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Abstract
Natural and synthetic particles co-occur in the aquatic environment. However, little information is available about the effects 
of natural particles on freshwater animals and how these effects differ from those of synthetic particles, especially under 
the scenarios of decreasing dietary quality and increasing cyanobacteria in the aquatic environment. Therefore, this study 
evaluated apical and molecular effects of polypropylene (PP) microplastics (MPs) and three natural non-food particles (i.e., 
kaolin, peat, and sediment) on the freshwater invertebrate Daphnia magna fed either a green alga or a mixture of green alga 
and cyanobacterium. After the 21-d chronic exposure of 10 mg/L PP when using the green alga Acutodesmus sp. as diet, 
the size of D. magna was significantly reduced, and the molting time was significantly extended compared with the control. 
However, the chronic effects of PP were masked when the cyanobacterium Pseudanabaena sp. was added to their diet. 
The natural particles kaolin, peat, and sediment posed insignificant effects on D. magna regardless of dietary quality. The 
expression of molting-related genes (e.g., ecr-a) and oxidative stress-related genes (e.g., sod2) was significantly upregulated 
in D. magna with the exposure of both natural and synthetic particles. The predicted no-effect concentration of PP was derived 
as 0.025 mg/L, raising concerns relating to their toxicity and risks in the contaminated aquatic environment. This study will 
improve our understanding of the effects and risks of natural and synthetic particles in freshwater environments, as well as 
facilitate ecoenvironmental authorities to make informed decisions on the appropriate management of MPs.
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Introduction

Microplastics (MPs; plastic particles smaller than 5 mm) can 
be found in all habitats worldwide. MPs in aquatic ecosys-
tems are a source of concern since they may be hazardous to 
aquatic organisms and can be transferred to higher trophic 
level consumers such as humans via food webs (de Sá et al. 
2018; Castro-Castellon et al. 2022). Although their adverse 
effects have been explored, the research has primarily 

focused on marine organisms (e.g., Sun et al. 2021; Lai et al. 
2022). For example, MPs released from incorrectly disposed 
surgical masks reduced the fertility of the marine copepod 
Tigriopus japonicus significantly (Sun et al. 2021). Given 
that the transport of MPs from freshwater to the ocean has 
been identified as one of the largest contributors of MPs into 
the oceans (Besseling et al. 2017; Lebreton et al. 2017), the 
exposure of MPs can also adversely affect aquatic organisms 
in natural freshwater environments (Aljaibachi et al. 2020; 
Bhardwaj et al. 2024). Thus, more experiments relating to 
effects of MPs on freshwater organisms are urgently needed 
for a deeper understanding of their toxicity and a reliable 
ecological risk assessment.

Aquatic species have been exposed to particles of natu-
ral origin even before plastics were manufactured. Natural 
particles, such as inorganic minerals (e.g., kaolin clay) and 
organic polymers derived from living organisms, usually 
have higher concentrations than MPs in the aquatic envi-
ronment (Motiei et al. 2021; Doyle et al. 2022). Because 
many natural particles and MPs have comparable sizes and 
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other qualities such as shapes, aggregation behaviors and 
surface characteristics (e.g., Doyle et al. 2022), they may 
also have similar physical impacts. It is also possible that—
given their long exposure to particles—aquatic organisms 
have adapted to their presence in the natural environment 
over time. Although there are already some studies about 
the effects of natural particles on freshwater life, these work 
are mostly focused on natural kaolin particles (Schür et al. 
2020; Zimmermann et al. 2020; Motiei et al. 2021). To have 
a meaningful estimate on the influence of natural and syn-
thetic particles on the performance of aquatic consumers, 
the effect comparison of MPs and various natural polymers 
(e.g., kaolin, peat and sediment) is necessary using aquatic 
invertebrates that directly feed on these particles.

