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Abstract: Polystyrene microplastics (PS-MPs) are potentially harmful to marine organisms, especially
during the early developmental stages, although the underlying mechanism remains unclear. The
present study evaluated the growth and morphological characteristics of marine medaka Oryzias
melastigma (McClelland, 1839) embryos exposed to PS-MP. PS-MPs of three different sizes (0.05, 0.5,
and 6.0 µm with a concentration of 106 particles/L) were subjected to waterborne exposure for 19 d.
The hatching time and rate of embryos exposed to 0.5 and 6.0 µm PS-MPs were significantly lower
than those of the control, while no significant difference was observed in the 0.05 µm treatment. No
significant differences were observed in the mortality rate of the embryos, embryo diameter, and
relevant gene expression levels, including il6, il8, il-1β, jak, stat-3, nf-κb, hif-1α, epo, cyp1a1, ahr, sod, cat,
and gpx, but with the exception of vtg. Fluorescent PS-MPs were found on the embryo surfaces when
the embryos were exposed to 0.5 and 6.0 µm PS-MPs, but no signals were detected inside embryos
using confocal microscopy. Therefore, the results indicate that PS-MPs having a diameter of 6.0 µm
can only attach to the surface or villus of embryos and not enter the embryos through the membrane
pores, whereas PS-MPs with diameters of 0.05 and 0.5 µm cannot enter the embryos.

Keywords: microplastics; waterborne exposure; morphology characteristics; accumulation; hatching
time; hatching rate; protection of embryo membrane

1. Introduction

Microplastics (MPs), defined as synthetic solid particles or polymeric matrices with
lengths ranging from 1 to 5 mm [1], have attracted worldwide attention since a pioneering
study in 2004 [2,3]. MPs are ubiquitous in terrestrial, freshwater, and marine environ-
ments [4–8], and can be easily ingested by an extensive range of species, including bivalves,
fish, corals, and seabirds [9–12]. Mounting evidence indicates that MPs can be observed in
a wide range of marine organisms, including zooplankton [13,14], fish and shellfish [15–20],
birds [21], and marine mammals [22,23]. The intake of MPs may have harmful effects on
aquatic organisms, such as physical or toxicological effects [24–28].

MP pollutants in aquatic environments can be classified into various types based on
their composition, but some are predominant on the sea surface, such as polyethylene (PE),
polypropylene (PP), polyamides (PA), and polystyrene (PS) [29,30]. As a commonly used
polymer and a frequently found form of MP at sea [31–34], PS has a broad spectrum of
applications, including food packaging, shopping bags, and household items [35]. The
light weight of PS, which is one of its main properties, contribute to its spread across
marine boundaries [36–39]. PS contains a styrene monomer that is a natural carcinogen [40].
Therefore, polystyrene microplastics (PS-MPs) pose a threat to marine organisms. PS is
widely used in various fields, including agriculture and industry, due to its corrosion
resistance, low cost, and ease of processing. Therefore, PS is widely distributed in marine
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environments, and its concentration is relatively high [41,42]. In addition, compared to
other types of MPs, such as PE, PP, and polyvinyl chloride (PVC), PS-MPs have a stronger
adsorption capacity for polycyclic aromatic hydrocarbons (PAHs), which may pose a greater
ecological risk to marine species and their ecosystems [43,44].

Marine medaka O. melastigma (McClelland, 1839) is a native species to coastal waters
in Pakistan, Burma, and Thailand [45]. It has been recognized as a model fish species for
ecotoxicological research [46,47], due to its advantages such as small size (4.2 to 23 mm),
rapid development (2 to 3 months), and transparent and distinct sexual dimorphism [46,48].
Fish embryos play an important role in marine ecosystems, and fish health and survival
are critical for long-term sustainability [49,50]. Moreover, the embryonic stages of fish
are more sensitive to environmental pollutants than the adult and larval stages [51,52].
Consequently, fish embryos are widely recognized and recommended as important toxicity
endpoints for assessing MP contamination [53]. To date, several studies have shown the
impact of PS-MPs on O. melastigma embryos [43,54], but their toxicity mechanism remains
elusive, and few of these studies have focused on the size of membrane pores and PS
microsphere diameter.

