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A B S T R A C T   

The presence and potential toxicity of nanoplastics (NPs) in aquatic ecosystems is an issue of growing concern. 
Although many studies have investigated the adverse effects of short-term exposure to high concentrations of NPs 
to aquatic organisms, the information on the consequences caused by the administration of low NPs concen-
trations over long-term exposure is limited. The present study aimed at investigating the effects induced by a 
long-term exposure (21-days) to two sub-lethal concentrations of polystyrene nanoplastics (PS-NPs; 0.05 and 0.5 
µg/mL) on Daphnia magna. A multi-level approach was performed to assess potential sub-individual (i.e., mo-
lecular and biochemical) and individual (i.e., behavioural) adverse effects. At molecular level, the modulation of 
the expression of genes involved in antioxidant defence, response to stressful conditions and specific physio-
logical pathways was investigated. Oxidative stress (i.e., the amount of pro-oxidants, the activity of antioxidant 
and detoxifying enzymes and lipid peroxidation) and energetic (i.e., protein, carbohydrate, lipid and total caloric 
content) biomarkers were applied to assess effects at the biochemical level, while swimming activity was 
measured to monitor changes in individual behavior. Although the 21-days exposure to PS-NPs induced a slight 
modulation of gene involved in oxidative stress response, biochemical analyses showed that D. magna individuals 
did not experience an oxidative stress condition. Significant changes in energy reserves of individuals exposed for 
21 days to both the PS-NPs concentrations were observed, but no alterations of swimming activity occurred. Our 
results highlighted that the exposure to low concentrations of PS-NPs could pose a limited risk to D. magna 
individuals and suggested the importance of a multi-level approach to assess the risks of NPs on aquatic 
organisms.   

1. Introduction 

Plastic pollution emerged as one of the main environmental issues 
that we have to face with nowadays. The increased production and use 
of plastics, coupled with the inappropriate management and disposal of 
end-life plastic waste, has resulted in a widespread and massive 
contamination of both aquatic and terrestrial ecosystems (e.g., Li et al., 
2020; Xu et al., 2020). A growing number of monitoring surveys have 
pointed out the environmental occurrence of a heterogeneous array of 
plastic items, with different shapes, sizes, colours and polymeric 
composition (Li et al., 2020). In the environment, plastic items can 
undergo breakage and degradation due to physical, chemical and bio-
logical processes (Hartmann et al., 2019; Jambeck et al., 2015), leading 
to the formation of small-sized plastic items called as micro(nano)plas-
tics. Since 2008, microplastics (MPs) have been identified as any plastic 

items <5 mm in size (Arthur et al., 2009), which has become the most 
frequently used definition (Hartmann et al., 2019). However, a recent 
categorization refers to MPs as any plastic item in the 1 to <1,000 µm 
size range, while nanoplastics (NPs) as items in the 1 to <1,000 nm size 
range (Hartmann et al., 2019). Whilst the ecotoxicological research on 
MPs has been flourishing in the last decade, the study of the environ-
mental occurrence and toxicity of NPs is still in its infancy, but it de-
serves attention. In fact, NPs can be released directly into the 
environment via industrial inputs, products containing nanoplastic 
materials, such as drug delivery systems and waterproof coatings, or by 
the degradation oft large-sized plastic waste (Shen et al., 2019). 
Considering the huge amount of large plastic items that can experience 
degradation and fragmentation processes, it has been estimated that 
environmental levels of NPs might be 1014-fold higher than those 
currently measured for MPs (Besseling et al., 2019). Despite the 
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methodological and analytical limitations in the identification and 
quantification of NPs in environmental matrices (Parolini et al., 2021a, 
b), some recent studies have detected their presence in soils, sediments 
and water from both freshwater and marine ecosystems (Boyle and 
Örmeci, 2020; Peng et al., 2020; Wang et al., 2021), including remote 
areas such as the arctic and deep sea (Chae and An, 2017; Mattsson et al., 
2018). 

As NPs are ubiquitous in the environment, the study of their potential 
impact on human and ecosystem health is attracting attention (Lehner 
et al., 2019) and represents a priority because of their substantial bio-
logical and environmental relevance (Triebskorn et al., 2019). In fact, 
the smallest dimensions and colloidal properties allowed NPs to spread 
more widely in water and air (e.g., Alimi et al., 2018; Jeong et al., 2018), 
as well as to have a greater impact on organisms than MPs because they 
can cross biological barriers and affect cell metabolism (El Hadri et al., 
2020 and references therein). A number of studies explored the toxicity 
of NPs on marine organisms (e.g., Della Torre et al., 2014; Eerkes- 
Medrano et al., 2015; Strungaru et al., 2019). In contrast, the research 
on freshwater organisms is limited and mainly focused on crustaceans 
belonging to the genus Daphnia, which includes species considered as 
reliable model organisms in ecotoxicology because of their eco- 
physiological peculiarities (Liu et al., 2020, Zhang et al., 2020a,b). 
These studies have demonstrated that NPs can be efficiently ingested by 
Daphnia spp. individuals and induce a wide array of adverse effects, 
including abnormal embryonic development (Cui et al., 2017; Liu et al., 
2019a,b), obstruction of the digestive tract, alteration of feeding 
behaviour and limitation of food intake (Botterell et al., 2019; Rist et al., 
2017), the onset of oxidative stress and inhibition of growth and 
reproduction (Liu et al., 2020; Kelpsiene et al., 2022), as well as change 
in protein profile and gene expression (Liu et al., 2021). However, these 
findings have been mainly obtained after short-term exposures to NPs, 
while the information on adverse effects induced by long-term exposure 
and the propagation of such effects at different levels of the biological 
organization in freshwater organisms is still scarce. 