Herbivorous cladocerans, e.g., Daphnia, perform an 
important function in connecting primary producers with 
higher trophic level consumers and moving energy and 
essential biomolecules up the food chain in freshwater 
systems (Kainz et al. 2004; Bownik 2020; Juan-García et al. 
2023). They live in a variety of freshwater environments 
and eat a variety of food sources, such as bacteria, 
phytoplankton, protozoans, and microscopic particles in 
the water (Tkaczyk et al. 2021). MPs and natural particles 
may disrupt the filtering process of these filter-feeding 
Daphnia, thus affecting their growth and the flow of energy 
in the ecosystem. Existing toxicity research on Daphnia 
has usually focused on short-term acute toxicity effects at 
high MP doses (Kokalj et al. 2022; Samadi et al. 2022), 
and less information is available about their chronic toxicity 
effects (Hiltunen et al. 2021; Samadi et al. 2022). Besides, 
the nutritional quality of the diet determines the growth 
and reproduction of Daphnia (Peltomaa et al. 2017; Laine 
et al. 2024), and eutrophication and browning caused by 
anthropogenic activity and climate change are lowering 
the quality of filter-feeder diets (Taipale et  al. 2019a; 
Strandberg et  al. 2023) by favoring cyanobacteria over 
other phytoplankton species (Paerl and Paul 2012). It has 
recently been reported that eutrophication-driven decrease 
in food quality is more important in determining Daphnia 
fitness than the exposure to MPs (Hiltunen et al. 2021). As 
a result, it is critical to further compare the long-term effects 
of MPs and various natural polymers on Daphnia’s growth 
and reproduction under the scenario with poorer quality 
food present—as this is what the Daphnia will encounter 
in nature.

In recent years, pollution of polypropylene (PP) MPs has 
raised serious concerns because PP is the main component 
of face masks, other textiles and fabrics, consumer products, 
construction materials, and other medical supplies (Auta 
et al. 2018; Jeyavani et al. 2023). After the disposal of face 
masks into the natural environment, they undergo weathering 
processes, releasing their additives, and are eventually 
fragmented into microplastics and nanoplastics (Kokalj et al. 

2022). It is important and timely to investigate PP toxicity, 
to derive its predicted no-effect concentration (PNEC), 
and assess its ecological risk in the aquatic ecosystem. 
Therefore, this study aims to (1) compare acute and chronic 
toxicities of PP and natural particles (e.g., kaolin, peat, and 
sediment) on Daphnia magna; (2) investigate the effects 
of a lower nutritional quality of diet with cyanobacteria 
on the potential toxicity of PP and natural polymers; (3) 
demonstrate the toxicity mechanisms by measuring genes 
relating to molting, reproduction, oxidative stress and 
xenobiotic metabolism; and (4) derive the PNEC of PP for 
ecological risk assessment through integrating the literature 
and the results originating from this study. The findings of 
this study will improve our understanding of MP toxicity 
and risks in freshwater ecosystems, as well as facilitate 
ecoenvironmental authorities to make informed decisions 
on the appropriate management of MPs.

Materials and methods

Preparation and characterization of particles

The polypropylene (PP, Cas no. 9003-07-0, purity 99%) 
was purchased from Nanochemazone (Alberta, Canada), 
and cosmetics-grade kaolin clay was provided by Limepop 
(Helsinki, Finland). For peat particles, we used non-
fertilized, natural peat for gardening from Kekkilä (Kekkilä 
BVB, Finland). The sediment was collected from Lake 
Jyväsjärvi next to the University of Jyväskylä. The peat or 
collected sediment was dispersed in the ADaM medium, 
filtered by a 50-µm sieve, and then diluted to a stock 
concentration of 320 mg/L. PP or kaolin was dispersed in 
the ADaM medium at 320 mg/L. The stock suspensions 
of the four particles were incubated for 7 days prior to 
experimentation and their actual concentrations were 
measured as dry weight, and they were within 93–104% 
of nominal concentrations. The concentrations, diameters, 
and size distributions of the four particle stocks were 
then analyzed with the CASY cell counter (Cambridge 
Bioscience, UK) using a 60-μm capillary (for size range 
1.4–40 μm). The 320 mg/L of particle stocks ranged from 
3.55 × 106 to 7.33 × 106 counts/mL, and their mean diameters 
ranged from 2.83 to 3.43 μm (Fig. S1).

Acute immobilization test

The freshwater D. magna was maintained and acclimated 
in the ADaM medium at 20 °C in the laboratory of the 
Department of Biological and Environmental Science, 
University of Jyväskylä. The animals were fed with the 
green microalga Acutodesmus sp., and the medium was 
renewed regularly. The 48-h acute immobilization test was 
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performed according to the OECD 202 guideline (OECD 
2004). Briefly, five neonates hatched within 24-h were 
exposed to each of the control and six treatments including 
1, 3.2, 10, 32, 100 and 288 mg/L (40 mL in ADaM each) for 
each of the four particles. There were five replicates for each 
treatment or control. The immobilization test lasted for 48-h 
at 20 °C without food provided during the test. Mortality 
and immobilization were recorded daily, and there was no 
renewal of test solutions during the exposure.