The present study was undertaken to: (i) determine the acute toxic effects of PS-MPs
on embryo development of O. melastigma by studying mortality, hatching time, embryo
diameter, hatching rate, and heartbeat rate; (ii) investigate the interaction between PS-
MPs and O. melastigma embryo chorion; and (iii) analyze the mRNA expression patterns
of 14 target genes, including immune- and inflammation-related, metabolic, endocrine-
related, and oxidative stress-related genes.

2. Materials and Methods
2.1. Polystyrene Microplastics

Green fluorescent-labeled and fluorescent-free PS-MPs were purchased from Poly-
sciences, Inc. (Warrington, PA, USA). To estimate whether size can affect the interaction
pattern between the membrane pores and PS microspheres, PS-MPs of three different
sizes (0.05, 0.5, and 6.0 µm) were used to perform waterborne exposure experiments. PS
microspheres having with a size of 6.0 µm were selected because their size is similar to
that of food particles consumed by O. melastigma and because this size of PS-MP is slightly
larger than the average size of O. melastigma membrane pores. In addition, larger pieces
of MPs will be further degraded into smaller MPs due to physical forces (such as degra-
dation catalysis of solar radiation, wave scouring, and beating), in addition to chemical
and biological forces. Therefore, PS-MPs of 0.05 and 0.5 µm were also used in the present
study to better understand the interaction between PS-MPs and the embryonic membrane
of O. melastigma.

2.2. Fish Maintenance

Dr. Doris Au W.T. from the City University of Hong Kong provided O. melastigma
that had been bred for more than ten generations in our laboratory. Standard operating
procedures for O. melastigma culture were performed as previously described [43,55]. Adult
O. melastigma were maintained at 28.5 ◦C with a 14:10 h light:dark cycle. The stages were
determined according to the method described by Kinoshita et al. [56]. O. melastigma was
handled as prescribed by XMULAC20190066, a guideline approved by the ethics committee
of Xiamen University.

2.3. Experimental Design

Waterborne exposure assays of PS-MPs of different sizes (0.05, 0.5, and 6.0 µm) were
performed on O. melastigma embryos at a concentration of 106 particles/L for 19 d. The
concentrations used in this study were based on those used in previous reports [57–61]. All
treatments were performed in triplicate. Three developmental time points of O. melastigma
embryos (3, 6, and 9 dpf) were investigated in this study, as described in our previous
report [43].
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2.4. Calculation of Membrane Pore Size

On day 6 after exposure, nine embryos (n = 9) from each group were randomly selected
to observe the morphological structure of the chorion using a field emission scanning
electron microscope (FESEM; Quanta 450FEG, FEI, Hillsboro, OR, USA). Before observation
using the FESEM, O. melastigma embryos were prepared using the CO2 critical point drying
method. The average pore size of the membranes was measured after photography and
calculations.

2.5. Determination of Embryonic Membrane Changes

During embryonic hatching, impurities in seawater readily attach to the embryonic
surface villi, thereby altering the embryonic surface and villi. To investigate membrane
changes after PS-MP exposure, nine embryos (n = 9) were randomly selected from each
group to observe the diameter and chorion structure using a stereo microscope (SMZ 1270;
Nikon Corp., Tokyo, Japan).

2.6. Accumulation of Polystyrene Microplastics on and Inside Chorion

Embryos that had been exposed to fluorescently labeled PS-MPs of different sizes for
3, 6, and 9 d were collected and observed using a digital inverted fluorescence microscope
(Axio observer Z1; Carl Zeiss, Oberkochen, Germany), and the PS-MP distribution and
accumulation patterns on the membrane surface of O. melastigma embryos were analyzed.