The present study aimed at investigating the adverse effects induced 
by long-term exposure to polystyrene nanoplastics (PS-NPs) at different 
levels of the biological organization in Daphnia magna, through a multi- 
level approach. First, an acute toxicity test was performed to identify the 
48-h EC50 of PS-NPs towards D. magna. Then, 21-days exposures to two 
sub-lethal concentrations of PS-NPs (0.05 and 0.5 µg/mL) were per-
formed to assess potential sub-individual (i.e., molecular and 
biochemical) and individual (i.e., behavioural) adverse effects. At the 
molecular level, the modulation of the expression of genes involved in 
antioxidant defences (sod and cat), response to stressful situations 
(hsp70), as well as in specific physiological pathways (i.e., flotilin, Sarco 
(Endo)plasmic Reticulum Calcium ATPase and Juvenile Hormone 
Esterase) was investigated through quantitative RT-PCR. We focused on 
these specific genes because previous studies on Daphnia spp. have 
pointed out that their expression was modulated by the exposure to MPs 
and NPs of polystyrene (Liu et al., 2019a,b; 2020; Imhof et al., 2017). At 
biochemical level, as previous studies have demonstrated that PS-NPs 
exposure resulted in the onset of oxidative stress (e.g., Liu et al., 
2019a,b; 2021) and modulation of energy resources (e.g., Rist et al., 
2017; Liu et al., 2020), a battery of oxidative stress and energetic bio-
markers was applied. In detail, changes in the amount of reactive oxygen 
species (ROS), the activity of antioxidant (superoxide dismutase - SOD; 
catalase - CAT and gluthatione peroxidase - GPx) and detoxifying en-
zymes (glutathione S-transferase - GST), and lipid peroxidation, as well 
as protein, carbohydrates, lipid and total caloric content were explored. 
Lastly, as stressful conditions and modulation of energy reserves can 
affect different behavioral tasks of aquatic organisms (Dionísio et al., 
2020), changes in swimming activity (i.e., alteration of distance moved 
and swimming speed) were investigated through a video-tracking 
analysis. We might expect that the exposure to low concentrations of 
PS-NPs induce changes at molecular and biochemical levels which in 
turn result in the modulation of swimming behavior of Daphnia magna 

individuals. 

2. Materials and methods 

Green fluorescent polystyrene nanoplastics (PS-NPs; 1% w/v) of 50 
nm in diameter were purchased from Fisher Scientific (Waltham, Mas-
sachusetts, United States). They had a regular spherical shape, as 
confirmed by transmission electron microscopy (TEM) analysis 
(Figure S1). Density of PS-NPs was 1.06 g/cm3. The suspension of PS- 
NPs was diluted in commercial mineral water (San Benedetto®) to 
obtain a working solution (100 µg/mL) to be used for experimental 
procedures. 

Daphnia magna individuals were reared an maintained in a facility of 
the University of Milan according to the protocol described elsewhere 
(Parolini et al., 2018; De Felice et al., 2020). Briefly, forty individuals/L 
were maintained in glass beakers filled with a commercial mineral water 
(San Benedetto® - conductivity 415 µmS cm− 1 at 20 ◦C, pH 7.42, 301 
mg/L HCO3

–, 48.6 mg/L Ca2+, 28.2 mg/L Mg2+) within a thermostatic 
chamber set at 20.0 ± 0.5◦ C and 16 h light: 8 h dark photoperiod. In-
dividuals were fed in plentiful supply (ad libitum) with a suspension of 
the unicellular green algae Pseudokirchneriella subcapitata (8 × 106 cells 
for individual/day until individuals were 8-days old, then 16 × 106 cells 
for individual/day) and the yeast Saccharomyces cerevisiae (15 × 106 

cells for mL) three times a week. The culture medium was renewed every 
second day. Sensitivity and responsiveness of daphnids for both acute 
and sub-lethal endpoints was checked exposing individuals to increasing 
concentrations of hydrogen peroxide (35%) as a ‘positive control’. A 
previous study by Reichwaldt et al. (2012) showed that the complete 
mortality of D. magna occurred at concentrations as low as 12.5 mg/L 
after 48 h of exposure to hydrogen peroxide. Thus, we performed an 
acute toxicity test exposing daphnids for 48 h to a range of concentra-
tions of H2O2, from 0.1 to 12.5 mg/L. The EC50 we calculated was 4.8 ±
0.8 mg∕L (95% confidence interval: 4.2–5.4 mg∕L) and it was similar to 
that reported by Reichwaldt et al. (2012) (i.e., 5.6 mg∕L; 95% confi-
dence interval: 5–6.3 mg∕L). In addition, our preliminary analyses 
demonstrated that the exposure to low concentrations of H2O2 (0.1 mg/ 
L) were able to induce and oxidative stress situation in D. magna in-
dividuals, modulating the antioxidant responses and causing oxidative 
damage (unpublished results). 

2.1. Acute toxicity of polystyrene nanoplastics 

Acute toxicity experiments of PS-NPs were performed in 50 mL glass 
beakers according to the OECD test guidelines 202 (2004). First, a 48 h- 
long range finding experiment was performed exposing newborns of 
D. magna (<24 h old) from the third generation to a range of arbitrarily 
chosen concentrations of PS-NPs: 0 µg/mL (Control group), 0.05 µg/mL, 
0.1 µg/mL, 0.5 µg/mL, 1 µg/mL, 2 µg/mL, 5 µg/mL, 7 µg/mL, 10 µg/mL 
and 15 µg/mL. Five daphnids were seeded into each beaker and main-
tained under static condition (i.e., without refreshing the exposure 
medium) at 20.0 ± 0.5 ◦C and 16 h light: 8 h dark photoperiod. Five 
replicates per experimental treatment were performed. The range 
finding allowed the identification of the PS-NPs concentration inducing 
no mortality of daphnids (0.5 µg/mL) and that causing their complete 
(15 µg/mL) mortality. Then acute toxicity test was performed exposing 
daphnids (five specimens per beaker, five replicates per treatment) to 
five increasing concentrations of PS-NPs: 0 µg/mL (Control group), 0.5 
µg/mL, 1 µg/mL, 2 µg/mL, 5 µg/mL, 7 µg/mL, 10 µg/mL. This experi-
ment was performed as for the range finding. The immobilization of 
daphnids was recorded after 24 and 48 h from the beginning of the 
exposure. After 48 h, the EC50 was calculated through the software 
ToxStat - EPA Probit Analysis Program 1.5, with associated 95% confi-
dence intervals (CI). According to OECD 202 guidelines, the EC50 is the 
concentration estimated to immobilize the 50 per cent of the daphnids 
within a stated exposure period. Those animals that are not able to swim 
within 15 s, after gentle agitation of the test vessel are considered to be 
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immobilized (even if they can still move their antennae). 