Chronic reproduction test

The 21-d chronic reproduction test followed the OECD 
211 guideline (OECD, 2012). One neonate (< 24 h old) 
was exposed at 20  °C to a 40 mL test solution of each 
particle type. There was one control without particle 
exposure (i.e., ADaM medium) and two treatments (i.e., 
1 mg/L and 10 mg/L in ADaM medium) for each of the four 
particles, with 16 replicates for each treatment or control. 
It has been reported that MP concentrations ranged from 
0.67 to 5.60 mg/L in a freshwater environment receiving 
treated wastewater effluent (Lasee et al., 2017). Thus, the 
concentrations of MPs used (i.e., 1 mg/L and 10 mg/L) in 
this study represented the worst-case scenarios with high 
environmental relevance in freshwater environments. To 
maintain particle concentrations, test solutions were renewed 
every 2–3 days and the food was provided by the ration 
level of 0.1 mg carbon (100% green alga Acutodesmus sp., 
or 25% green alga Acutodesmus sp. + 75% cyanobacterium 
Pseudanabaena sp.) per individual per day. The mortality, 
time to each brood, and reproduction were observed daily 
throughout the 21 days of the experiment, and Daphnia size 
was measured at the end of the experiment.

Quantification of gene expressions

For the chronic reproduction test, the expression of genes 
related to D. magna molting, reproduction, oxidative stress, 
and xenobiotic metabolism was also examined at the end 
of the experiment. The target genes included (1) molting-
related genes: ecdysone receptor a (ecr-a), ecdysone receptor 
b (ecr-b), ultraspiracle (usp), cytochrome P450 314 family 
(cyp314); (2) reproduction-related genes: vitellogenin 
1 (vtg1), vitellogenin 2 (vtg2), vitellogenin-superoxide 
dismutase (vtg-sod), juvenile hormone esterase (jhe); (3) 
oxidative stress-related genes: Cu/Zn-superoxide dismutase 
(sod1), Mn-superoxide dismutase (sod2), catalase (cat); 
(4) xenobiotic metabolism-related genes: monooxygenase 
(mox), glutathione-s-transferase (gst), p-Glycoprotein 
(ABCB/md) (abcb1) (Table S1). In brief, total RNA was 
extracted from the pooled Daphnia samples (two individuals 
for each of three replicates for each control or treatment) 
using TRI reagent (Molecular Research Center, Cincinnati, 

OH, USA) following the manufacturer’s instructions. RNA 
quantity and purity was measured using a NanoDrop™ 
device (Thermo Fisher Scientific, Wal- tham, MA, USA). 
RNA quality was verified using a TapeStation 2200 (Agilent 
Technologies, Santa Clara, CA, USA). The RNA samples 
were then treated with DNase (Thermo Fisher Scientific), 
and an aliquot of 1 μg was reverse transcribed to cDNA 
(iScript cDNA Synthesis Kit, Bio-Rad, Hercules, CA, USA). 
The cDNA samples were diluted (1:10) and stored at –20 °C 
until further analyses.

Gene expression was measured by quantitative real-
time PCR (qPCR). Primer sequences and parameters of 
the target genes are presented in Table S1. Cyclophilin and 
ubiquitin-conjugating enzymes were both used as reference 
genes as they showed the highest stability in the conditions 
of our experiments (data not shown). Each qPCR reaction 
was done in a final volume of 25 μL: 2 μL of the diluted 
cDNA, 0.75 μL of each of the forward and reverse primers 
(300 nM concentration), 9 μL of sterile water and 12.5 μL of 
iQ SYBR Green Supermix (Bio-Rad). No-template controls 
with sterile water instead of cDNA were run on each plate 
for each gene, as well as a positive control for inter-run 
calibration. The qPCR was run on a CFX96 Real-Time PCR 
cycler (Bio-Rad): the protocol was 3 min at 95 °C, 40 cycles 
of 10 s at 95 °C, 10 s at 58 °C and 30 s at 72 °C, followed 
by 10 s at 95 °C and melt curve from 65 to 95 °C. A single 
melting temperature peak was observed in the dissociation 
curves for each target gene. For each sample, the expression 
of each target gene (efficiency corrected) was calculated 
using the CFX Maestro™ software (Bio-Rad) according to 
the methods described by Pfaffl (2001) and Vandesompele 
et al. (2002).

