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creates a need to understand their combined toxicity. It can differ from the single toxicity
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1 Introduction

1.1 Microplastic pollution

1.1.1 Global plastic pollution

Global plastic pollution is a growing concern. The use of plastics has changed dramatically since the
invention of the first synthetic plastics in the beginning of 20" century (Geyer et al., 2017). The
special characteristics of plastic, such as its versatility and durability as well as its low price, led to
its use expanding from military purposes to other products as well (Dey et al., 2021; Jansen, 2023).
Plastic polymers, most often made from monomers obtained from fossil hydrocarbons (Jansen et al.,
2023), are nowadays used for many purposes from packaging to building, consumer products, trans-
portation and electronics (Geyer et al., 2017). In 2017 the annual production was already around 438
million tons (UNEP, 2021), and it has been estimated that a total of 8.3 billion tons of plastic had
been produced by 2020 (Dey et al., 2021). Only 10% of all plastic has been recycled or reused since
1950s (UNEP, 2021), and almost 60% of all the plastic produced has been estimated to have ended
up to landfills or to the natural environment (Dey et al., 2021), which may result in around 12 billion

tons of plastic waste by 2050 (Jansen et al., 2023).

1.1.2 Microplastics

Plastic debris found in nature can be either macro-, meso-, micro- or nanoplastic, depending on its
size. The definition of microplastic (MP) size varies between publications, but the classification used
by e.g. The European Food Safety Authority (EFSA, 2016) is 0,1-5000 pm for MP. (Hartmann et al.,
2019; Pikuda et al, 2023.) MPs can be primary or secondary particles. Primary MPs are manufactured
plastic particles, that are used e.g. in cosmetics, pharmaceuticals, and clothing, and that end up in the
environment as micro sized particles (Funke et al., 2024; Atugoda et al., 2021). Secondary MPs and
further secondary nanoplastics (NPs) form when macro- and mesoplastics degrade in the environment
e.g. as a result of photodegradation and other physical, chemical and biological factors causing the
fragmentation of the macromolecules (Atugoda et al., 2021; Prasad et al., 2023). Polyethylene (PE),
polystyrene (PS) and polypropylene (PP) are the MP polymers most often found in the aquatic envi-
ronments (Mao et al., 2018).

1.1.3 MP in the environment
MP can be found globally in most ecosystems, involving land, air and aquatic environments (Funke

et al., 2024; Samadi et al., 2022). Because of sewage discharge and rainwater scouring, a larger



amount of MP particles ends up in aquatic environments (Funke et al., 2024). MPs have been found
in seas both in pelagic and benthic areas, as well as in coasts, estuaries and fresh waters, also including
arctic lakes (Atugoda et al., 2021). MP concentrations found in different aquatic environments vary
between areas and studies (Table 1). That can be explained by several factors, such as the proximity
to anthropogenic activities, but also different sampling methods that can affect the observations
(Grbi¢ et al., 2020; Talbot & Chang, 2022). The sampling method affects e.g. when and where the
sampling can be performed, as well as what MP particles sizes can be detected (Uurasjérvi et al.,
2020). In addition, other factors such as seasonality and precipitation can affect observed MP con-
centrations. Different sampling methods and other sampling procedures can impact the reported MP

concentrations and comparability between studies. (Talbot & Chang, 2022.)

Table 1. Examples of MP concentrations observed in freshwater and marine environments.

Body of water Location information =~ MP concentration References

Antua River Portugal 5-51.7 mg/m? Rodrigues et al. (2018)
Baltic Sea Gulf of Finland 0.2—1.3 particles/m? Setila et al. (2016)
Florida Keys lagoon US 76000 PS particles/L Badylak et al. (2021)
Lake Kallavesi Finland 0.27-155 particles/m? Uurasjarvi et al. (2020)
Lake Taihu China 3.4-25.8 particles/ L Su et al. (2016)
Mediterranean Sea Israeli coast 7.68 £ 2.38 particles/m? van der Hal et al. (2017)

MP concentration (mg/L) can be estimated from the number of particles per liter if the weight of the
average MP particle is known (Esterhuizen et al., 2023). Hwang et al. (2020) have calculated the
average weight of 3 um PS particles to be 0.015 ng. Based on their estimates including the weight
and also the annual intake of particles of different sizes, it is possible to propose that the weight of a
100 pm PS-MP particle would be about 0.5 ng. The size of the PS particles in the study by Badylak
et al. (2021) ranged from 33 to 190 um, with an average closer to 100 um. Based on the estimated
values, the 76000 particles in liter reported in Florida Keys could be converted to a concentration in

the range of approximately 30-40 ug/L for PS-MPs alone.

