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Metabolomics-based analysis in Daphnia magna
after exposure to low environmental
concentrations of polystyrene nanoparticles†

Egle Kelpsiene, ab Tommy Cedervall *ab and Anders Malmendal c

Larger plastic pieces break down into micro- and eventually nano-sized plastics. This makes nanoplastics

ubiquitous in the environment, giving rise to great concern for its effect on biota. Many studies use

polystyrene nanoparticles (PS-NPs) as a model for nanoplastics, showing a negative impact on various

organisms, but the molecular effects are yet not fully explored. Here we applied 1H nuclear magnetic

resonance (NMR) metabolomics to characterize the metabolic changes in Daphnia magna during long-

term (37 days) exposure to low concentrations of positively and negatively charged (aminated and

carboxylated) PS-NPs. We show that exposure to PS-NPs at concentrations down to 3.2 μg L−1 affected

amino acid metabolism and the bacterial metabolite isopropanol in D. magna. These effects were largely

independent of particle concentration and surface charge. The results highlight the importance of (1)

performing chronic exposures under low concentrations and (2) further investigation of particles with

different surface charges.

Introduction

The global plastic production increased from 1.5 million
metric tons to 367 million metric tons between 1950 and
2020.1 Most plastic is non-biodegradable and, therefore,
remains as a waste for many years in the environment.2 It
has been calculated that almost 300 million tons of plastic
are consumed each year,3 of which 60 to 100 million tons are
mismanaged and around 90% ends up in waterways,
potentially reaching the oceans.4 An increased levels of
plastic production, improper disposal, poor waste
management, and low recovery rate, leads to hazardous

plastic waste being thrown out into the environment, which
has attracted public attention.5

Depending on size, plastic debris is mainly classified as
macro- (>5 mm), micro- (MPs, <5 mm, >1 μm), and nano-
plastic (NPs, <1 μm).6 NPs can be further divided into
primary or intentionally manufactured and secondary or
generated by fragmentation of larger plastic pieces.7 The
presence and chemical composition of NPs in seawater
samples have been found in the North Atlantic Subtropical
Gyre.8 Additionally, NPs were found and quantified in the
surface water samples from lakes and streams in Siberian
Arctic tundra (mean 51 μg L−1), a forest landscape in
southern Sweden (mean 563 μg L−1)9 and snow in the remote
high-altitude Alps, Austria (mean 46.5 μg L−1).10 There was no
PS found in the southern Sweden, however the highest
concentrations were observed for polyethylene (PE), followed
by polypropylene (PP), polyvinylchloride (PVC) and
polyethylene terephthalate (PET).9 Similarly, no PS was found
in high-altitude Alps, however the main polymers were PP
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Environmental significance

Nano-sized particles are ubiquitous; therefore, adversary effects of nanoparticles (NPs) have attracted both societal and scientific attention. Polystyrene (PS)
is one of the most used plastics, wherefore PS NPs as model particles have been widely used in the toxicity studies in various organisms. Yet molecular
mechanism behind these particles is not fully understood. Metabolomics-based studies allow identification of physiological changes in the organisms in
response to pollutants even at low concentrations. The present study shows that daphnids metabolism is affected by PS NPs at 3.2 μg L−1 after two days
exposure. The effect remains throughout the whole experiment (37 days). Therefore, chronic exposures at low concentrations should be priority when it
comes to the toxicity studies to get broader understanding about nanoplastics effects to aquatic biota. The differences between different particle
concentrations and between positive and negative surface charges were limited.O
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and PET.10 Whereas, in PS, PE, PP and PVC were found in
Siberian Arctic tundra9 and the surface waters of Italian
Subalpine.11 Breakdown of PS is also evident due to the
presence of styrene oligomers in oceans, beaches, and
waterways.8,12,13 The concentration of oligomers was shown
to be between 0.17 μg L−1 and 4.26 μg L−1 in surface waters
and 0.31 μg L−1 and 4.31 μg L−1 in deep waters.12

