  950+5.0*% 75.0 & 5.0 *#N 88.8 + 6.6 *N n.d. nd.

Results are expressed in average value =+ standard error. 0.015 NPIs: 0.015 mg/L of nanoplastics; 1.5 NPIs: 1.5 mg/L of nanoplastics;
12.5 SIM: 12.5 pg/L of simvastatin; 15 SIM: 15 ug/L of simvastatin; 0.015 NPIs + 12.5 SIM: 0.015 mg/L of nanoplastics + 12.5 ug/L of
simvastatin; 0.015 NPls + 15 SIM: 0.015 mg/L of nanoplastics + 15 ug/L of simvastatin; 1.5 NPIs + 12.5 SIM: 1.5 mg/L of nanoplastics
+12.5 ug/L of simvastatin; 1.5 NPIs + 15 SIM: 1.5 mg/L of nanoplastics + 15 pg/L of simvastatin; n.d.: Not determined (the exposure
condition induced 100% mortality, which did not allow to evaluate the other endpoints, malformations, hatching and heartbeat). * Significant
differences to control (p < 0.05). * Significant differences to the correspondent single exposure of simvastatin (p < 0.05). *N Significant
differences to the correspondent single exposure of nanoplastics (p < 0.05).

4. Discussion

NPIs maintained their hydrodynamic size during the time of the exposure test (96
h) in the medium used for the bioassays. Moreover, no alterations in terms of ZP were
found between 0 and 96 h, showing the stability of the tested NPIs even when in the
test medium, as previously reported [5]. However, the NPls” hydrodynamic size and ZP
increased in the presence of SIM in the medium used for the fish bioassays. Moreover,
the characterization of NPIs on the test medium with the organisms, showed an increase
of their hydrodynamic size during the 96 h of exposure, which can be related with the
interaction of NPls with embryos/larvae metabolites present in the test media [32,33].
Despite the hydrodynamic size enlargement of NPIs, to around 300 nm, it does not seem to
limit their entrance (through the chorion of zebrafish embryos), since the pore size of this
structure is between 600 to 700 nm [4].

To our knowledge, in most of the studies assessing the effects of NPIs with other
contaminants on zebrafish, the NPls” characterization was only performed when they were
present alone and it is not referred if the characterization is performed in the presence
or absence of organisms [1,3,5]. Only one study reported a fast aggregation of NPls
(increased sizes) when they were in the presence of PAHs [16]. The authors reported
that the sorption of PAHs to the surface of NPls is expected to decrease the interaction
with cations available in the exposure medium and to increase the lipophilicity of NPlIs,
promoting further aggregation and sorption of PAHs [15]. An identical interaction is likely
to have occurred on our study in the presence of the pharmaceutical SIM. Indeed, PS NPls
were functionalized with COOH, which can promote the interaction/binding of NPIs with
SIM. Additionally, the characterization of NPIs with SIM showed that, behind the increase
in the NPlIs hydrodynamic size, the surface charge of the NPIs also increased (ZP from —25
to —12 mV), which may be due to the interaction/binding of NPIs with SIM.

The interaction of NPIs with SIM and consequent alteration of the NPls” chemical
characteristics may induce different biological effects comparing with the effects when
NPIs are alone. Moreover, SIM chemical properties may also be altered in the presence
of NPIs promoting differential effects compared to individual SIM exposure. The results
showed no effects induced by PS NPls, indicating that NPls, at the tested concentrations,
did not cause a significant acute toxic effect on the embryonic development of zebrafish.
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However, the pharmaceutical SIM presented a dose dependent toxicity, causing mortality,
malformations, hatching and heartbeat impairment in the organisms. Lee et al. [5] also
showed no significant effects of PS NPls (50, 200 and 500 nm) on zebrafish embryogenesis.
For SIM, Ribeiro et al. [16] also reported toxic effects on zebrafish embryos development, at
the endpoints assessed in our study.