Derivation of PNEC of PP for ecological risk 
assessment

Toxicity data of PP to aquatic organisms, including 
no observed effect concentration (NOEC) and lowest 
observed effect concentration (LOEC), were extracted 
from peer-reviewed literature (Table S2) and this study. 
The taxonomic groups included algae and cyanobacteria, 
crustaceans, fish, insects, and mollusks. Chronic toxicity 
endpoints were obtained from their corresponding acute 
endpoints by applying an acute-to-chronic ratio of 10, and 
LOEC values could be divided by an assessment factor 
(AF) of 2.5 to convert to NOECs. Geometric mean was 
applied when there were multiple data available for the 
same species (European Commission 2003). The species 
sensitivity distribution (SSD) analysis was performed 
on the chronic NOEC data by use of the USEPA SSD 
generator. The hazardous concentration corresponding 
to 5% hazardous concentration (HC5) and its respective 
corresponding 95% confidence interval (95% CI) derived 
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from the SSD curve was then divided by an AF of 1 
(European Commission 2003) to determine the PNEC of 
PP.

Data analyses

The median effective concentration (EC50) at 48-h for the 
acute immobilization test was calculated using sigmoidal 
dose–response (variable slope) non-linear regression under 
constraints between 0 and 100% effect in the software 
Prism (version 8.0, Graphpad Inc., USA). Data of size, 
reproduction, time to each brood, and gene expression 
were checked for homogeneity of variances by use of 
Levene’s test. Differences in endpoints between control 
and individual treatments were identified using one-way 
analysis of variances (ANOVA) followed by Dunnett’s test. 
For datasets that failed the assumption of homogeneity 
of variances, a non-parametric Kruskal–Wallis test was 
conducted. All statistical analyses were carried out using 
IBM SPSS Statistics 23.0 package, and the significant 
level was set as 0.05.

Results

Acute immobilization test

D. magna was acutely affected by the exposure to PP, with 
the 48 h-EC50 of 199.9 mg/L (95% CI: 64.8–335.4 mg/L), 
while the natural particles kaolin, peat, and sediment 
posed an insignificant acute effect (Fig. 1).

Chronic reproduction test

When the green alga Acutodesmus sp. was used as their diet 
for the 21-day exposure, the natural particles (i.e., kaolin, 
peat and sediment) did not significantly affect the size of D. 
magna, while the presence of PP at 10 mg/L significantly 
decreased their size (p < 0.001; Fig. 2A1). Also, a significant 
correlation was found between the concentration of PP and 
the size of D. magna (r2 = 0.6161, p < 0.001; Fig. S2). Apart 
from 10% of D. magna that had three broods at the exposure 
of peat at 10 mg/L, all the individuals of D. magna with the 
exposure of other particles had 4–5 broods (Fig. 2A2). The 
time to 4th brood was significantly longer in the treatment of 
10 mg/L PP than in the control (p < 0.01; Fig. S3 A). There 
was no significant difference in the number of neonates 
between the control and two treatments (i.e., 1 mg/L and 
10 mg/L) for the four particles (Fig. 2A3), and their neonate 
numbers ranged from 45 to 109, except for one individual 
that had only 8 neonates in the 10 mg/L sediment treatment 
(Fig. 2A4).

When the mixture of 25% green alga Acutodesmus 
sp. + 75% cyanobacterium Pseudanabaena sp. was used as 
their diet, all four particles, including PP, had no significant 
effect on the size of D. magna (Fig. 2B1). Although there 
was no significant difference in the number of neonates for 
the four particles (Fig. 2B3), the neonate numbers were 
reduced compared to those in the treatments with green alga 
as their diet. 44–92% of individuals fed the mixture of green 
alga and cyanobacterium had < 45 neonates, which was far 
lower than the individuals with only the green alga as their 
diet (Fig. 2B4). Furthermore, 45–93% of individuals only 
had 0–3 broods in the four particle treatments (Fig. 2B2), 
which was lower than the individuals with only the green 
alga as diet (Fig. 2A2).