To investigate the distribution and accumulation of fluorescently labeled PS-MPs
inside O. melastigma embryos, nine embryos (n = 9) that had been exposed to PS-MPs for
6 d were randomly collected from different treatments and photographed using a confocal
fluorescence microscope (LSM 780 NLO; Carl Zeiss, Oberkochen, Germany). Fluorescence
images were captured continuously in the z-axis direction every 20 nm from the top to the
bottom of a single embryo.

Furthermore, to understand the PS-MP distribution on and inside the chorion of the
O. melastigma embryos, the chorion was removed with tweezers after washing and prior to
imaging. Thereafter, they were observed using a FESEM and images were captured.

2.7. Measurement of Mortality, Heartbeat and Hatching Rate of Fish Embryos

Dead embryos were removed and recorded during the PS-MP exposure period. Em-
bryo mortality (%) was calculated as follows: = (dead embryos/total embryos) × 100. Ten
embryos from each group were used to determine heart rate, as described in a previous
study [62]. The heartbeat of O. melastigma embryos was observed at 3 d post-fertilization
(dpf). Heartbeat measurement for O. melastigma larvae is difficult compared to that for
embryos, as larvae can easily swim away. Therefore, embryos for heartbeat measurements
in this study were selected only from 3 to 9 dpf.

The fish embryos started hatching at 8 dpf under the above experimental conditions,
and the embryos were regarded as hatching failures if they did not hatch after 19 dpf. The
number of hatched embryos was recorded every 24 h from 8 to 19 dpf, and the hatching
rate was calculated as follows: (%) = (hatched larvae/fertile eggs) × 100.

2.8. Determination of Reactive Oxygen Species (ROS) Levels

The ROS assay kit (DCFH-DA fluorescent probe staining) used in this study was
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). To eliminate
the interference of the fluorescent signal from PS-MPs in ROS assessment, non-fluorescent
PS-MPs were used to perform the ROS assay. Briefly, nine embryos (n = 9) at 3, 6, and 9 dpf
after PS-MP exposure were randomly selected from each group and placed in a 6-well plate
(one embryo per well). The embryos were gently washed twice with prewarmed 1 × PBS
(28.5 ◦C, pH = 7.4), and 5 mL fluorescent probe (1:1000 DC-FHDA: ddH2O) was added to
each well. The embryos were incubated at 28.5 ◦C for 1 h in the dark by covering them
with aluminum foil, washed again with 1 × PBS, and images were captured using a digital
inverted fluorescence microscope (Axio observer Z1; Carl Zeiss, Oberkochen, Germany).
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The images were analyzed using ImageJ v1.53 software (National Institutes of Health,
Bethesda, MD, USA).

2.9. Determination of Expression Profiles of Target Genes

The following selected genes were measured using real-time reverse transcription quan-
titative PCR (RT-qPCR): (i) immune- and inflammation-related genes: il6 (interleukin 6), il8
(interleukin 8), il-1β (interleukin 1β), jak (Janus kinase), stat-3 (signal transducer and activa-
tor of transcription 3), nf-κb (nuclear transcription factor-κb); (ii) endocrine-related gene:
vtg (vitellogenin); (iii) anaerobic-related gene: hif-1α (hypoxia-inducible factor 1-alpha)
and epo (erythropoietin); (iv) metabolism-related genes: cyp1a1 (cytochrome P450 1a1) and
ahr (aryl hydrocarbon receptor); and (v) oxidative stress-related genes: sod (superoxide
dismutase), cat (catalase), and gpx (glutathione peroxidase). A pool of 15 embryos obtained
at 3, 6, and 9 dpf from each replicate was collected from each petri dish (n = 6) and stored at
−80 ◦C for later analysis. Total RNA analysis was conducted using TRIzol reagent (Takara
Ltd., Beijing, China), according to the manufacturer’s instructions. Primer sequences used
in this study are listed in Appendix A (Table A1). 18S ribosomal RNA was used as the
housekeeping gene [49] and RT-qPCR was performed using SYBR Green (Roche Ltd., Basel,
Switzerland) with a Rotor-Gene Q instrument (5 plex, Qiagen GmbH, Hilden, Germany).
The RT-qPCR assay and data analysis were performed as previously described [63].