2.2. Sub-lethal toxicity of polystyrene nanoplastics 

As to date no information on the concentrations of nanoplastics in 
aquatic environment is available, the exposure concentrations for tests 
investigating sub-lethal toxicity were selected only on the basis of results 
from acute toxicity test. Daphnids (<24-hours old) were exposed for 21 
days at two different PS-NPs concentrations, namely 0.05 µg/mL and 
0.5 µg/mL, which corresponded to 1/100 and 1/10 of the calculated 
EC50 value, respectively (see 3. Results section). These concentrations 
were in the same range of one tested in previous studies of Daphnia pulex 
exposed to PS-NPs (i.e., 1 µg/mL; Lin et al., 2019; Liu et al., 2021). In 
order to assess the sub-lethal effects induced to D. magna specimens by 
the exposure to PS-NPs, three independent experiments were performed: 
the first one to assess the changes in the expression of different genes, 
the second one to explore oxidative stress and behavioral alterations, 
while the third one to investigate the modulation of energy reserves. All 
the exposures were carried out following the rationale described by De 
Felice and co-authors (2019). Briefly, semi-static exposures lasting 7, 14 
and 21 days were planned, with a daily renewal of the exposure con-
ditions. For each experimental group (i.e., control, 0.05 µg/mL and 0.5 
µg/mL) three independent replicates were performed. Twenty daphnids 
(<24-hours old) were seeded in 100 mL glass beakers, for a total of 60 
daphnids per treatment and time of exposure. Individuals were main-
tained at the same conditions and fed in plentiful supply as reported for 
the husbandry. At the end of the exposure (i.e., 7, 14 and 21 days) of the 
first experiment, individuals were quickly frozen in liquid nitrogen and 
stored in Eppendorf tubes at − 80 ◦C until RNA extraction and analysis of 
gene expression (see 2.4 Gene expression analysis). Similarly, individuals 
from the third experiment were stored in an Eppendorf tube at − 80 ◦C 
until the biochemical analyses to measure the energy reserves of 
D. magna specimens (see 2.5 Oxidative stress and energetic biomarkers). At 
the end of the exposure to the second experiment, the swimming activity 
of ten individuals randomly chosen from the three exposure beakers per 
each treatment, was assessed through a video tracking analysis (see 2.6 
Video tracking analysis), then all the individuals were stored in Eppendorf 
tubes at − 80 ◦C until the biochemical analyses aimed at investigating 
oxidative stress-related effects (see 2.5 Oxidative stress and energetic 
biomarkers). 

2.3. Confocal microscopy analysis 

A preliminary exposure was performed to assess the PS-NPs ingestion 
in Daphnia magna individuals. Daphnids (<24-hours old) were exposed 
to two different concentrations of PS-NPs (0.01 and 1 µg/mL) for 48 h. 
At the end of the exposure 3 daphnids per experimental conditions were 
fixed in 4% paraformaldehyde in phosphate buffer saline (PBS) for 2 h at 
4 ◦C and then washed several times with PBS. They were immersed in 
0.1 %Triton-100 in PBS for 5 h, washed several times with PBS and left 
in 4 µM Hoechst in PBS for 72 h at 4 ◦C. After this period they were again 
washed several times in PBS to remove excess of staining and then 
directly mounted on microscope slide with a drop of PBS. They were 
observed and photographed using a Nikon A1laser scanning confocal 
microscope. 

2.4. Gene expression analysis 

Total RNA was extracted from pools of 5 individuals (a pool for each 
experimental replicate) after 7, 14 and 21 days of exposure using Aurum 
Total RNA Mini kit (Bio-Rad) according to the manufacturer’s proced-
ure. The amount of extracted RNA was quantified through an Eppendorf 
BioSpectrometer®. First-strand cDNAs were synthesized with the iScript 
Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad), using random 
oligonucleotides to prime the reverse transcription of 1 µg of total RNA, 
corresponding to a concentration of 0.05 µg/mL. Quantitative RT-qPCR 

was performed to investigate variations of genes involved in oxidative 
stress response (sod and cat), response to stressful situations (hsp70), as 
well as in specific physiological pathways (i.e., flotilin - flot, Sarco(Endo) 
plasmic Reticulum Calcium ATPase - SERCA and Juvenile Hormone 
Esterase - JHE). Flotilin (flot) has a key role in endocytosis and toxin 
uptake (Otto and Nichols, 2011). The Sarco(Endo)plasmic Reticulum 
Calcium ATPase is a Ca2+ transporter, playing a crucial role in cell 
calcium signaling pathways (Altshuler et al., 2012), while Juvenile 
Hormone Esterase is involved in invertebrate oogenesis and is a key 
regulator of insect juvenile hormone, being responsible for controlling 
vitellogenesis in Daphnia and co-regulating the production of male 
offspring (Heckmann et al., 2008). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was chosen as a reference gene for normalization of 
the expression of focal genes. Sequences of primers of genes were re-
ported elsewhere (Liu et al., 2019a,b; Imhof et al., 2017) and synthe-
sized by Eurofins Genomics. The efficiency and specificity of all the 
primers were checked before the analyses and it was found close to 
100% for target and the housekeeping gene GAPDH. Quantitative PCR 
was performed in QuantStudio Fast 5 (Thermofisher Scientific) using 20 
μL of total volume for each well. The amplification was carried out on 
40 ng of total cDNA using SYBR chemistry (SSAdvanced, Biorad) ac-
cording to the manufacturer’s protocol. Real-time PCR was run ac-
cording to the following protocol: an initial step of 30 sec at 95 ◦C 
followed by 40 cycles of 15 sec at 95 ◦C and 30 sec at 60 ◦C. A disso-
ciation stage with a melt curve analysis was also performed. Three 
replicates were performed for each experimental point. A technical 
replicate was performed for each sample and each gene. Gene expression 
was quantified using the comparative threshold cycle (DDCt) method 
considering that the targets and the reference genes have the same 
amplification efficiency (near to 100%) verified as first in a standard 
curve experiment, as previously described (Casati et al., 2020). 