1.2 Pharmaceutical pollution
1.2.1 Pharmaceuticals
Increasing attention has also been paid to the prevalence of pharmaceutical compounds in aquatic

environments and their potential toxicity (Haap et al., 2008; Parolini, 2020). Medicinal substances



are widely used to treat both humans and animals, and despite of regulations big amounts of pharma-
ceuticals end up in the environment (Drzymata & Kalka, 2024; Parolini et al., 2020). Urban
wastewater is a particularly significant source of pharmaceutical emissions globally. In addition, hos-
pitals, industry, and agriculture, among others, are responsible for pharmaceuticals ending up in the
environment (aus der Beek et al., 2016). The efficiency of wastewater treatment plants in removing
pharmaceuticals is often low, and pharmaceuticals and their metabolites most typically end up in
water systems through them, causing significant pharmaceutical pollution especially in surface wa-
ters. Pharmaceuticals consist of different kinds of substances that are intended to cure medical con-

ditions by producing a specific effect on the target organism. (Parolini et al., 2020.)

1.2.2 Nonsteroidal anti-inflammatory drugs and diclofenac

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used to treat pain and inflammation.
They are one of the most commonly occurring pharmaceutical groups in the environment, where they
end up both in their original form and as metabolites after excretion. (Du et al., 2016; Parolini, 2020.)
The NSAID most often found in the aquatic samples worldwide is diclofenac (DCF), 2-(2-(2,6-di-
chlorophenyl)amino)phenyl)acetic acid. It is particularly used for diseases such as arthritis, rheuma-
toid arthritis and osteoarthritis. (aus der Beek et al., 2016; Olaitan et al., 2014; Parolini, 2020.) DCF
has been in use since the 1970s, and today it is globally used to a large extent as an over-the-counter
medicine for humans, as well as for treating domestic animals (Drzymata & Kalka, 2024; Parolini,
2020; Sathishkumar et al., 2020). Wastewater treatment plants are not able to remove most of the
DCF, and its concentrations have been increasing (Sathishkumar et al., 2020). One characteristic of
DCEF is its susceptibility to photodegradation. Especially in summertime its environmental concen-
tration can be affected by light, but on the other hand photodegradation can also lead to the formation
of by-products, some of which may have potentially even more adverse effects on the environment

than the parent compound itself. (Boreen et al., 2003; Qutob et al., 2023; Sathishkumar et al., 2020.)

1.2.3 DCF in the environment

Despite the fact that the consumption of many medicines has decreased due to regulation, e.g. in the
EU, the use of DCF has continued to rise and the global annual consumption of DCF has increased
from an average of 1443 tons in the early 2010s (Acuia et al., 2015; Drzymata & Kalka, 2024) to
2119 tons in 2020 (Acuiia et al., 2020). It is estimated that around 75% of the used DCF ends up in
the environment. DCF can be found in multiple aquatic environments including surface waters,
groundwater, seawater and wastewater. It ends up to surface waters, e.g. in lakes, canals and rivers,

especially in densely populated areas or near extensive farming. (Sathishkumar et al., 2020.) Among
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the highest environmental concentrations reported for DCF so far are 15.013 pg/L in Erft river in
Germany (Jux et al., 2002) and 18.74 pg/L in surface water in western Europe (aus der Beek et al.,
2016). Also, an even higher DCF concentration of 57.16 pg/L has been detected in surface water of
an irrigation canal in Nigeria (Sathishkumar et al. 2020), while the global average has been estimated
to be 0.032 pg/L in surface, ground and drinking waters (aus der Beek et al., 2016). Reported con-
centrations of DCF and other NSAIDs in the aquatic environment may not seem high, but the increas-
ing discharge and high biological activity of these pharmaceuticals may cause potential harm to non-

target organisms (Du et al., 2016; Parolini, 2020).