2.10. Statistics Analysis

All results are expressed as mean ± standard error (S.E.). All data were first analyzed
for normality and homogeneity using Bartlett’s test with IBM SPSS Statistics for Windows,
v22.0 (IBM Corp., Armonk, NY, USA). One-way analysis of variance (ANOVA) followed by
Tukey’s HSD test (homogeneity of variance) or T3 test (uneven variance) was performed to
identify significant differences between the treatment and control groups. For non-normal
distribution, nonparametric tests were used to identify significant differences between the
treatment and control groups. Significant differences were set at * p < 0.05, ** p < 0.01.

3. Results
3.1. Characterization of Polystyrene Microplastics

The size and morphology of the PS-MPs were observed and verified using scanning
electron microscopy (SEM, EVO-18; Carl Zeiss, Oberkochen, Germany) before the water-
borne exposure experiment. The PS-MPs were spherical, their dispersion was good, and
the particle sizes were consistent with the nominal sizes (Figure A1).

3.2. Hatching Time and Hatching Rate of Embryos

The number of hatched embryos in the 0.5 µm PS-MP treatment was significantly
greater than that of the control after exposure for 9 d. The O. melastigma embryos hatched
before day 19, whereas most of them hatched from days 11–15 (Figure A2). The average
hatching time of O. melastigma embryos in the control group was 13.5 d, with an average
hatching rate of 66.50%. The average hatching time for embryos with 0.5 and 6.0 um
exposures was similar (approximately 12.8 d) and much shorter than that of the control. For
the 0.05 µm PS-MP exposure, the average hatching time was similar to that of the control
(Table 1).

Table 1. Effects of PS-MPs of different sizes on embryo hatching time and hatching rate (n = 100).
Data are expressed as mean ± S.E. * p < 0.05, ** p < 0.01.

Treatment Hatching Time (d) Hatching Rate (%)

Control 13.48 ± 0.16 66.50 ± 7.93
0.05 µm 13.34 ± 0.18 61.67 ± 4.06
0.5 µm 12.87 ± 0.18 ** 54.33 ± 1.33 *
6.0 µm 12.77 ± 0.18 ** 48.00 ± 3.51 *
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The hatching rate of embryos decreased with increasing size of PS-MP, and the hatch-
ing rates were 61.67%, 54.33%, and 48.00% for treatment groups with diameter of 0.05, 0.5,
and 6.0 µm, respectively. Compared to the control, no significant difference was observed
in the 0.05 µm PS-MP exposure group, whereas the average hatching rates of the 0.5 and
6.0 µm PS-MP groups were low (Table 1).

3.3. Embryo Mortality Rate

The mortality rates of O. melastigma embryos exposed to PS-MPs of different sizes
for 19 d were 29.50%, 37.00%, 40.33%, and 45.67%, respectively, which increased with
increasing PS-MP size (Table 2). However, no significant difference in mortality rate was
detected between the treatments.

Table 2. Effects of PS-MPs of different sizes on embryo mortality (n = 100). Data are expressed as
mean ± S.E.

Treatment Mortality (%)

Control 29.50 ± 6.98
0.05 µm 37.00 ± 3.21
0.5 µm 40.33 ± 2.33
6.0 µm 45.67 ± 6.17

3.4. Heart Rates

The heart rate of each treatment increased with the developmental progress of the
embryo, and no significant changes in the heart rate were observed at each observation
time point under exposure to 0.05 and 6.0 µm PS-MPs (Figure A3). The heart rate in the
group exposed to 0.5 µm PS-MPs on day 3 was significantly higher than that of the control
group on day 3 (p < 0.01), and it was significantly lower than that of the control group on
day 5, while no significant difference was found at other time points (p > 0.05) (Figure A3).