The adsorption (physical or chemical) of diverse compounds [5,15] to NPlIs is widely
known, and hence the high relevance of investigating the combined toxic effect of NPls
and SIM. To the best of our knowledge, until now, few studies have focused on the effects
of NPIs on the toxicity of other contaminants on zebrafish [1,3,5,15]. Further, the combined
exposures of NPls with other contaminants have shown diverse outcomes regarding
toxicity [1,3,5,15]. It is thus important to comprehend in further detail how plastics can
interact with other contaminants and modulate their uptake and further toxicity. Such
effects can be difficult to predict, as they are dependent on the polymer type, size and
charge of the plastic particles, type of co-contaminant and their concentrations [15]. In our
study, the highest NPIs concentration tested in the combined exposures (1.5 mg/L) appears
to work as an effective and a greater carrier of SIM (as opposed to 0.015 mg/L NPlIs) leading
to fast (<24 h) lethal effects on the zebrafish embryos. Decreasing the NPIs concentrations,
the lethal effect disappeared although sub-lethal effects persisted. Concerning the mortality,
the combination of NPls and SIM had relevant effects on the survival of the organisms
whereas the single exposures did not have significant effects on this endpoint. A previous
study already reported that NPIs themselves may not be severely detrimental, but when
they are combined with environmental contaminants, such as metal ions, the toxic effects
may escalate [12]. The median lethal concentration (LCsp) of Au ion without NPls was 1.88
ug/mL, whereas it was 1.25 pg/mL in the presence of NPls, indicating that the presence of
NPls exacerbated the mortality effect of the Au ion on zebrafish embryos [5]. In the present
study, a similar result was also found for survival, and the LCs for the combination SIM +
NPIs was lower than for SIM alone, hence there is a synergy beyond simple additivity.

Concerning the malformations appearance, SIM single exposures had similar effects
than when in co-exposures (EC5) were similar between SIM single and combined expo-
sures), the SIM mode action seems independent on the presence of NPls (at 0.015 mg/L).
These results are not similar to the combination of NPIs with Au ion since the Au ion
induction malformations was synergistic when combined with NPlIs [5]. Contrary to
Lee et al. [5] and to our work, PAHs single exposures caused higher rates of developmental
deformities, but the co-exposure of PAHs with NPIs showed a decreased effect [15], hence
antagonistic combination. In terms of hatching and heartbeat, a protective effect was found
in our study after the co-exposures SIM and NPls comparing with SIM single exposures.
It seems that the presence of NPIs, at 0.015 mg/L, alleviated the effects of SIM on these
endpoints, i.e., ECsg for the combination of SIM and NPIs was higher than for SIM alone.
However, other authors have reported that NPIs synergistically accelerated the inhibition
of hatching caused by the Au ion [5]. The presence of the lower concentration of NPIs in the
combined exposures seems to offer a protective shield to embryos. The possible absorption
of SIM to NPIs may result in less bioavailability of the pharmaceutical to the organisms
and consequent less interaction, resulting in sub-lethal effects (hatching and heartbeat)
less pronounced compared with the effects resulting from the SIM single exposures. A
previous study also showed that NPIs co-exposure with bisphenol A alleviated the effects
of bisphenol A on the AChE activity: combined exposure did not inhibit the AChE activity
of zebrafish, whereas bisphenol A single exposure caused an inhibition [1].

Our hypothesis was confirmed by the obtained results, for some endpoints (hatching
and heartbeat) antagonistic effects were found, i.e., the combined effect of NPls and SIM was
less toxic than the individual effects. Whereas for other endpoints (survival), synergistic
effects were detected, i.e., the combined effect of NPls and SIM was much greater than the
sum of the effects of each contaminant alone. However, for malformations appearance,
additive effects occurred, i.e., the combined effect of NPls and SIM was similar to the
sum of the effect of each contaminant alone. It seems that the biological processes are
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timely expressed, i.e., at the combined exposures, the adverse effects were earlier revealed
(i.e., mortality at <24 h for 1.5 mg/L NPIs + 12.5 or 15 ug/L SIM and malformations
development in <48 h for 0.015 mg/L NPls + 12.5 pug/L SIM), when compared with the
correspondent SIM single exposures. However, the survived embryos showed deal better
with the “hostile environment” (combined exposures), occurring a normal hatching process
(at 72 h) and heartbeat (48 h), on contrary to the embryos in the SIM single exposures.