Gene expressions

When the green alga was used as their diet, the molting-
related genes (ecr-a, ecr-b, usp, and cyp 314) in D. magna 
exhibited differential expressions after the exposure to the 
four particles. The expression of ecr-a was significantly 
upregulated in D. magna for all treatments except for 
1 mg/L of peat when compared with the control without 
the exposure of particles (p < 0.05, p < 0.01 or p < 0.001; 
Fig. 3A1). The expression of ecr-b and cyp 314 was only 
significantly upregulated in the treatment of 1 mg/L kaolin 
(both p < 0.05; Fig. 3A2 and A4), while the expression of 
usp was not significantly different between any of the treat-
ments of four particles and control (all p > 0.05; Fig. 3A3). 
When the mixture of green alga and cyanobacterium was 
used as diet, the expression of ecr-a was only upregulated 
in the treatments of 10 mg/L kaolin and 10 mg/L sediment 
(Fig. 3B1), while the expression of usp was induced in the 

Fig. 1   Acute toxic effects of four particles (i.e., kaolin, peat, PP, and 
sediment) in terms of concentration–response relationships for the 
immobilization (mean ± SD, n = 5) of the freshwater invertebrate D. 
magna 
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Fig. 2   Chronic effects of four 
particles (i.e., kaolin, peat, 
PP and sediment) on (1) size 
(min–max, n = 7–10), (2) frac-
tions of each brood, (3) neonate 
number (min–max, n = 9–14), 
and (4) distribution of neonate 
number of D. magna when 
their diet was A 100% green 
alga Acutodesmus sp., or B 
the mixture of 25% green alga 
Acutodesmus sp. + 75% cyano-
bacterium Pseudanabaena sp. 
***p < 0.001
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Fig. 3   Normalized expression 
of mRNA for the molting-
related genes of (1) ecr-a, (2) 
ecr-b, (3) usp, and (4) cyp314 
in D. magna after exposure to 
four particles (i.e., kaolin, peat, 
PP and sediment) for 21 days 
when their diet was A 100% 
green alga Acutodesmus sp., or 
B the mixture of 25% green alga 
Acutodesmus sp. + 75% cyano-
bacterium Pseudanabaena sp. 
Cyclophilin and ubiquitin con-
jugating enzyme were both used 
as reference genes to normalize 
the expression. Error bar: + 1 
SD (n = 3). *p < 0.05, **p < 0.01 
and ***p < 0.001
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treatments of kaolin, peat, and sediment compared with 
control (Fig. 3B3).

Regardless of particle types and concentrations, the 
expression of reproduction-related genes (i.e., vtg1, vtg2, 
vtg-sod, and jhe) in D. magna seemed random (Fig. S4), 
indicating that the presence of particles did not affect the 
production of D. magna under the two diet scenarios. 
When fed by a green alga, the presence of particles could 
increase the expression of some oxidative stress-related 
genes (i.e., sod1, sod2, and cat; Fig. S5) and xenobiotic 
metabolism-related genes (e.g., abcb1; Fig. S6) in D. 
magna, while these differences were mostly masked when 
the mixture of green alga and cyanobacterium was used as 
diet (Fig. S5 and S6).

Species sensitivity distribution

Based on the estimated chronic NOEC toxicity values of 
PP to aquatic organisms obtained from the peer-reviewed 
literature and the present study, a SSD curve was con-
structed (Fig. 4). The aquatic species used for the SSD 
analysis included 19 species, which were nine algae and 
cyanobacteria, five crustaceans, three fish, one insect, 
and one mollusk (Fig. 4; Table S2). Overall, aquatic ani-
mals were relatively sensitive to the PP exposure, while 
algal and cyanobacterial species were relatively toler-
ant (Fig. 4). The HC5 value derived from the SSD was 
0.025 mg/L (95% confidence interval: 0.002–0.320 mg/L), 
which was also considered the PNEC value of PP.