3.5. Embryo Diameter

No significant difference in embryo diameter was observed between the treatment
and control groups during the experiment (p > 0.05, Table A2).

3.6. Effects of PS-MPs on Chorion of the Embryos

Villi on the chorion surface of O. melastigma embryos in the control group were
clearly observed (Figure A4). However, the additives on the villi of the chorion surface
accumulated over time, and were clearer when observed at 9 dpf than at 3 or 6 dpf.

3.7. Accumulation of PS-MPs on Chorion of the Embryos

No clear fluorescence signal was observed on the chorion surfaces of O. melastigma
embryos (Figure A5) at 3, 6, and 9 dpf in the control group and in the group exposed to
0.05 µm PS-MPs. Embryos treated with 0.5 µm PS-MPs were observed with fluorescence
signals at 3, 6, and 9 dpf, although the signal was weak. However, the fluorescence signals
were clear on the embryo chorion surfaces when exposed to PS-MPs with a diameter of 6.0
µm. In addition, more PS-MPs accumulated on the chorion over time.

3.8. Accumulation of Fluorescent PS-MPs Inside the Embryos

Clearer fluorescence signals were observed on the chorion surfaces of the embryos
(Figure 1). However, no evidence indicated that the PS-MPs of different sizes used in this
study could enter O. melastigma embryos.
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3.9. Interaction of PS-MPs with Embryos 

Figure 1. Accumulation of PS-MPs on/in O. melastigma embryos exposed to different PS-MPs of
different sizes (n = 9): (a) control group; (b) 0.05 µm; (c) 0.5 µm; (d) 6.0 µm. Fluorescent images
were captured continuously from the top to the bottom of the embryo in the z-axis every 20 nm. The
numbers (1–36) show the cross-section image from the upper part to the lower part of an embryo.

3.9. Interaction of PS-MPs with Embryos

SEM images indicated that no PS-MP signals were observed on the chorion surfaces
and villi of O. melastigma embryos in the control group and the 0.05 µm PS-MP exposure
group, with a smooth and clean chorion surface (Figure 2a–f). In contrast, many PS-MPs
attached to the chorion surface of 0.5 and 6.0 µm PS-MP-exposed embryos (Figure 2g–l).
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Figure 2. SEM images of O. melastigma embryos exposed to PS-MPs of different sizes for 6 d (n = 9).
(a–c) control without PS-MPs; (d–f) 0.05 µm; (g–i) 0.5 µm; and (j–l) 6.0 µm. The PS-MPs discovered
on the villi or membranes of the embryos are indicated by green arrows, whereas the PS-MPs that
occurred as clumps on the embryo surface are indicated by green circles.

Can PS-MPs enter O. melastigma embryos through chorion pores? To further explore
whether PS-MPs can enter O. melastigma embryos through chorion pores (5.138 ± 0.100 µm,
Figure 3a), the fluorescence signal data (see Section 3.8) were analyzed using FESEM. The
SEM images exhibited a clean chorion and larval surface inside the embryo, and no PS-
MPs were observed (Figure 3d,f). In contrast, many PS-MPs attached to the chorion villi
(Figure 3b,c,e), which indicates that PS-MPs do not enter the O. melastigma embryos but
accumulate onto the villi or the membrane surface of the chorion.
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(a) Membrane pores (from outside the membrane); (b,e) villus on membrane surface under different
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membrane). Yellow bidirectional arrows in the image indicate the position and sizes of the membrane
pores, whereas green arrows indicate the PS-MPs found on the villi or membranes of the embryos.

3.10. ROS Production Level

Compared to the control, the embryos exposed to 6.0 µm PS-MPs resulted in a signifi-
cant decrease in ROS levels at 9 dpf (Figure 4, p < 0.01), and no significant difference was
found between the control and other sizes of PS-MPs at 3 and 6 dpf (p > 0.05).
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Asterisk indicates significant difference between the treatment group and the control (** p < 0.01).