2.5. Oxidative stress and energetic biomarkers 

At the end of the exposure all the alive individuals from each beaker 
per treatment and time of exposure were pooled. Three independent 
replicates (pools of 18–20 organisms per replicate) per treatment were 
performed. D. magna individuals were homogenized with a motor pestle 
in 100 mM potassium phosphate buffer (added with 100 mM KCl, 1 mM 
EDTA, 1 mM, dithiothreitol and protease inhibitors 1:100 v/v; pH 7.4). 
The homogenates were centrifuged at 15,000g for 15 min at 4 ◦C and the 
supernatant was then processed to assess the protein content and 
enzyme activities. Oxidative stress and energetic biomarkers were per-
formed according to spectrophotometric methods described elsewhere 
(Parolini et al., 2018; De Felice et al., 2019; Sancho et al., 2009). Briefly, 
SOD activity was assessed measuring the inhibition of cytochrome c (10 
µM) reduction due to the superoxide anion generated by the xanthine 
oxidase (1.87 mU/mL)/hypoxanthine (50 mM) reaction for 1 min at λ =
550 nm. The CAT activity was assessed measuring the consumption of 
H2O2 (50 mM) in potassium phosphate buffer for 1 min at λ = 240 nm. 
The GPx activity was assesses measuring the consumption of NADPH 
(0.12 mM) using H2O2 (0.2 mM) as a substrate in a potassium phosphate 
buffer added with glutathione (2 mM), sodium azide (1 mM) and 
glutathione reductase (2 U/mL) for 1 min at λ = 340 nm. The activity of 
antioxidant enzymes was normalized on protein content measured ac-
cording to the Bradford method (Bradford, 1976). Lipid peroxidation 
was assessed on an aliquot of raw homogenates through the thio-
barbituric acid reactive substances (TBARS) method (Ohkawa et al., 
1979) and results were expresses as nmol TBARS / mg protein. The total 
carbohydrate content was determined with the anthrone reagent 
method as described by Jermyn (1975) and the results expressed as µg 
sugars/individual, while the lipid content was quantified through the 
sulfo-phospho-vanillin method (Frings et al., 1972) and expressed as mg 
lipids/individual. All the spectrophotometric analyses were performed 
using a Genova Bio spectrophotometer (Jenway). 

According to Sancho et al. (2009), the caloric content of Daphnia 
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magna specimens was calculated by assuming 4.10 cal/mg for carbo-
hydrates, 5.65 cal/mg for total protein and 9.45 cal/mg for lipids (Mann 
and Gallager, 1985). Results were expressed as mcal/individual. 

2.6. Video tracking analysis 

To assess changes in swimming activity induced by PS-NPs, the 
movements of 30 individuals per treatment (ten individuals from each 
single replicate) were tracked at 7, 14 and 21 days of exposure. Videos of 
each single individual were recorded with an iPhone 6 by placing it in a 
12-well plate (11.5 cm × 8 cm × 1.5 cm), called ‘arena’, filled with 3 mL 
of water used for rearing and exposures. After 5 min acclimation, the 
movements of each individual was tracked for 30 s. The 1080p Full HD 
(900 frames, 30 frames/s) videos acquired for each experimental con-
dition and time of exposure were analyzed using the ImageJ plugin 
Animal Track (Gulyás et al., 2016), a tracking application specifically 

designed to support animal behavior analyses. We relied on the ‘Tracker 
module’, which assigned for each organism its XY coordinates in each 
frame, while the ‘Tracking Analyzer module’ extracted the measured 
parameters from the trajectory of the tracked object (i.e., individual). 
Swimming activity was reported in terms of distance moved (expressed 
in mm) and swimming speed (cm/sec). 

2.7. Statistical analysis 

The effects of PS-NPs treatments, time of exposure and their in-
teractions on gene expression, oxidative stress and energetic biomarkers 
were investigated by a two-way analysis of variance (ANOVA), after 
checking for normality and homoscedasticity of data with Shapiro–Wilk 
and Levene’s tests, respectively. As the Shapiro-Wilk test showed that 
data for SOD, CAT and LPO were not normally distributed, we log- 
transformed them before running the ANOVA. Significant differences 

Fig. 1. Confocal microscopy images D. magna 
individuals exposed to different concentrations 
of fluorescent polystyrene nanoplastics (PS-NPs): 
control (a, b), 0.1 µg/mL (c, d) and 1 µg/mL (e, f) 
treated daphnids. The corresponding bright-field 
image of a, c, e are reported in the left-bottom 
insert for each image. a) control daphnids did 
not show any PS-NPs fluorescent labelling; b) 
detail of a) (dotted square) at the level of the 
intermediate body portion, where most of the 
digestive tract is located; c) daphnid displaying a 
moderate PS-NPs ingestion; d) detail of c) 
(dotted square) at the level of the mouth (m) and 
the proximal part of the digestive tract (dt) 
showing a diffuse PS-NPs accumulation (arrow); 
e) daphnid displaying a remarkable accumula-
tion of PS-NPs within the whole digestive tract 
(arrow) and also aggregates over the body sur-
face (arrowhead); f) detail of e) (dotted square) 
at the level of the distal part of the digestive 
tract. Green: PS-NPs; Blue: cell nuclei (Heochst). 
Bar = 100 µm for a, b, c, e and 50 µm for d, f. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article.)   
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among groups were checked through the application of the Tukey post- 
hoc test. Significance was set at P < 0.05 (*) and P < 0.01 (**). The effect 
of PS-NPs treatments, time of exposure and their interactions on 
D. magna swimming activity, in terms of distance moved and swimming 
speed, was investigated through the application of linear mixed models 
(LMMs), including the treatment and the time of exposure as fixed effect 
factors, while the identity of the exposure beaker as a random factor to 
account for the so-called ‘tank effect’. Fisher’ LSD post-hoc test was 
applied to point out significant differences among treatments, exposure 
time and treatment × time interactions (*P < 0.05; **P < 0.01). All the 
statistical analyses were run in R 4.03 (R Core Team 2020). 