Discussion

Acute and chronic toxicity with high dietary quality

This study demonstrates that the exposure of PP with 
relatively high doses resulted in an acute immobilization 
effect on the freshwater D. magna. At the same time, the 
chronic effects of PP on their size and molting time were 
also observed when dietary quality was high (a green 
alga). These findings are supported by previous studies 
which found that various MPs including PP could produce 
adverse effects on aquatic organisms (de Sá et al. 2018; 
Castro-Castellon et al. 2022). Because D. magna is a filter 
feeder that forages on microscopic organisms and particles 
(Bownik 2020; Tkaczyk et al. 2021; Samadi et al. 2022), 
the ingestion of PP could disrupt their filtering process and 
result in growth disruption, reflected by the decreased size 
and extended molting time in our study. Such effects were 
further confirmed by the over-expression of the molting-
related genes (e.g., ecr-a) and oxidative stress-related 
genes (e.g., cat). The expression of ecr gene is significantly 
suppressed after the exposure to ecdysteroids, including 
20-hydroxyecdysone (20E; Hannas et al. 2011), while the 
exposure of contaminants like emamectin benzoate and 
PP can significantly upregulate ecr expression (Song et al. 
2016; this study), which is probably attributable to the 
competitive binding of these contaminants with the EcR 
ligand 20E.

Although the molting-related genes (e.g., ecr-a) and 
the oxidative stress-related genes (e.g., sod2) were also 
significantly regulated by the exposure of the three natural 
particles (i.e., kaolin, peat and sediment), the effects on 
size and molting time were not significant compared to 
the control without particle exposure. These results are 
supported by previous studies relating to less negative 
effects of natural particles than MPs (Schür et al. 2020; 
Zimmermann et  al. 2020; Doyle et  al. 2022). In this 
study, the higher particle density (as particles per mL; 
Fig. S1) of PP even though the concentration (as mg/L) 
of the suspensions were the same, suggests that the three 
natural non-food particles were more dense than the 
PP. Thus, PP had a greater propensity for staying in the 
suspension than the three natural particles, potentially 
making it more bioavailable and toxic. The potential 
harmful effects of plastic additives cannot be ruled out 
either, though the 7-day incubation of particles prior to 
exposure may have diminished the additive concentrations 
due to microbial degradation. Our previous study with the 
toxicity of PE revealed a negative impact on survival and 
growth of Daphnia only when natural microbes were not 
present, thus emphasizing the role of natural microbes in 
detoxifying plastics (Taipale et al. 2019b). Altogether, the 

Fig. 4   Species sensitivity distribution (SSD) for polypropylene based 
on the toxicity data (Table S2). The Daphnia magna (red) is in the 
middle of the SSD curve
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natural particles in the aquatic environment are unlikely 
to trigger adverse effects on D. magna even though 
their concentrations far exceed the synthetic particles. 
Furthermore, in the natural environment, D. magna 
individuals may have adapted to their presence, and thus 
they may avoid eating these non-food natural particles 
after recognition (Hartmann and Kunkel 1991).

Chronic effects with decreasing dietary quality

The exposure to natural and synthetic particles did not impact 
reproduction, reflected by the comparable neonate numbers 
after exposure to the different particles and concentrations. 
The availability of essential biomolecules is a crucial factor 
influencing Daphnia growth and reproduction (Peltomaa 
et al. 2017; Laine et al. 2024). Moreover, food quality has 
been proven to have a greater impact on Daphnia growth 
and reproduction than a small temperature increase or MPs 
(Hiltunen et al. 2021). The present study showed a decrease 
in hatched neonates with the addition of cyanobacterium 
(i.e., Pseudanabaena sp.) in their diet, which is most likely 
a result of a lack of sterols and eicosapentaenoic acid in 
the diet (Peltomaa et al. 2017; Hiltunen et al. 2021). This 
phenomenon would probably be further aggravated by the 
frequent occurrence of eutrophication and cyanobacterial 
blooms (Paerl and Paul 2012) when the nutritional value of 
phytoplankton as a diet for zooplankton decreases (Taipale 
et al. 2019a, 2019c).

The effects of PP on the size and molting time of D. 
magna were masked with the addition of cyanobacterium 
in their diet, probably due to the drastic decrease in food 
quality (Hiltunen et al. 2021). Similarly, it was previously 
reported that poor elemental food quality reduced the 
toxicity of the pharmaceutical fluoxetine on D. magna, 
probably due to alteration of physiological responses with 
different diets (Hansen et al. 2008). Because the PNEC 
values for chemicals used for ecological risk assessment 
are mainly derived from standardized toxicity tests without 
considering food quality, more studies on the relationship of 
chemical toxicity and food quality would be needed. More 
specifically, it would be important to estimate different 
scenarios of primary environmental stresses in the aquatic 
environment; how eutrophication, climate change, plastic 
pollution, and cyanotoxins together impact the functioning 
of aquatic consumers, e.g., herbivorous zooplankton.