3.11. Expression Profiles of Target Genes

Compared to the control, expression levels of the 14 genes, except vtg, were not
significantly affected by the exposure to PS-MPs of different sizes at 3, 6, and 9 dpf (Figure 5).
The expression level of vtg was significantly upregulated in the 0.5 µm PS-MP exposure at
3 dpf (p < 0.01).
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4. Discussion

Marine medaka O. melastigma has been widely used in ecotoxicology studies [46,64,65].
To better understand the toxicity effects and underlying mechanisms of PS-MPs on O.
melastigma, this study aimed to investigate the embryotoxicity of PS-MPs on the growth
and development of O. melastigma, the accumulation and distribution of PS-MPs on/inside
the surface of chorion, and the expression patterns of 14 selected genes in the present study.

The chorion, an acellular envelope, acts as a barrier between the internal and external
environments of the embryo [66], plays an important role in protecting embryos from
various external physical threats, such as mechanical abrasion [56], and participates in
selective material transport, exchange, and respiration [67]. Zebrafish Abcb4, a cellular
toxicant transporter, protects embryos and acts as an active barrier against toxic chemicals in
the water [68]. In addition, electrostatic interactions and weak physical forces are generated
between MPs and the chorion membrane, whereas 10 µm MPs can induce the protective
effect of the chorion membrane [69]. Our results show that no significant difference was
observed in the mortality of embryos exposed to PS-MPs of different sizes for 19 d. This
indicates that PS-MP exposure had no obvious lethal effect on O. melastigma embryos, as
the protective role of the embryo chorion may be an important cause.

No significant difference was observed in the hatching rates of O. melastigma embryos
exposed to PS-MPs having a diameter of 0.05 µm. However, the hatching rate of embryos
exposed to PS-MPs of 0.5 and 6.0 µm was significantly lower than that of the control; the
possible reason for this is that large PS-MPs (6.0 µm) may embed or attach to the villi
and the surface of membrane pores and disturb the gas and substance exchange of the
embryos [53]. Therefore, the hatching rate decreased as the concentration and size of PS-MP
increased. Interestingly, the hatching process of embryos was accelerated, whereas the
hatching time was significantly decreased. This result is consistent with that of a previous
study [53], in which PVC-MP exposure resulted in shorter hatching times and reduced
hatching rates of O. melastigma embryos. Moreover, the embryo membrane may become
softened, damaged, or thinned in fish embryos exposed to heavy metals such as cadmium,
which makes the embryos more susceptible to mechanical damage [67]. In this study, PS-
MPs caused shortened hatching times and decreased hatching rates. A possible reason for
this is that a large number of MPs adhered to the chorion surface and thinned or softened
the embryo membrane, thereby accelerating the larval shell-breaking process.

The heart, one of the first organs to undergo organogenesis, is vulnerable to environ-
mental stress, which may result in an abnormal embryonic heart rate [70]. A previous
study reported that the heartbeat rate was significantly changed (F0 decreased, whereas
F1 increased) in O. melastigma embryos exposed to 20 µg/L PS-MPs at 11 dpf [71]. In this
study, the heart rate increased over time with the different treatments. The heart rate was
significantly increased in embryos exposed to 0.5 µm PS-MPs at 3 dpf, whereas it signif-
icantly decreased at 5 dpf. However, no significant change was found from 5 to 11 dpf
in embryos exposed to PS-MPs of different sizes, suggesting that the embryos are more
sensitive to PS-MP exposure in the early developmental stages.