The small size and high surface to volume ratio allow NPs
to enter cells and interact with biological molecules more
efficiently than larger size particles.14 Besides the size,
particle surface charge also affects the toxicity.15 Nano-sized
(25 nm to 60 nm) carboxylated surface charged PS NPs that
were shown not to be toxic in the acute (24 h) exposure to D.
magna,16 appeared to be toxic in the life-time (103 days)
exposure.17 In general, 24–48 h acute toxicity exposure
scenarios are the most commonly used tests to evaluate the
adverse effects on organism's survival.18 However, acute
toxicity tests often use high concentrations of toxicants,
whereas pollutants are present at sub-lethal levels in the
natural environment.19 Thus, acute toxicity tests fail to
provide insight into how toxicity manifests at sub-lethal levels
and gives little information regarding the biochemical mode
of action. Therefore, other endpoints are needed to get
broader understanding in terms of responses to pollutants at
the molecular level.

Omics approaches such as transcriptomics, proteomics,
and metabolomics provide a broad overview of the molecular
changes underlying physiological processes affected by
toxicants.20 Metabolomics may be defined as the quantitative
measurement of the dynamic multiparametric response of a
living system to a stimuli or genetic modification.21 Nuclear
magnetic resonance (NMR) metabolomics is a highly
reproducible high-throughput approach to metabolome
analysis that require minimal sample preparation.22,23 It is
an untargeted technique, that allows detection of many
metabolites, and therefore suitable for studies where no prior
assumptions have been made.24 Here we apply NMR
metabolomics to study abnormalities in the metabolism
associated with toxicity of environmental pollutants.

Metabolomics have previously been used to study the
metabolic responses of D. magna induced by various
toxicants, such as silver (Ag) nitrate and Ag NPs,25 PE MPs,26

pharmaceuticals,27 cadmium,28 arsenic, copper, lithium,29

insecticides, or industrial chemicals.30,31 It has been shown
that released Ag+ induced disturbance in energy metabolism
and oxidative stress,25 PE MPs downregulated
phosphatidylcholine and upregulated
phosphatidylethanolamine, as well as induced the
degradation of amino acids,26 copper and lithium altered
production of neurotransmitters and impaired energy
metabolism29 to D. magna.

D. magna, used in the present study as a model organism,
are small (<1–5 mm) freshwater filter-feeder crustaceans
which play a key role in food webs.32 Under laboratory
conditions the lifespan of most Daphnia species is
approximately 60 days.32 During that time, a daphnid

neonate goes through four to six juvenile instars before it
produces eggs for the first time after approximately 5–10
days.32 Daphnia species have become important model
organisms in both ecology and toxicology studies due to their
sensitivity to environmental contaminants.32 Various adverse
effects, such as increased mortality, inhibited reproduction,
induced abnormal embryonic development, alterations in
swimming pattern, increase in superoxide dismutase activity,
caused by PS NPs to D. magna have previously been
shown.16,17,33–38 Most of the studies performed acute (24–48
h) toxicity test using high PS NPs concentrations, ranging
from 500 μg L−1 to 1.5 × 105 μg L−1.16,33,36,38 Unfortunately,
there are not many studies that focus on a long-term
exposure at lower concentrations of PS NPs.

Despite the well-known adverse effects caused by NPs, the
molecular mechanisms behind PS NPs are largely unknown
and, therefore, need to be further investigated. Therefore,
this study focuses on the metabolic responses on D. magna
after a long-term exposure to low environmental
concentrations of PS NPs with different surface charge but
similar size, by using 1H NMR metabolomics. The study aims
to analyze how the metabolome is affected by PS NP type,
concentration, and daphnid aging.