Overall, the concentration of NPls and the chemical properties of the co-contaminant
seem to be relevant for further toxicological effects on organisms. The mechanisms behind
the altered toxicity of SIM by the presence of NPlIs should be more explored, but may be
associated with incorporation rates, sorbing ability, cellular defense mechanisms and differ-
ent modes of action. NPIs are capable of physically or chemically adsorb to biomolecules in
living organisms, such as proteins, lipids, and metabolites in serum and cytoplasm [32,33].
This adsorption ability results from the hydrophobic surface and large surface area of
NPls and may alter the dynamics of the surface ionic charges in the environmental con-
text [34,35] and, eventually, resulting in altered toxicity of the complex containing NPls and
adsorbed elements [5]. Moreover, the effects of NPlIs on the toxicity of other contaminants
can also be dependent on the NPIs concentration (it seems our case) and/or of the type
of the compounds as previously reported by other authors [3,5]. Although we were not
able to perform an absolute/relative quantification of the NPlIs uptake, it may be possi-
ble to observe in the photos (provided as Supplementary Information, Supplementary
Figure S2) an increase on the intensity of green fluorescence with the increase of NPls
concentration, which may reflect a higher uptake of NPlIs by the embryos/larvae at the
highest tested concentrations. In addition, the increase of green fluorescence intensity
appears to be directly related to the increase of NPls concentration, which was not altered
on the co-exposures with SIM. A gradual green color intensity observed in some regions
of the exposed embryos/larvae seems to be associated with the gradual NPIs exposures.
However, the autofluorescence of some structures of zebrafish embryos/larvae (e.g., yolk
sac and eyes) in the same emission wavelength of the dragon green fluorophores (emission
peak at 509 nm, we used the EGFP filter) complicated the image analysis because the
autofluorescence may vary within and between embryos/larvae. The resulting interference
did not allow an absolute/relative quantitative image analysis and then, to do a significant
correlation with the intake of NPIs.

Overall, this study shows that the NPIs effects on bioavailability and toxicity of other
contaminants cannot be ignored when we assess the environmental behavior and risks of
plastic particles. In order to avoid the zebrafish autofluorescence “noise”, further studies
should select, e.g., red colored NPIs, to assess the NPIs” uptake, i.e., the visualization of
NPIs and autofluorescence cannot be made using the same filter (as it happened in the
current study). More research studies should be performed to allow a better understanding
of the biological processes involved on the effects of NPIs with other contaminants. The
assessment of endpoints, such as enzymatic and non-enzymatic antioxidant defenses, DNA
and protein damage and expression of genes involved in metabolic pathways may be very
useful to increase the knowledge about this issue.

5. Conclusions

The survival of the zebrafish embryos/larvae was affected by the combination of
1.5 mg/L NPIs and SIM (12.5 or 15 ug/L) contrarily to single exposures of both contami-
nants. The highest NPIs concentration tested in the combined exposures (1.5 mg/L) appears
to be an effective and a greater carrier of SIM comparing to the lowest NPls concentra-
tion (0.015 mg/L). In terms of sub-lethal effects (hatching, heartbeat and malformations
appearance), the effects of SIM were less pronounced or similar when in co-exposures
with NPls, comparing with SIM single exposures. The results obtained from our study
demonstrated that NPls may interact with SIM and modulate the SIM toxicity to zebrafish
embryos/larvae and the effects of NPIs on the toxicity of SIM was dependent on the
NPIs concentration. The resultant data highlights the importance of the environmental
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risk assessment when the contaminants are in mixtures and increase the concern about
the possibility of NPls as a “vector” for other contaminants. Further studies assessing
molecular and biochemical endpoints are very welcome, which will help to complement
the results obtained in this study and to a better understanding about the mechanisms
involved on the toxicity of NPls combined with other compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com /2305
-6304/9/3/44/s1, Table S1: Reference/calculated data of the selected functionalized polystyrene
nanoplastics dispersion from the certificated sheet of the Bangs Laboratories, Inc.; Figure S1: Scanning
electron microscopy (SEM) images of the functionalized polystyrene nanoplastics stock dispersion
(at 0.001%); Figure S2: Schematic and microscopic visualization of embryo development of Danio
rerio for 96 h, when exposed to control, solvent control, single and dual combinations of SIM and
polystyrene NPls. Images resulted from the merge of two filters, bright field and enhanced green
fluorescence protein (EGFP). SIM: simvastatin; NPls: nanoplastics; Single SIM exposures: 12.5 and
15 pg/L; Single NPls concentrations: 0.015 and 1.5 mg/L; Dual combinations: 0.015 mg/L NPls +
12.5 pug/L SIM; 0.015 mg/L NPIs + 15 pg/L SIM; 1.5 mg/L NPIs + 12.5 ug/L SIM; 1.5 mg/L NPls +
15 ug/L SIM.