3. Results 

The preliminary ingestion experiments showed the presence of PS- 
NPs and their accumulation in the digestive tract. Particularly, at the 
lowest tested concentration (0.1 µg/mL) a diffuse presence of fluores-
cent nanoparticles was observed in the first part of the digestive tube 
while at the higher tested dose (1 µg/mL) the whole intestine was filled 
by PS-NPs and their aggregates (Fig. 1). Additionally, at this latter 

concentration, fluorescent PS-NPs were also widely observed at the level 
of the body surface (e.g., second antennae, carapace). 

The acute toxicity of the PS-NPs in terms of immobilization of 
daphnids (EC50) calculated from the dose–effect curve was 4.83 ± 0.35 
µg/mL (associated 95% confidence intervals 4.14 – 5.53 µg/mL). Ac-
cording to acute toxicity result, 21-days exposures were planned in order 
to expose D. magna individuals to two concentrations of PS-NPs corre-
sponding to 1/10 and 1/100 of the EC50 values, namely 0.5 µg/mL and 
0.05 µg/mL, respectively. No mortality occurred in the control group 
over the 21-days exposure, while 0.05 µg/mL and 0.5 µg/mL treatments 
induced a slight mortality in individuals exposed for 7 (no mortality and 
3.3%, respectively), 14 (3.3% and 1.6%, respectively) and 21 days of 
exposure (5% and 8.3%, respectively). 

A significant effect of exposure time was observed for all the candi-
date genes, showing an increase of their expression from 7 to 21 days 
(Table S1; Fig. 2 a-f), independently of the treatment. No significant 
effects of the treatment and treatment × time of exposure interaction 
were noted (Table S1), except for an effect of the treatment on cat gene 
(F3,18 = 3.472; P = 0.050), whose expression measured in individuals 
exposed to 0.5 µg/mL of PS-NPs was significantly lower compared to the 

Fig. 2. Box-plots of relative gene expression of sod (a), cat (b), hsp70 (c) flotilin (d), Juvenile Hormone Esterase – JHE (e) and Sarco-Endoplasmic Reticulum Calcium 
ATPase –SERCA (f) measured in pools of D. magna individuals after 21-days exposure to two concentrations (0.05 µg/mL and 0.5 µg/mL) of PS-NPs. 
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control group (P = 0.042). 
Results of statistical analyses on oxidative stress and energetic bio-

markers are reported in Table S2. A significant effect of the time of 
exposure was noted for all the investigated endpoints (Fig. 3 a-f). No 
effect of treatment ROS level was noted. The activity of antioxidant 
enzymes measured in individuals exposed for 7 days was significantly 
higher compared to conspecifics exposed for 21 days (P < 0.001 for all 
the cases, except P = 0.004 for SOD). In contrast, the levels of lipid 
peroxidation measured in 21-days old individuals were significantly 
higher than those from 7-days old conspecifics (P = 0.015). The treat-
ment to PS-NPs did not affected the activity of antioxidant and detoxi-
fying enzymes nor the levels of lipid peroxidation of treated individuals 
compared to control conspecifics. No significant effect of treatment ×
time of exposure interaction was found for all the oxidative stress 
biomarkers. 

A significant effect of the time of exposure on all the energetic bio-
markers was also noted (Table S2; Fig. 4 a-d). Independently of the 
treatment, protein, carbohydrates, lipid and total caloric content 
measured in individuals after 21 days of exposure were significantly 
higher than those measured in conspecifics after 7 (P < 0.001 for all the 
cases) and 14 days (P < 0.001 for all the cases). No significant effect of 

the treatment on protein and carbohydrate content was found, while a 
significant effect of treatment was found for lipid (F2,18 = 4.938; P =
0.019) and total caloric content (F2,18 = 4.940; P = 0.019), with higher 
levels measured in individuals exposed to 0.05 µg/mL (P = 0.031 for 
both the endpoints) and 0.5 µg/mL (P = 0.040 for both the endpoints) of 
PS-NPs compared to control conspecifics, independently of the time of 
exposure. In addition, a significant treatment × time of exposure 
interaction on lipid and total caloric content (F4,18 = 5.117; P = 0.006 in 
both the cases) was found, with individuals exposed for 21 days at the 
highest tested PS-NPs concentration showing significantly higher levels 
compared to corresponding controls (P = 0.002 and P = 0.006 for lipid 
and total caloric content, respectively). 

A significant effect of the time of exposure on swimming activity 
endpoints was noted, with 21-days old individuals that moved longer 
distances and faster than 7-days old conspecifics (P < 0.01) for all the 
cases). No significant effect of treatment and treatment × time of 
exposure interaction was found for both distance moved and swimming 
speed (Table S3; Fig. 5 a-b). 