Materials and methods
Preparation and characterization of polystyrene nanoparticles

Positively (aminated, PS-NH2, diameter size of 53 nm, catalog
number: PA02N, 9.1% solids) and negatively (carboxylated,
PS-COOH, diameter size of 62 nm, catalog number: PC 02003,
10.1% solids) surface charged PS NPs were purchased from
Bangs Laboratories Inc. (https://www.bangslabs.com). These
particles suspension might contain sodium azide, therefore
before the experiment, particles were diluted to 10 mg mL−1

and dialyzed in Standard RC Tubing, dialysis membrane
(MWCO: 3.5 kD) for 72 h in 10 L of MilliQ water. The water
was changed after 4 h the first day and once a day on the
following days. Dialysis was performed to remove additives
from the NPs and to create a stock solution suitable for
toxicity testing of NPs. The particle sizes were measured in
triplicated using DLS on DynaPro Plate Reader II (Wyatt
instruments, USA) 3 days and 2 months after dialysis to
ensure that particle aggregation after dialysis did not occur.
Zeta potential measurements were performed in MilliQ water
(100 mg L−1 of NPs) and in tap water at 25 °C using a
Zetasizer Nano ZS instrument (Malvern Instruments,
Worcestershire, UK). Measurements were repeated three
times and averaged for three consecutive analyses of the
same sample.

Study organisms

The filter feeder D. magna culture used in the present study
originates from Lake Bysjön, Southern Sweden (55°40′31.3″N,
13°32′41.9″E) and has been kept in the laboratory for several
hundred generations. The culture was fed ad libitum 2–3
times per week with an algae diet mainly composed of the
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green algae Scenedesmus sp. Additionally, there might be
blue-green algae in the culture. Before the feeding, the algal
culture was filtered through 20 μm mesh filter to remove
larger algal species, such as cyanobacteria, from the culture.
The algal culture was fed with 250 μL of liquid plant nutrient,
containing 5.1 g nitrogen, 1.0 g phosphorus, and
microelements per 100 mL. Both Daphnia and algal cultures,
as well as experimental groups were maintained at 18 °C at
an 8 : 16 h light/dark photoperiod.

Exposure to polystyrene nanoparticles

A long-term (37 days) experiment on D. magna was performed
to analyze the effects on metabolites after exposure to three
different environmentally relevant concentrations (320, 32
and 3.2 μg L−1, or 3.91 × 109 particles per mL and 2.44 × 109

for PS-NH2 and PS-COOH, respectively at concentrations of
320 μg L−1) of PS particles of different surface charge with
similar sizes. Two-five days old D. magna individuals from
the same population were randomly assigned to the different
groups. Ten individuals were put into a 100 mL uncovered
glass beaker with 80 mL total exposure volume (5 replicates
for each treatment, 10 individuals in each replicate). The first
batch of samples were fixed after 2 days exposure, whereas
the following samples were fixed every 7 days on a similar
time of the day. D. magna individuals were transferred into
Eppendorf tubes and immediately after placed in a mixture
of dry ice and 99% acetic acid to quench the metabolism. D.
magna samples were subsequently lyophilized and stored at
−80 °C before further analysis. The remaining D. magna
individuals were gently transferred to the fresh tap water,
containing 5 mL (∼500 μg L−1) of food (algae), with
(treatment) or without (control) NPs, by using a 1 mL plastic
pipette with a removed tip to reduce handling stress. The
fresh medium was changed once a week after samples were
collected and fixed. The pH was measured for all treatments
and remained stable throughout the exposure period (pH
7.19 ± 0.75). Offspring were removed once a week. The
reproduction rate was not followed in the present study.

Sample preparation

Immediately before NMR measurements, the samples were
rehydrated in 200 μL of 37.5 mM phosphate buffer (pD 6.95)
in heavy water (D2O) by shaking at 800 rpm at 22 °C for 45
min. The buffer contained 0.747 mM of the chemical shift
reference (trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt
(TSPd4), and 0.05% w/v of sodium azide to prevent bacterial
growth.