Author Contributions: Conceptualization: A.B., ].S. and V.L.M.; methodology: A.B., ].S. and V.L.M,;
formal analysis: A.B., ].S. and V.L.M.; investigation: A.B., ]J.S. and V.L.M.; resources: M.].B.A. and
V.L.M.; writing—original draft preparation: A.B. and ].S.; writing—review & editing: A.B., J.S.,
M.].B.A. and V.L.M.; project administration: V.L.M.; funding acquisition: V.L.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was funded within the project UNRAVEL (POCI-01-0145-FEDER-029035) fi-
nanced by FEDER, through COMPETE2020-POCI, and by national funds (OE), through FCT/MCTES
national funds (PIDDAC). A fellowship and a contract researcher of the project (POCI-01-0145-
FEDER-029035), respectively supported J. Santos and A. Barreto. Further, support was also provided
by CESAM (UIDB/50017/2020+UIDP /50017 /2020), via FCT/MEC through national funds, and the
co-funding by the FEDER (POCI-01-0145-FEDER-00763), within the PT2020 Partnership Agreement
and Compete 2020. V.L. Maria is funded by national funds (OE), through FCT, in the scope of the
framework contract foreseen in the numbers 4, 5 and 6 of the article 23, of the Decree-Law 57/2016,
of August 29, changed by Law 57/2017, of July 19.

Institutional Review Board Statement: The experiments are in accordance with the current laws
of the country in which they were performed. Zebrafish Facility complies with the Portuguese law
(Portaria 1005/02 and Portaria 1131/97), which transcribes the European Guideline 86/609/EC,
and with the Council Regulation No. 2005/01 EC. It also follows the FELASA (Federation of
European Laboratory Animal Science Associations) guidelines and recommendations concerning
animal welfare and the design and conduct of research projects in which animals are used. Animal
housing, welfare and experimentation are under constant monitoring from the veterinary service.

Data Availability Statement: The data are available on request from the corresponding author.

Acknowledgments: Organisms images acquisition was performed by Mariana Alves in the Light
Microscopy facility of iBIMED, a node of Portuguese Platform of Biolmaging: POCI-01-0145-FEDER-
022122. In addition, thanks to Tito Trindade (Chemistry Department, CICECO, UA) for the opportu-
nity given to the physicochemical characterization of nanoplastics (by TEM, SEM and DLS).

Conflicts of Interest: The authors declare no conflict of interest.

1. Chen, Q.; Gundlach, M.; Yang, S.; Jiang, J.; Velki, M.; Yin, D.; Hollert, H. Quantitative investigation of the mechanisms of
microplastics and nanoplastics toward zebrafish larvae locomotor activity. Sci. Total Environ. 2017, 584-585, 1022-1031. [CrossRef]

2. Gigault, J.; Ter Halle, A.; Baudrimont, M.; Pascal, P-Y.; Gauffre, F.,; Phi, T.-L.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion:
What is a nanoplastic? Environ. Pollut. 2018, 235, 1030-1034. [CrossRef] [PubMed]

3. Chen, Q. Yin, D, Jia, Y,; Schiwy, S.; Legradj, J.; Yang, S.; Hollert, H. Enhanced uptake of BPA in the presence of nanoplastics can
lead to neurotoxic effects in adult zebrafish. Sci. Total Environ. 2017, 609, 1312-1321. [CrossRef] [PubMed]

4. Pitt, ].A,; Trevisan, R.; Massarsky, A.; Kozal, ].S.; Levin, E.D.; Di Giulio, R.T. Maternal transfer of nanoplastics to offspring in
zebrafish (Danio rerio): A case study with nanopolystyrene. Sci. Total Environ. 2018, 643, 324-334. [CrossRef]


https://www.mdpi.com/2305-6304/9/3/44/s1
https://www.mdpi.com/2305-6304/9/3/44/s1
http://doi.org/10.1016/j.scitotenv.2017.01.156
http://doi.org/10.1016/j.envpol.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29370948
http://doi.org/10.1016/j.scitotenv.2017.07.144
http://www.ncbi.nlm.nih.gov/pubmed/28793400
http://doi.org/10.1016/j.scitotenv.2018.06.186