Fig. 3. Box-plots of the total amount of reactive oxygen species (ROS, a), superoxide dismutase (SOD, b), catalase (CAT, c), glutathione peroxidase (GPx, d), 
glutathione S-transferase (GST, e) and lipid peroxidation (LPO, f) measured in pools of D. magna individuals after 21-days exposure to two concentrations (0.05 µg/ 
mL and 0.5 µg/mL) of PS-NPs. 
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4. Discussion 

The present study showed that the 21-days exposure to PS-NPs 
concentrations did not caused an oxidative stress situation in D. magna 
individuals. However, significant changes in energy reserves of in-
dividuals exposed for 21 days to both the PS-NPs concentrations were 
observed, but no alterations of the swimming activity occurred. 

Previous studies investigated both the acute toxicity in terms of 
mortality induced by the exposure to PS-NPs towards Daphnia spp. in-
dividuals. Despite similarity in the methods to assess acute toxicity on 
daphnids, LC50 of PS-NPs for D. pulex ranged from 5.24 µg/mL (Lin et al., 
2019) to 76.69 µg/mL (Liu et al., 2019a) and 80.02 µg/mL (Liu et al., 
2018). Whilst the acute toxicity observed by Lin and co-authors (2019) 
agreed that measured in the present study, the higher value reported by 

Liu and co-authors (2018; 2019a) in two independent studies might be 
due to the larger size of PS-NPs used (71–75 nm) and/or to lower 
sensitivity of D. pulex daphnids compared to D. magna ones. Acute 
toxicity results were mandatory to design experiments to assess sub- 
lethal toxicity. In fact, the information on the occurrence of NPs in 
aquatic ecosystems is very scant because of limitation in analytical 
methods to isolate, detect and quantify them (Parolini et al., 2021a,b). 

Some studies showed that PS-NPs exposure induced a variety of 
adverse effects at different levels of the biological organization, from 
molecular changes in gene expression to impairment of growth and 
reproductive fitness (e.g, Liu et al., 2019a,b; Liu et al., 2020; Liu et al., 
2021). However, information of sub-individual effects at molecular or 
biochemical level was mainly obtained by short-term exposure (96-h) to 
PS-NPs, while only a studies prolonged the exposures for 21 days (Liu 

Fig. 4. Box-plots of the total protein (a), carbohydrate (b), lipid (c) and caloric (d) content measured in pools of D. magna individuals after 21-days exposure to two 
concentrations (0.05 µg/mL and 0.5 µg/mL) of PS-NPs. Asterisks above the box-plot show significant differences in the biomarker response between treated and 
control group (** P < 0.01; two-way ANOVA; Tukey post-hoc test). 

Fig. 5. Box-plot representing data swimming activity, in terms of distance moved (a) and swimming speed (b) measured in D. magna individuals after the exposure to 
two concentrations (0.05 µg/mL and 0.5 µg/mL) of PS-NPs. 
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et al., 2020). However, this study investigated the modulation of the 
gene expression of D. pulex only at the end of the exposure, neglecting 
potential changes occurring in early days of the experimental period. A 
previous investigation highlighted age-dependent effects on survival, 
stress defense and in the expression of the gene encoding the energy- 
sensing enzyme AMPK (adenosine monophosphate-activated protein 
kinase) α, β, and γ as a consequence to 96-h exposure to PS-NPs (Liu 
et al., 2018). Thus, in the present study molecular, biochemical and 
behavioral effects were investigated at different time points over a 21- 
days exposure, in order to shed light on time (and age) variation of re-
sponses in D. magna individuals after the administration of two, low 
concentrations of PS-NPs. 

4.1. Ingestion of PS-NPs 

Our preliminary ingestion experiments confirmed that polystyrene 
nanoplastics were efficiently ingested and, especially at higher con-
centrations (1 µg/mL), they were accumulated along the whole digestive 
tract of D. magna specimens (Fig. 1). Previous studies have shown that 
D. magna can efficiently ingest plastic items up to 10 μm (e.g., Jemec 
et al., 2016; Frydkjær et al., 2017; De Felice et al., 2019). In addition, the 
ingestion of 75 nm virgin PS-NPs has been demonstrated in Daphnia 
pulex individuals at different life stages (Liu et al., 2019a,b; 2020; Zhang 
et al., 2020b), as well as in D. magna individuals exposed to positively 
and negatively charged PS-NPs in 26 to 62 nm size range (Kelpsiene 
et al., 2020) individuals. High accumulation of ~ 85 nm PS-NPs in 
D. magna was demonstrated by their presence on the carapace, the 
antennae, the thoracopods and filamentous cilia, as well as in the 
gastrointestinal tract (Vicentini et al., 2019). Although PS-NPs were 
observed both in proximal and distal part of the digestive tube, confocal 
analyses did not allow to clearly discriminate their potential trans-
location to inner tissues. Whilst a transfer through the external cuticle is 
unlikely possible, translocation through the intestinal wall could be a 
potential entrance route and therefore deserve more detailed future 
analyses. However, it has to be underlined that even if this translocation 
occurred in the present study it did not caused remarkable physiological 
effect (see below). On the other hand, we cannot exclude that PS-NPs 
accumulation over the body surface and on swimming structure (sec-
ond antennae) might represent a limiting factor over very long-term 
exposure period. 

4.2. Effects at the molecular level 

Recent studies have highlighted that the exposure to different NPs 
can induce adverse effects towards aquatic organisms, but only few 
explored the consequences at molecular level (Besseling et al., 2019; 
Shen et al., 2019; Liu et al., 2019a; 2020). Transcriptomic and/or gene 
expression analyses are considered as useful tools to predict the toxicity 
and/or to understand the mechanism(s) of action associated to NPs 
exposure (Sudhagar et al., 2018; Zhang et al., 2018). For instance, a 
previous transcriptomic study showed that the exposure of Daphnia 
pulex to 1 µg/mL of PS-NPs induced changes in the expression of some 
genes involved in different physiological functions, including oxidative 
stress response and energy metabolism (Liu et al., 2019a). Our results 
showed a slight modulation of the expression of genes involved in 
oxidative and generic stress response, as well as to physiological path-
ways (Fig. 2). No modulation of sod expression was observed over the 
21-days of exposure to both the PS-NPs concentrations, while a signifi-
cant inhibition of cat expression was noted in individuals exposed for 21- 
days to 0.5 µg/mL of PS-NPs (Fig. 2b). These results partly agreed with 
findings from a previous study by Liu and co-authors (2019b), whereby 
a 96-h exposure to 0.1 and 0.5 µg/mL of PS-NPs caused an over-
expression of sod, cat and gpx genes in D. pulex individuals, while higher 
concentrations caused the inhibition of the expression of the same genes. 
A similar bell-shaped trend was observed also in the freshwater crusta-
cean Macrobrachium nipponense exposed for 14-days exposure to 