NMR spectroscopy

The NMR measurements were carried out at 25 °C on a
Bruker Avance-III 700 spectrometer (Bruker Biospin,
Germany) operating at a 1H frequency of 700.20 MHz and
equipped with a and 5 mm QCI cryoprobe. The 1H NMR
spectra were acquired using a noesygppr1d experiment. The
water signal was suppressed by presaturation and a total of

64k data points spanning a spectral width of 30 ppm were
collected in 128 transients. The spectra were processed
using Topspin (Bruker). An exponential line broadening of
0.5 Hz was applied to the free induction decay prior to
Fourier transformation. All spectra were referenced to the
TSPd4 signal at 0 ppm, phased, and baseline corrected. The
spectra were aligned using icoshift,39 and the region around
the residual water signal (4.84–4.74 ppm) was removed. The
spectra were normalized by probabilistic quotient area
normalization,40 and the data were scaled using Pareto
scaling41 and centered.

NMR data analysis

Initially, the whole dataset was subjected to principal
component analysis (PCA).42 Multivariate analysis of
variance (MANOVA) was used to determine whether (1) there
were significant effects of daphnid aging, as well as the
presence, concentration, and type of PS NPs, and (2) to
identify the lowest PS NPs concentration that caused a
significant metabolite response. For all NP-related
properties, the analyses were made at each day. For an
effect to be judged as significant the median p-value across
ages needed to be <0.001. Then, orthogonal projection to
latent structures discriminant analysis (OPLS-DA) models
were created to separate the different daphnid aging days
for control (without PS NPs) and treatment (D. magna
exposed to PS-NH2 or PS-COOH NPs) groups. OPLS-DA
models are multivariate models that predict group
membership based on multivariate input, in this case, the
NMR spectra. The model separates variations due to group
membership from other (orthogonal) variations.43 This
allows us to focus on the spectral changes between different
types of samples. The OPLS-DA scores used for further
analysis were calculated using cross validation, where
models were made with randomly chosen groups of samples
left out one at a time, after which the scores were calculated
for the left-out samples to avoid overfitting. Significant
spectral correlations were identified by applying sequential
Bonferroni correction ( p < 0.05) for an assumed total
number of 50 metabolites. The correlations were performed
in MATLAB (The MathWorks, Natick, MA). Signal
assignments were based on chemical shifts using earlier
assignments and spectral databases.44,45 All multivariate
analyses were performed using the Simca-P software
(Umetrics, Sweden). Aging and PS NP type effects for
individual metabolites were calculated using 2-way ANOVA.

Results
Characterization of polystyrene nanoparticles

PS NPs were measured both 3 days and 2 months after
dialysis to ensure that NPs did not aggregate during the
exposure period. DLS measurements showed the sizes to
be slightly lower compared to the information provided by
a supplier (46.37 ± 0.49 nm and 50.85 ± 8.74 nm for PS-
NH2 and PS-COOH, respectively), however particle sizes
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remained stable during the exposure period (Fig. 1). Zeta
potential analysis showed that PS-NH2 and PS-COOH NPs
(100 mg L−1) in MilliQ water had positive (+26 ± 3 mV)
and negative (−37 ± 4 mV) charges, respectively. The
Z-potential measured in tap water showed similar values
(ESI† Fig. S1).

Identification of significant effects of daphnid aging, and the
presence, concentration, and type of polystyrene
nanoparticles

First, we used MANOVA on the scores from principal
component analysis (PCA) to test if there was an effect of the
daphnid aging in the control group (without PS NPs). The
data shows that there was a significant effect of daphnid age
( p = 7.9 × 10−11). Secondly, we tested if there was an effect of
presence, concentration, and type of NPs by using MANOVA
on the PCA scores at different daphnid ages (Table S1†). This
analysis shows an effect of the presence of NPs ( pmedian = 1.9
× 10−6) and this effect is significant even at the lowest (3.2 μg
L−1) PS-NP concentration ( pmedian = 3.8 × 10−4). This effect is
significant already after 2 days ( p = 6.5 × 10−9). On the other
hand, there were no significant effects of PS NP
concentration or type of PS NPs. Yet, we chose to show data
for PS-NH2 and PS-COOH NPs separately.