Toxics 2021, 9, 44 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lee, WS.; Cho, H.-J.; Kim, E.; Huh, Y.H.; Kim, H.-J.; Kim, B.; Kang, T.; Lee, J.-S.; Jeong, J. Bioaccumulation of polystyrene
nanoplastics and their effect on the toxicity of Au ions in zebrafish embryos. Nanoscale 2019, 11, 3173-3185. [CrossRef] [PubMed]
Koelmans, A.A.; Besseling, E.; Shim, W.J. Nanoplastics in the Aquatic Environment. Critical Review. In Marine Anthropogenic
Litter; Springer International Publishing: Cham, Switzerland, 2015; pp. 325-340.

Science Advice for Policy by European Academies a Scientific Perspective on Microplastics in Nature and Society. 2019. Available
online: https://www.sapea.info/wp-content/uploads/report.pdf (accessed on 24 September 2020).

Strungaru, S.-A.; Jijie, R.; Nicoara, M.; Plavan, G.; Faggio, C. Micro- (nano) plastics in freshwater ecosystems: Abundance,
toxicological impact and quantification methodology. TrAC Trends Anal. Chem. 2019, 110, 116-128. [CrossRef]

Brandts, I.; Teles, M.; Gongalves, A.P.,; Barreto, A.; Franco-Martinez, L.; Tvarijonaviciute, A.; Martins, M.A.; Soares, A M.V.M.;
Tort, L.; Oliveira, M. Effects of nanoplastics on Mytilus galloprovincialis after individual and combined exposure with carba-
mazepine. Sci. Total Environ. 2018, 643, 775-784. [CrossRef]

Pitt, J.A.; Kozal, ].S.; Jayasundara, N.; Massarsky, A.; Trevisan, R.; Geitner, N.; Wiesner, M.; Levin, E.D.; Di Giulio, R.T. Uptake,
tissue distribution, and toxicity of polystyrene nanoparticles in developing zebrafish (Danio rerio). Aquat. Toxicol. 2018, 194,
185-194. [CrossRef]

Parenti, C.C.; Ghilardi, A.; Della Torre, C.; Magni, S.; Del Giacco, L.; Binelli, A. Evaluation of the infiltration of polystyrene
nanobeads in zebrafish embryo tissues after short-term exposure and the related biochemical and behavioural effects. Environ.
Pollut. 2019, 254, 112947. [CrossRef] [PubMed]

Kashiwada, S. Distribution of nanoparticles in the see-through medaka (Oryzias latipes). Environ. Health Perspect. 2006, 114,
1697-1702. [CrossRef] [PubMed]

Van Pomeren, M.; Brun, N.R.; Peijnenburg, W.J.G.M.; Vijver, M.G. Exploring uptake and biodistribution of polystyrene
(nano)particles in zebrafish embryos at different developmental stages. Aquat. Toxicol. 2017, 190, 40—45. [CrossRef]

Brun, N.R; van Hage, P.; Hunting, E.R.; Haramis, A.P.G.; Vink, S.C.; Vijver, M.G.; Schaaf, M.].M.; Tudorache, C. Polystyrene
nanoplastics disrupt glucose metabolism and cortisol levels with a possible link to behavioural changes in larval zebrafish.
Commun. Biol. 2019, 2. [CrossRef]

Trevisan, R.; Voy, C.; Chen, S.; Di Giulio, R.T. Nanoplastics Decrease the Toxicity of a Complex PAH Mixture but Impair
Mitochondrial Energy Production in Developing Zebrafish. Environ. Sci. Technol. 2019, 53, 8405-8415. [CrossRef] [PubMed]
Ribeiro, S.; Torres, T.; Martins, R.; Santos, M.M. Toxicity screening of diclofenac, propranolol, sertraline and simvastatin using
Danio rerio and paracentrotus lividus embryo bioassays. Ecofoxicol. Environ. Saf. 2015, 114, 67-74. [CrossRef] [PubMed]