The expression of usp gene, also called retinoid x receptor 
gene in vertebrates, was significantly upregulated by the 
exposure of the three natural particles when the mixture 
of green alga and cyanobacterium served as diet. It was 
reported that cyanobacteria could produce retinoic acids 
(Wu et al. 2012; Zhou et al. 2021), which may induce the 
usp gene over-expression when D. magna individuals were 
subjected to the pressure originated from natural particles 

in the scenario with cyanobacteria in the diet. Future studies 
should be directed towards monitoring gene responses in a 
time course to obtain robust results, considering that gene 
expressions vary with growth stages (Hannas et al. 2011).

Ecological risk assessment and future studies

It is challenging to assess the ecological risk of MPs in 
the aquatic environment due to the different units and 
types of MPs used in laboratory ecotoxicological studies 
and field studies. Approximately 70% of laboratory 
ecotoxicological studies reported amounts of MPs as 
mass per unit volume or area, while 97% of field studies 
reported MP concentrations as particles per unit volume 
or area (Ockenden et al. 2021). Besides, although field 
studies usually detected total MP concentrations without 
reporting their type and compositions, the laboratory 
toxicity tests were mainly focused on single MP types (de 
Sá et al. 2018; Castro-Castellon et al. 2022). In this study, 
we assess the ecological risks of MPs through comparing 
their environmental concentrations with the PNEC value 
(i.e., 0.025 mg/L) of PP that we derived. We acknowledge, 
that we are not accounting for the fact that different types 
of MPs may not exhibit similar behavior and toxicities. 
Nevertheless, considering the levels of MPs in the aquatic 
environment are mostly at the ng/L level (e.g., Li et al. 
2018), it is unlikely for MPs to trigger toxicity effects on 
aquatic organisms or give rise to ecological risks to aquatic 
ecosystems. However, the mg/L level of MPs has also been 
detected in the aquatic environment receiving high loads 
of treated wastewater effluent (Lasee et al. 2017), raising 
concerns about their toxicity and risk to aquatic organisms 
living in the contaminated environment, at least as worst-
case scenarios.

It is worth noting that previous studies derived the 
PNEC for MPs as 0.07 µg/L in the freshwater environment 
(Adam et al. 2019) and 0.5 µg/L in the marine environment 
(Adam et al. 2021), which is far lower than the one (i.e., 
0.025 mg/L) derived in the present study. Such difference 
should be mainly due to the use of toxicity data points 
of several MP types for the derivation of PNEC in Adam 
et al. (2019, 2021) but only the use of PP toxicity data 
points (mostly 2019 or later after the outbreak of COVID-
19 pandemic) in this study. Other possible reasons include 
different endpoints and assessment factors used during the 
data conversion from other endpoints to NOEC for the SSD 
construction and the PNEC derivation.

After the outbreak of COVID-19 pandemic, the face 
masks have widely been applied for self-protection 
worldwide (Sun et al. 2021; Kokalj et al. 2022). PP is one 
of the main components of face masks and also other PP 
materials (e.g., textiles and fabrics, consumer products, 
construction materials, and other medical supplies; Auta 
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et  al. 2018; Jeyavani et  al. 2023) containing organic 
additives like dyes, plasticizers, and flame retardants. The 
release of such additives and the sorption of metals and 
organic contaminants by masks and MPs probably led to 
the alteration of their behavior and bioavailability to aquatic 
organisms and further affected their toxicity and risks in the 
aquatic environment (de Sá et al. 2018; Castro-Castellon 
et al. 2022; Kokalj et al. 2022). Further studies are warranted 
to investigate the interactive toxic effects of MPs and other 
contaminants on aquatic organisms at different trophic levels 
in the aquatic environment.

Conclusions

This study demonstrated that D. magna was acutely affected 
by the PP exposure, while natural particles (i.e., kaolin, 
peat, and sediment) did not trigger acute toxicity to D. 
magna. Although all four natural and synthetic particles 
upregulated the expression of molting-related genes and 
oxidative stress-related genes during a 21-day chronic 
exposure experiment, only the PP exposure significantly 
decreased the size of D. magna, and extended their molting 
time when using a green algal species as a diet. However, 
when adding a cyanobacterial species in their diet, these 
effects originating from PP were masked, probably due to 
the lowered nutritional food quality from cyanobacterial 
cells. The PNEC value of PP was derived as 0.025 mg/L 
from a species sensitivity distribution.
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