increasing concentrations (5 µg/mL − 40 µg/mL range) of PS-NPs (Li 
et al., 2020). Although no overexpression of cat gene was found as a 
consequence of short-term exposure (i.e., 7 days) to 0.5 µg/mL, we can 
speculate that the inhibition of cat expression after 21 days of exposure 
was related to an overproduction of hydrogen peroxides, which inhibi-
ted the synthesis of this enzyme. These results suggest that D. magna 
individuals might suffer a slight oxidative stress situation as a conse-
quence of long-term exposure to low PS-NPs concentrations. No signif-
icant modulation of hsp70, a gene involved in maintaining the stability 
protein structure and a markers of stress induced by different environ-
mental contaminants (Rhee et al., 2007), was noted, in accordance with 
a previous study of D. pulex in which the administration of PS-NPs 
concentrations ≤ 0.5 µg/mL did not modulated the expression of HSP 
genes (Liu et al., 2019b). Lastly, the expression of flot, SERCA and JHE 
was not modulated, suggesting that the 21-days exposure to low PS-NPs 
concentrations did not alter physiological pathways of D. magna speci-
mens. However, as an overexpression of these genes was observed in 
D. magna after 48-h exposure to two MPs mixture of different polymers 
(Imhof et al., 2017), we cannot exclude that PS-NPs contribute to 
changes in the expression of these genes in natural ecosystems, where 
they are included in complex mixture with other micro- and nanosized 
plastic items. 

4.3. Effects at the biochemical level 

Recent studies investigating the adverse effects of NPs towards 
aquatic organisms pointed out that their toxicity may arise from the 
overproduction of ROS, which cannot be counteracted by the antioxi-
dant system and results in an oxidative stress situation (e.g., Liu et al., 
2020; Lu et al., 2016; Yu et al., 2018). In contrast to these findings, no 
overproduction of ROS was induced by the exposure to both the con-
centrations of PS-NPs (Fig. 3a). Thus, although gene expression analyses 
suggested a slight imbalance of the oxidative status in D. magna in-
dividuals treated to 0.5 µg/mL of PS-NPs, results of oxidative stress 
biomarkers did not support this hypothesis. In fact, no significant vari-
ations in the activity of the antioxidant enzymes SOD, CAT and GPx was 
observed, confirming that the exposure to PS-NPs was not able to alter 
the oxidative status of D. magna individuals. The lack of a direct gene/ 
enzyme relationship was not surprising because of the complex pro-
cesses underlying gene transcription and enzyme synthesis/activity 
(Parolini et al., 2017). Our results disagreed with those obtained from a 
previous study performed on the crustacean M. nipponense exposed for 
14 days to increasing concentrations (5 µg/mL − 40 µg/mL concentra-
tion range) of PS-NPs. The increase in the activity of SOD (Fig. 3b), CAT 
(Fig. 3c) and GPx (Fig. 3d) observed upon the exposure to low NP 
concentrations (5 µg/mL) and a short exposure time was followed by a 
drastic decrease at higher concentrations (Li et al., 2020), probably as a 
consequence of the inhibition of antioxidant synthesis due to an excess 
of pro-oxidant molecules (Wang et al., 2019; Liu et al., 2020). Similar 
results were found also in individuals of Danio rerio (Lu et al., 2016), 
Eriocheir sinensis (Yu et al., 2018) and Larimichthys crocea (Li et al., 2021) 
exposed to polystyrene micro- or nanoplastics. Similarly to antioxidant 
enzymes, also the activity of the GST was not modulated by PS-NPs 
exposure (Fig. 3e). These results agreed with those found in the ma-
rine bivalve Mytilus galloprovincialis exposed to PS-NPs (0.05 – 50 µg/mL 
concentration range), but were in contrast with findings from a study on 
D. magna demonstrating that the exposure to the high, unrealistic 200 
µg/mL of PS-NPs inhibited the activity of this detoxification enzyme 
(Fadare et al., 2019). As expected, all the studies that pointed out an 
imbalance of the oxidative status (i.e., increase of ROS or modulations of 
antioxidant gene expression or activity) as a consequence to PS-NPs 
exposure noted the onset of oxidative damage to cellular macromole-
cules (e.g., Lu et al., 2016; Brandts et al., 2018; Yu et al., 2018; Li et al., 
2021). Consistently, as our results showed that PS-NPs exposure did not 
imbalanced the oxidative status of D. magna, no increase in oxidative 
damage, in terms of lipid peroxidation, occurred (Fig. 3f). The 
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discrepancy in responses of oxidative stress biomarkers among aquatic 
organisms exposed to NPs of the same polymer depends on different 
factors, including the sensitivity of model species, the size of NPs, the 
time of exposure and, mainly, the concentrations tested. In fact, the 
onset of a marked oxidative stress situation generally occurred after the 
exposure to PS-NPs concentrations higher than 1 µg/mL, levels 2-fold 
higher that the maximum one tested in the present work. 