Cunha, V.; Santos, M.M.; Moradas-Ferreira, P.; Castro, L.E.C.; Ferreira, M. Simvastatin modulates gene expression of key receptors
in zebrafish embryos. . Toxicol. Environ. Health Part A Curr. Issues 2017, 80, 465-476. [CrossRef]

Dong, Z.; Senn, D.B.; Moran, R.E.; Shine, J.P. Prioritizing environmental risk of prescription pharmaceuticals. Regul. Toxicol.
Pharmacol. 2013, 65, 60-67. [CrossRef]

Pereira, AM.P.T,; Silva, L.].G.; Meisel, L.M.; Lino, C.M.; Pena, A. Environmental impact of pharmaceuticals from Portuguese
wastewaters: Geographical and seasonal occurrence, removal and risk assessment. Environ. Res. 2015, 136, 108-119. [CrossRef]
Pereira, AM.P.T,; Silva, L.J.G.; Laranjeiro, C.5.M.; Meisel, L.M.; Lino, C.M.; Pena, A. Human pharmaceuticals in Portuguese
rivers: The impact of water scarcity in the environmental risk. Sci. Total Environ. 2017, 609, 1182-1191. [CrossRef]

Almeida, M.; Martins, M.A.; Soares, A.M.V.; Cuesta, A.; Oliveira, M. Polystyrene nanoplastics alter the cytotoxicity of human
pharmaceuticals on marine fish cell lines. Environ. Toxicol. Pharmacol. 2019, 69, 57-65. [CrossRef] [PubMed]

Neuparth, T.; Martins, C.; Carmen, B.; Costa, M.H.; Martins, I.; Costa, PM.; Santos, M.M. Hypocholesterolaemic pharmaceutical
simvastatin disrupts reproduction and population growth of the amphipod Gammarus locusta at the ng/L range. Aquat. Toxicol.
2014, 155, 337-347. [CrossRef]

Barros, S.; Montes, R.; Quintana, J.B.; Rodil, R.; André, A.; Capitao, A.; Soares, J.; Santos, M.M.; Neuparth, T. Chronic environmen-
tally relevant levels of simvastatin disrupt embryonic development, biochemical and molecular responses in zebrafish (Danio
rerio). Aquat. Toxicol. 2018, 201, 47-57. [CrossRef]

Patibandla, S.; Jiang, J.-Q.; Shu, X. Toxicity assessment of four pharmaceuticals in aquatic environment before and after ferrate
(VI) treatment. J. Environ. Chem. Eng. 2018, 6, 3787-3797. [CrossRef]

Liu, Y;; Ding, R.; Pan, B.; Wang, L.; Liu, S.; Nie, X. Simvastatin affect the expression of detoxification-related genes and enzymes
in Daphnia magna and alter its life history parameters. Ecofoxicol. Environ. Saf. 2019, 182, 109389. [CrossRef]

Campos, L.M.; Rios, E.A.; Guapyassu, L.; Midlej, V.,; Atella, G.C.; Herculano-Houzel, S.; Benchimol, M.; Mermelstein, C.; Costa,
M.L. Alterations in zebrafish development induced by simvastatin: Comprehensive morphological and physiological study,
focusing on muscle. Exp. Biol. Med. 2016, 241, 1950-1960. [CrossRef]

Wang, C.; Ku, P; Nie, X.; Bao, S.; Wang, Z.; Li, K. Effects of simvastatin on the PXR signaling pathway and the liver histology in
Mugilogobius abei. Sci. Total Environ. 2019, 651, 399—-409. [CrossRef] [PubMed]

Campos, L.M,; Rios, E.A.; Midlej, V.; Atella, G.C.; Herculano-Houzel, S.; Benchimol, M.; Mermelstein, C.; Costa, M.L. Structural
Analysis of Alterations in Zebrafish Muscle Differentiation Induced by Simvastatin and Their Recovery with Cholesterol. J.
Histochem. Cytochem. 2015, 63, 427-437. [CrossRef]