Overall changes in the D. magna metabolome as a function
of daphnid aging

The OPLS-DA model allows us to focus on the effects of
daphnid age and exposure to PS NPs on the D. magna
metabolome (Fig. 2). For untreated (control group) the
metabolome changes in one direction until an age of 16 days,
displaying an increase in alanine, asparagine, glutamate,
glutamine, isoleucine, leucine, lysine, phenyl alanine,
tyrosine, valine, lactate, and methionine sulfoxide; and a
decrease in glucose, glycogen, nucleic acids, and isopropanol.
Then they change in another direction, with increases in
glucose, glycogen, and lactate, and at 23 days they turn back
again meaning that the metabolome of the 37-day old D.

Fig. 1 Characterization of PS NPs used in the present study. Size (A)
and polydispersity (PD, B) measurements taken in triplicates by using
DLS. Horizontal bars and error bars represent mean values and
standard deviations.

Fig. 2 Cross-validated OPLS-DA scores describing the variation in the metabolome between D. magna at different daphnid ages in the absence
(control group) of PS NPs (black line), and in the presence of PS-NH2 (blue line) and PS-COOH (red line) NPs. Fig. 2A shows CV score 1 as a
function of CV score 2, while Fig. 2B and C show CV score 1 and CV score 2 as a function of daphnid aging and the direction of the associated
changes in metabolite concentrations. The values are averages for all concentrations of each NP type. Error bars are standard errors.
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magna individuals is quite similar to that of the 16-day old
(Fig. 2). The metabolome of the D. magna exposed to PS NPs
with different surface charges follows a similar pattern as the
control group in that it changes in one direction from day 2
to 16 and then in another direction, until day 23, after which
they change again, however the starting point and directions
of the changes are slightly different (Fig. 2).

Effects on individual metabolites

Metabolite effects due to daphnid aging and exposure to
surface charged PS NPs were identified using 2-way ANOVA.
Metabolite variation between D. magna at different aging in
the absence (control group) and in the presence of PS NPs
(treatment) are shown in Fig. 3 and significant metabolites
both overall and for the lowest metabolite concentration (3.2
μg L−1) are listed in Table 1. In total, 15 significantly affected
metabolites were identified from the 1H NMR spectra (Fig. 3).

Discussion

In the present study, D. magna were exposed to low
concentrations of differently surface charged PS-NPs for 37
days. Interestingly, positively and negatively charged particles
induced similar metabolic changes. In general, positively
surface charged PS NPs often exhibit greater effects
compared to negatively surface charged NPs.35 However, no
difference in the toxicity, as similar to the results observed in

the present study, have been seen in the toxicity towards D.
magna after a life-time exposure to differently surface charged
PS-NPs.17 There are no clear answers regarding why positive
functionalization shows higher toxicity compared to negative
one. However, one of the explanations to the lack of
differences in the toxicity can be that in the long-term
experiment the particle's hydrophobic regions are more
important than functional groups. Positively surface charged

Fig. 3 Metabolite variations between D. magna at different daphnid aging in the control group (black line) and in the presence of either PS-NH2

(blue line) or PS-COOH (red line) NPs. Error bars are standard errors.

Table 1 P-values for metabolite responses to daphnid aging (‘aging’), PS
NP exposure to all concentrations (‘PS NPs’), and the lowest concentration
only (‘3.2 μg L−1 of PS NPs’) determined using 2-way ANOVA. The p-values
are not corrected for multiple testing