The ingestion and accumulation of MPs can induce antioxidant defense systems and
cause oxidative damage in aquatic organisms through ROS generation [72–74]. ROS can
react with cellular components and cause oxidative damage if not effectively removed [75].
Normally, by increasing their activity, antioxidant defense systems in fish can eliminate
excessive free radicals generated during embryonic development [73,76–78]. Enzymes
such as superoxide dismutase (SOD) and catalase (CAT) are involved in the antioxidant
defense [75]. A previous study demonstrated that ROS levels significantly increased in
zebrafish exposed to PS-MPs [79]. Yang et al. (2020) also reported that MP exposure
caused overproduction of ROS in C. auratus larvae, with the size of MPs influencing
ROS levels [80]. Interestingly, the ROS levels in embryos exposed to 6.0 µm PS-MPs
were significantly decreased at 9 dpf in our study. This phenomenon may be caused
by the ingestion and accumulation of MPs that induce ROS generation and antioxidant
defense systems; however, once the oxidative stress in embryos in response to PS-MPs
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reaches a certain threshold, it may cause the suppression of antioxidant enzyme activity
and ROS metabolism in fish, which could lead to a reduction in cat expression and ROS
production [81]. In the present study, the expression level of the cat gene was significantly
downregulated at 9 dpf following exposure to 6.0 µm PS-MPs. Karami et al. (2017) reported
a significant decrease in cat expression levels in zebrafish larvae sampled on day 20 and
day 10 following exposure to graded concentrations (5, 50, or 500 µg/L) of low-density
polyethylene (LDPE) fragments [82]. This is consistent with our results, indicating that
the antioxidant reaction and detoxification systems are inhibited in fish embryos exposed
to MPs.

Considering the size relationship between the PS-MPs and membrane pores, smaller
PS-MPs (0.05 and 0.5 µm) may enter the embryo through membrane pores through non-
specific diffusion [83], resulting in embryo immunotoxicity and inflammation response. It
was confirmed that smaller PS-MPs (50 nm) can enter the chorion of zebrafish embryos and
accumulate in the bodies of zebrafish, although the toxicity of PS-MPs was negligible [84].
In contrast, no evidence suggested that PS-MPs can enter the embryo through membrane
pores, and fluorescent PS-MPs were only observed on the villi and membrane surface
of the marine medaka in the present study. In addition, no clear fluorescent signal was
observed inside the embryos, including those exposed to PS-MPs of smaller sizes (0.05 and
0.5 µm). It is speculated that the resolution of the microscope used in this study was limited
by the size of the PS-MPs. Yamagami et al. (1992) reported that the chorion of medaka
embryos becomes a rigid structure after fertilization [85]. Therefore, another possibility
is that, like other small molecules, small MPs may encounter difficulties to penetrate the
embryo because of the membrane system underneath the chorion. The chorion may act as
a barrier to protect the embryo from contaminants in the surrounding environment.

Progressive deep hypoxia can disturb fish metabolism and swimming behavior, change
the reproductive capacity and function of the endocrine system [86], promote the activation
of the HIF-1α signaling pathway, and activate the expression of genes encoding proteins
with known roles in oxygen homeostasis (such as hif-1α and epo) [87–92]. Overexpression of
hif-1α was induced when O. melastigma embryos were exposed to hypoxic conditions [53,93].
However, no significant upregulation in the expression level of hypoxia-related gene hif-1α
was found in embryos exposed to 6.0 µm PS-MPs at 3, 6, and 9 dpf in our study, suggesting
that the PS-MP concentration (106 particles/L) or different sizes (0.05, 0.5, and 6.0 µm) used
in this study failed to affect the oxygen flow; no hypoxic microenvironment was found on
the chorion surface.

Cyp1a1 was upregulated at 3 and 6 dpf in embryos exposed to 0.05 and 0.5 µm PS-
MPs, but downregulated at 9 dpf (although the difference was not significant, p < 0.05).
These results indicate that the detoxification ability of O. melastigma embryos increased,
with a reduction in the toxic effects of PS-MPs [55]. VTG is a commonly used biomarker
in environmental endocrine disruptor studies and is significantly produced in the livers
of mature females. Exogenous estrogen exposure, however, enhances VTG production
in males and immature individuals [94]. Plasticizers are commonly used in the plastic
manufacturing process. Plasticizers induce endocrine-disrupting effects and simulate
estrogen activity [82,95–97]. In this study, the vtg expression level in embryos exposed
to 0.5 µm PS-MPs at 3 dpf was significantly upregulated, which may be because of the
endocrine disruption induced by plasticizers released from MPs [98].