OECD Test Number 210: Fish, Early-Life Stage Toxicity Test; Organisation for Economic Co-Operation and Development (OECD),
Guidelines for the Testing of Chemicals, Section 2; OECD Publishing: Paris, France, 2013. [CrossRef]


http://doi.org/10.1039/C8NR09321K
http://www.ncbi.nlm.nih.gov/pubmed/30534785
https://www.sapea.info/wp-content/uploads/report.pdf
http://doi.org/10.1016/j.trac.2018.10.025
http://doi.org/10.1016/j.scitotenv.2018.06.257
http://doi.org/10.1016/j.aquatox.2017.11.017
http://doi.org/10.1016/j.envpol.2019.07.115
http://www.ncbi.nlm.nih.gov/pubmed/31400664
http://doi.org/10.1289/ehp.9209
http://www.ncbi.nlm.nih.gov/pubmed/17107855
http://doi.org/10.1016/j.aquatox.2017.06.017
http://doi.org/10.1038/s42003-019-0629-6
http://doi.org/10.1021/acs.est.9b02003
http://www.ncbi.nlm.nih.gov/pubmed/31259535
http://doi.org/10.1016/j.ecoenv.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25615533
http://doi.org/10.1080/15287394.2017.1335258
http://doi.org/10.1016/j.yrtph.2012.07.003
http://doi.org/10.1016/j.envres.2014.09.041
http://doi.org/10.1016/j.scitotenv.2017.07.200
http://doi.org/10.1016/j.etap.2019.03.019
http://www.ncbi.nlm.nih.gov/pubmed/30953935
http://doi.org/10.1016/j.aquatox.2014.07.009
http://doi.org/10.1016/j.aquatox.2018.05.014
http://doi.org/10.1016/j.jece.2018.05.024
http://doi.org/10.1016/j.ecoenv.2019.109389
http://doi.org/10.1177/1535370216659944
http://doi.org/10.1016/j.scitotenv.2018.09.133
http://www.ncbi.nlm.nih.gov/pubmed/30240922
http://doi.org/10.1369/0022155415580396
http://doi.org/10.1787/9789264203785-en

Toxics 2021, 9, 44 15 of 15

30.

31.

32.

33.

34.

35.

Al-Sid-Cheikh, M.; Rowland, S.J.; Stevenson, K.; Rouleau, C.; Henry, T.B.; Thompson, R.C. Uptake, Whole-Body Distribution, and
Depuration of Nanoplastics by the Scallop Pecten maximus at Environmentally Realistic Concentrations. Environ. Sci. Technol.
2018, 52, 14480-14486. [CrossRef] [PubMed]

OECD Guidance Document on Aquatic Toxicity Testing of Difficult Substances and Mixtures; OECD Series on Testing and Assessment;
OECD Publishing: Paris, France, 2019. [CrossRef]

Walkey, C.D.; Chan, W.C.W. Understanding and controlling the interaction of nanomaterials with proteins in a physiological
environment. Chem. Soc. Rev. 2012, 41, 2780-2799. [CrossRef]

Galloway, T.S.; Cole, M.; Lewis, C. Interactions of microplastic debris throughout the marine ecosystem. Nat. Ecol. Evol. 2017, 1,
116. [CrossRef] [PubMed]

Lee, H.; Shim, W.J.; Kwon, ].H. Sorption capacity of plastic debris for hydrophobic organic chemicals. Sci. Total Environ. 2014,
470471, 1545-1552. [CrossRef]

Wang, J.; Tan, Z; Peng, J.; Qiu, Q.; Li, M. The behaviors of microplastics in the marine environment. Mar. Environ. Res. 2016, 113,
7-17. [CrossRef]


http://doi.org/10.1021/acs.est.8b05266
http://www.ncbi.nlm.nih.gov/pubmed/30457844
http://doi.org/10.1787/0ed2f88e-en
http://doi.org/10.1039/C1CS15233E
http://doi.org/10.1038/s41559-017-0116
http://www.ncbi.nlm.nih.gov/pubmed/28812686
http://doi.org/10.1016/j.scitotenv.2013.08.023
http://doi.org/10.1016/j.marenvres.2015.10.014

	Introduction 
	Materials and Methods 
	Test Organism 
	Preparation and Characterization of Nanoplastics 
	Fish Assays 
	Statistical Analysis 

	Results 
	Characterization of Nanoplastics Alone and with Simvastatin 
	Effects of Single Exposures 
	Effects of Nanoplastics 
	Effects of Simvastatin 

	Effects of Combined Exposures Nanoplastics and Simvastatin 

	Discussion 
	Conclusions 
	References