Metabolite Aging PS NPs 3.2 μg L−1 of PS NPs

Asparagine 3.6 × 10−32 3.1 × 10−8 8.5 × 10−7

Glutamate 4.2 × 10−26 4.2 × 10−9 1.4 × 10−7

Glutamine 4.8 × 10−18 0.014 0.13
Isoleucine 3.5 × 10−22 2.9 × 10−7 4.1 × 10−5

Leucine 6.9 × 10−20 3.2 × 10−6 2.2 × 10−4

Lysine 4.1 × 10−17 3.1 × 10−6 3.2 × 10−4

Phenylalanine 5.0 × 10−19 1.7 × 10−7 3.5 × 10−5

Tyrosine 1.5 × 10−9 6.3 × 10−6 2.1 × 10−4

Valine 2.1 × 10−24 6.2 × 10−8 4.3 × 10−6

Methionine sulfoxide 1.7 × 10−35 1.8 × 10−9 2.3 × 10−8

Glucose 2.8 × 10−15 0.25 0.15
Glycogen 7.9 × 10−5 1.4 × 10−4 9.2 × 10−6

Unidentified sugar 1.2 × 10−6 4.8 × 10−5 1.7 × 10−6

Nucleic acid(s) 1.1 × 10−31 0.097 0.38
Isopropanol 1.4 × 10−9 1.7 × 10−28 8.6 × 10−17
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particles are often seen as a model for cationic NPs, whereas
negatively surface charged particles as anionic particles.46

The role of hydrophobic regions for the toxicity can be
enhanced by reducing the number of amino groups on the
surface of the particle, by cationic groups binding with
certain components to shield the positive charge, which
consequently decreases the interaction between cell
membrane and NPs.46 Furthermore, it has been shown that
the affinity of biomolecules binding to the surface of the
particle with a carboxylic group is weaker at pH 7, which can
further affect the presence of other molecules and ions and
the toxicity.47 The differences in biomolecules binding to PS
NPs with amino and carboxylic groups have previously been
shown for PS NPs after being filtrated by D. magna.48

Already at the lowest PS NP concentration (3.2 μg L−1)
there was a significant effect on the metabolome. This is far
below the concentrations of nanoplastics found in different
environments, such as Siberian Arctic tundra (50 μg L−1), a
forest landscape in southern Sweden (560 μg L−1),9 and snow
in the remote high-altitude Alps, Austria (46 μg L−1).10

Furthermore, this concentration (3.2 μg L−1) is within the
concentration range of breakdown styrene oligomers in
surface waters (between 0.17 μg L−1 and 4.26 μg L−1) and in
deep waters (0.31 μg L−1 and 4.31 μg L−1) in the Pacific
Ocean.12 It is hundred times lower than previously measured
toxic concentrations for life-time (103 days) exposure of D.
magna to 62 nm PS-COOH and 53 nm PS-NH2.

17 A low-dose
stimulation and a high-dose inhibition is a common
phenomenon, called hormesis, observed in biology:49 at the
lowest dose, organisms have a maximum stimulatory
response in comparison with a higher concentration of
toxicants. This can partly explain why we see effects already
at the lowest concentrations used here.

The NP concentration of 3.2 μg L−1 is not only very low
compared to concentrations used in other NP studies but is
also low compared to a variety of pollutant concentrations
used in ecotoxicity studies. For example, zebrafish Danio rerio
has been exposed for 30 days to 44 nm PS NPs (1, 10, and
100 μg L−1)50 and for 96 h to ∼190 nm PE NPs (5 × 105 μg
L−1).51 Additionally, D. magna has previously been exposed
to MPs and NPs, for example, 24 h exposure to 20
μm and 30 μm PE MPs (2–6 × 104 μg L−1),26 5 days exposure
to 52 nm PS NPs (5 × 103 μg L−1),34 and 21 days exposure to
∼71 nm PS NPs (500–2 × 103 μg L−1).52

We observed that upon aging, the metabolome in both
untreated control and PS NP exposed D. magna follow the
same pattern (Fig. 1A). This suggests an unaffected timing of
the daphnids' developmental stages (e.g., juvenile, first and/
or second egg development). Previously, Zhang and co-
authors53 showed that D. similis start to develop the first eggs
in the brood chamber already after 5–7 days, whereas the
second egg development might start after another 5–6 days.