Transcription, translation, antioxidant and stress responses to a 
contaminant exposure are energy-consuming processes (Liu et al., 
2020). Thus, the quantification of energy reserves is considered a good 
indicator of the health status of organisms as environmental conditions 
affect the reallocation of resources through a highly dynamic process 
(De Coen and Janssen, 1997). Overall, a significant increase in energy 
reserves, in terms of protein, carbohydrate, lipid and total caloric con-
tent, was observed in D. magna individuals over the 21-days exposure 
period, as a normal consequence of the physiological development and 
growth process of this species (Schür et al., 2020). However, indepen-
dently of the exposure time, no effect of PS-NPs administration on 
protein (Fig. 4a) and carbohydrate (Fig. 4b) content was found, in 
agreement with findings reported by Li and co-authors (2020), who 
showed that PS-NPs exposure did not modulate the glucose metabolism 
(i.e., the activity of three enzymes involved in the glycolysis, such as 
exokinase, phosphofructokinase and pyruvate kinase) of the crustacean 
M. nipponense. In contrast, a significant increase in lipid content was 
observed at the end of the exposure to both the PS-NPs tested concen-
trations when compared to controls (Fig. 4c,d). As lipids accounted more 
than proteins and carbohydrates to the total energy content of D. magna 
(Goulden and Place, 1993), a similar increase of energy reserves (i.e., 
caloric content) occurred. This result was partly unexpected as previous 
studies demonstrated that the ingestion and the permanence of plastic 
items in the digestive tract of diverse crustacean species can result in a 
sense of satiation and, consequently, in the reduction of food assimila-
tion and growth (Sorrentino and Senna, 2021). In contrast, a number of 
studies reported an increase in energy reserves of treated individuals, 
likely due to a better assimilation of the ingested food; indeed, this was 
observed in the Pacific oysters (Crassostrea gigas) exposed to yellow- 
green fluorescent PS beads (Sussarellu et al., 2016), in D. magna 
exposed to PS microplastics (De Felice et al., 2019), and in the Giant 
snail Achatina reticulata treated with polyethylene terephthalate MPs 
(De Felice et al., 2021). Thus, the administration of food in plentiful 
supply might reduce the permanence of plastic items within the diges-
tive tract of cladocerans (Jemec et al., 2016), preventing the NP-induced 
sense of satiation and promoting food assimilation (Ogonowski et al. 
2016; Canniff and Hoang, 2018). Alternatively, we might speculate that 
PS-NPs can act as a carrier of nutrients included in the exposure me-
dium, favoring their intake and causing cells to accumulate lipids. This 
hypothesis was suggested by Guo et al. (2020), who showed an increase 
in lipid content as a response to a 9-days exposure to polyethylene 
microplastics in the marine diatom (Phaeodactylum tricornutum). Inde-
pendently of these processes, as a great amount of energy is necessary to 
activate the defense mechanisms to tackle the toxicity of xenobiotics 
(Harshman and Zera, 2007; Liu et al., 2020), therefore the increase of 
energy reserves might be considered as an enhanced assimilation of 
energy to prevent potentially detrimental effects due to PS-NPs 
exposure. 

4.4. Behavioural effects 

Several studies demonstrated that the swimming behaviour of 
Daphnia magna is affected by diverse contaminants (Bownik, 2017), 
including micro- (De Felice et al., 2019) and nanoplastics (Nogueira 
et al., 2022; Vaz et al., 2021). No alteration in the swimming activity of 
D. magna individuals was observed over the 21-days of exposure to the 
selected concentrations of PS-NPs, neither in terms of distance moved 
nor swimming speed (Fig. 5a,b). As changes in swimming activity are 
generally related to impairment of filter-feeding activity and food 

uptake (Enserink et al., 1993), as well as to the presence of particles on 
the body appendages, these results confirmed that no detrimental al-
terations of energy reserves was caused by PS-NPs exposure. These re-
sults disagreed previous findings obtained on D. magna, whose 
swimming activity was significantly reduced as a consequence of the 
exposure to increasing concentrations of virgin (Nogueira et al., 2022) 
and sonicated (Vaz et al., 2021) PS-NPs, as well as on zebrafish larvae 
exposed to NPs of the same polymer (Chen et al., 2017). The differences 
in swimming activity occurring among the studies performed on Daphnia 
magna can be due to the concentrations of PS-NPs administered. In fact, 
a significant decrease in distance moved and alteration in the swimming 
pattern was noted after the exposure to 6.62 and 13.24 mg/L of virgin 
PS-NPs (Nogueira et al., 2022), which were about 13- and 25-fold higher 
than the maximum concentration we tested in the present study. Similar 
results, were also observed after the exposure to 0.51 mmol of PS-NPs for 
48 h. Our results showed that despite the ingestion and the accumulation 
in the digestive tract or on appendages, the exposure to low concen-
trations of PS-NPs did not alter the swimming behaviour of D. magna 
and, putatively, the mobility of these particles through the trophic chain 
in natural ecosystems (Vaz et al., 2021). 

5. Conclusions 

The present study showed that 21-days exposure to two concentra-
tions of PS-NPs might induce slight adverse effects at molecular and 
biochemical, but not behavioral, levels of biological organization to-
wards the freshwater cladoceran D. magna. PS-NPs exposure did not 
induce an oxidative stress situation and changes in swimming activity, 
but modulated the availability of energy reserves of individuals treated 
for 21 days to both the PS-NPs concentrations compared to control 
conspecifics. On one hand, the increase in energy reserves can be 
considered as a response to a stressful situation, but on the other hand it 
can be used for secondary production such as for growth and repro-
duction. However, both the hypotheses need to be verified by experi-
ments specifically planned to investigate the trade-off of energy 
allocation when organisms experience PS-NPs-induced stress. Moreover, 
in aquatic ecosystems, organisms might be exposed for their whole 
lifespan to ever-increasing concentrations of NPs originating from 
weathering of large plastic items, resulting in possibly higher toxic ef-
fects than those highlighted in this study. Thus, further studies on the 
effects of long-term exposures to increasing concentrations of NPs at 
different levels of biological organization should be necessary in order to 
shed light on the mechanism(s) of toxicity and individual consequences 
(e.g., changes in growth rate, reproductive success and transgenera-
tional effects), as well as to understand the ecological hazards related to 
these emerging contaminants for freshwater ecosystems. 
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