5. Conclusions

In this study, we assessed the toxic effects and possible mechanisms of PS-MPs on
embryonic development of the marine medaka with diameters of 0.05, 0.5 and 6.0 µm.
Overall, our results revealed that PS-MP exposure exhibited size-dependent adverse effects
on O. melastigma embryos, which demonstrates that larger PS-MPs (0.5 and 6.0 µm) have
more toxic effects on the embryonic development of marine medaka. The results showed
that larger PS-MP waterborne exposure significantly shortened the hatching time and
decreased the hatching rate of the embryos. Furthermore, PS-MPs of larger sizes only
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attach to the chorion surface or villi of the embryos and cannot enter the embryo through
the membrane pores, which suggests that the chorion plays an important role in protecting
the embryo from PS-MP stress. The present study provides a new perspective to investigate
the adverse effects and the underlying mechanisms caused by MPs of different sizes.
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Table A1. Primer sequences used for qPCR in this study.

Gene Name Primer Sequence (5′ End to 3′ End)

18s
F: GACAAATCGCTCCACCAACT
R: CCTGCGGCTTAATTTGACCC

gpx F: GTGTGCAGAAACGACGTGGCCTGGA
R: TCGCCTTCGATGTCGCTGGTGAGGA

il-1β
F: AGGCAGCGACAGCCGCAAAGTTCA
R: TGGTGTCCTTGATGCCCAGAGCCA

il-6
F: GACCTTCTGGCAGGTGACGCTT
R: CACCTCTTTCTGGTGCCGTTTGG

il-8
F: TGCACTGCCGCTGCATCTTGACAG
R: TCTGGGTTCAGGCAAACCTCCTGGC

nf-κb F: CATGGCTACTACGAGGCAGACC
R: AACTCCTCCTCCCACACCTTGGAC

jak F: ATCGCCACCACCTTCCAGCAC
R: TGGCAGGATGTCGCTGTCCATG

stat-3
F: CGCCCTGGAAGAGAAGATTGTGGAT
R: CCAGCAACCTGACTTTGTTTGTGAA

epo F: GACCGGCTTGTGGCTGTT
R: CGTGTTGGTGACCGATGGT

vtg F: CAGGTTGCCAGCTTCACATAC
R: CTCAGTCTGTCCAGCTTTGG

hif-1α
F: TGTGATATTTGCAGCATTCCA
R: CTACGACAGGAAATCCCATGA

cat
F: GCCAACTACCTGCAGATCCCCGTCA
R: AGTTTGGAGCGCCGCCTTGGTTGT

sod
F: TGTACCAGTGCGGGGCCTCACTTCA
R: TGCGGTCACATTTCCCAGGTCCCCA

ahr
F: ACTGAACATCCAGGGCAGAC
R: ATGTTCTTGGTGCGGATCTC

cyp1a1 F: TGCTCTGTCTTGGTCAGTGG
R: CAGGGTAGGATTTCGGTTCA

F: forward sequence; R: reverse sequence.

Table A2. Effects of PS-MPs of different sizes on embryo diameter (n = 9).

Treatment 3d Diameter (mm) 6d Diameter (mm) 9d Diameter (mm)

Control 1.03 ± 0.01 1.07 ± 0.01 1.06 ± 0.01
0.05 µm 1.02 ± 0.01 1.06 ± 0.01 1.04 ± 0.01
0.5 µm 1.01 ± 0.01 1.04 ± 0.01 1.05 ± 0.01
6.0 µm 1.01 ± 0.01 1.04 ± 0.01 1.05 ± 0.01

Note: Values are expressed as means ± standard error (S.E.).
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