A total of 15 significantly affected metabolites were
identified (Table 1), 12 of which were affected in response to
PS NPs. Many of these were amino acids that changed in the
same way with daphnid aging and between control and

treatment groups (Fig. 3). Amino acids have been shown to
be intimately linked to most biochemical pathways related to
stress.30,54 For example, lysine is among amino acids that are
stored by crustaceans as energy reserves during molting
cycles.55 Temporary periods of starvation are experienced
during the molting process in crustaceans, such as prawns,
crabs, or shrimps, during which individuals use reservoirs of
amino acids.55 An increased stress level could make the
daphnid less resilient to other stress factors such as
predators, lack of food, temperature, and ultraviolet (UV)
radiation.

If we look at individual amino acids, an increase in lysine
has been associated with alterations in molt frequency and
disruption of normal hormone signaling.56 The increase of
frequency of molt has previously been shown in D. magna
after exposure to 2 ± 1 μm PVC MPs.57 Furthermore, the
present data shows that glucose levels varied significantly
due to daphnid aging but were not affected by PS NPs
(Table 1). It is known that Daphnia species are able to
maintain minimal levels of the energy molecule glucose for
survival,58 however the main change in glucose was observed
at exactly day 23 (Fig. 3), which might be explained due to
daphnid aging. Disturbed glucose metabolism has previously
been observed in aged zebrafish.59,60 Additionally, a short (24
h) exposure to 20 μm and 30 μm PE MPs have been shown to
significantly interfere with energy metabolism in D. magna.26

Changes in aromatic amino acids such as phenylalanine
and tyrosine have been associated with disruptions in
catecholamine synthesis,28 where elevated catecholamine
levels as a response to environmental stressors.61

Phenylalanine is the precursor to tyrosine, which is used to
produce neurotransmitters such as octopamine and
dopamine62 and pigment compound melanin.63 The increase
in phenylalanine in response to PS NPs might lead to lower
amount of pigmentation.64,65 This is an important factor for
daphnids as several Daphnia species have ability to maintain
their pigmentation by coping and responding to UV
radiation.66

The most significant effect of PS NP exposure was a
decrease in isopropanol while similar changes with time are
observed both control and treatment groups (Fig. 3).
Microorganisms, for example Lactobacillus brevis, Clostridium
beijerinckii, C. aurantibutyricum, C. ragsdalei, and
Acetobacterium woodii, are known to produce isopropanol
from acetone.67–69 The decrease detected here might indicate
that the bacterial conversion of acetone to isopropanol
through isopropanol dehydrogenase is affected.70

Conclusions

In the present study, we aimed to answer how the D. magna
metabolome is affected by PS NPs and their charge and
concentration, as well as by daphnid aging, using 1H NMR-
based metabolomics. First, we wanted to see if there is an
effect of PS NPs, and at which concentration such an effect
occurs. Our results show that significant effects on amino
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acids metabolism and the bacterial metabolite isopropanol
were already observed at the lowest concentration (3.2 μg L−1)
used here. These effects appeared already after two days and
remained throughout the experiment (37 days). Secondly, we
wanted to see if PS NPs with different surface charges affect
the metabolome differently. The results show that exposure
to 53 nm PS-NH2 and 62 nm PS-COOH NPs gave rise to very
similar effects. This is an important observation, as PS-
COOH NPs have previously been shown to be non-toxic after
acute (24 h) exposure. Additionally, daphnids aging also had
significant effects on amino acids metabolism and the
bacterial metabolite isopropanol.

Metabolomics-based studies allow us to better
understand the physiological state of an organism and its
response to different types of stimuli, including pollutants.
The obtained results highlight that daphnids' metabolism
can be affected significantly regardless of the surface charge
of PS NPs after a long-term exposure even at low
concentrations. The present study shows the effect of PS
NPs on the D. magna endometabolome, the metabolites kept
by the D. magna, therefore future studies may also focus in
the exometabolome, the metabolites that are excreted into
the exposure medium. Here we used model PS particles
with defined sizes and shapes. Future studies may evaluate
the metabolic response after exposure to more
environmentally realistic nanoplastics with greater diversity
in shape and size.
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