1.3 Toxic effects of MPs and pharmaceuticals

1.3.1 Effect of PS-MP

There is a large number of research investigating the toxicity of MP to aquatic organisms, especially
to the cladocerans Daphnia spp. Many studies have concentrated on the species Daphnia magna.
(Funke et al., 2024; Pikuda et al., 2023.) There is a lot of variation in the MPs used in those studies,
including different plastic polymers, sizes, and shapes, and the effect of PS-MP have been investi-
gated in sizes from 0.02 - 150 pm and with concentrations ranging from 0.01 mg/L to 1000 mg/L
(Pikuda et al., 2023). Variation of i.e. MP polymers, sizes and shapes can however make the com-
parison between studies difficult, especially when not all studies provide all this information
(Pikuda et al. 2023; Samadi et al, 2022). In addition, MP types used in the studies do not always
represent well the MPs found in the environment, for example most studies have used spherical MP
particles, when fragmented MP particles are reported to be most commonly found in the aquatic en-
vironment (Phuong et al., 2016; Pikuda et al. 2023; Samadi et al, 2022; Wright et al., 2013). In con-
trast, however, some other studies have identified fibers as the most abundant type among MPs in
the aquatic environment (Malla-Pradhan et al., 2023), as well as among MPs and macroplastics to-
gether (Bagaev & Chubarenko, 2018). Many kinds of adverse effects of PS-MP have been observed
on D. magna. Acute and chronic exposures, including also multigenerational studies (Schiir et al.
2020), have shown to cause oxidative stress (Esterhuizen et al., 2023), changes in growth, reproduc-
tion, and behavior (De Felice et al., 2019; Eltemsah & Bohn, 2019; Trotter et al., 2021), proteomic
changes (Trotter et al., 2021), as well as immobility (Eltemsah & Behn, 2019) and mortality on D.
magna (Schiir et al. 2020).

The toxicity of MPs can be explained by chemical or physical toxicity depending e.g. on polymer
type. PS is considered as an inert polymer (Esterhuizen et al., 2023), that is composed of styrene

monomers (Schellenberg, 2009). Leaching of chemicals, such as styrene oligomers, from the PS-MP,



could potentially affect aquatic organisms like D. magna (Mueller et al., 2020). The effect is however
dependent on the circumstances, especially on the PS-MP concentration in the environment (Ester-
huizen et al., 2023). In addition to potential toxic responses induced from plastic released contami-
nants, ingestion of MP can lead to accumulation of MP particles in the gut system of filter-feeders
and interfere digestion (Rist et al., 2017; Samadi et al., 2022). The break-down rate of the MPs is
slow, and it is possible that MPs and the chemicals leaking from them will bioaccumulate in food

chain (Pikuda et al., 2023; Smith et al., 2018).

1.3.2 Effect of DCF

As an NSAID, DCF inhibits the synthesis of prostaglandins that leads to inhibition of cyclooxygenase
(COX) enzymes (Brausch et al., 2012; Parolini, 2020). This is also known to contribute to oxidative
stress by impacting antioxidative responses and increasing production of reactive oxygen species
(ROS) (Augello et al., 2025; Gémez-Olivén et al., 2014; Ryan et al., 2008). The toxic effect of DCF
has been studied on aquatic organisms including D. magna. The DCF concentrations used in toxicity
tests have ranged from 0.50 mg/L to 486 mg/L, including both acute and chronic tests on D. magna.
(Du et al., 2016; Parolini, 2020.) Oxidative stress is one of the adverse effects of DCF observed on
D. magna (Nkoom et al., 2019; Nkoom et al., 2022). Other effects of DCF observed in studies on D.
magna so far include impairment of reproduction (Du et al., 2016; Lee et a., 2011; Liu et al., 2017),
behavioral changes (Nkoom et al., 2019; Nkoom et al., 2022), changes in gene expression (Liu et al.,

2017; Nkoom et al., 2022) and acute toxicity (Du et al., 2016; Ferrari et al., 2004; Haap et al., 2008).

1.3.3 Combined toxicity of PS-MP and DCF

The fact that multiple stressors are present in the environment makes it more complex to assess the
toxicity of MP (Funke et al., 2024). Co-occurrence with pharmaceuticals is one notable factor that
can influence the effects of MP on aquatic organisms. In aquatic environments organic contaminants,
including pharmaceuticals and personal care products (PPCPs), can accumulate to the MP surface
resulting in high amounts of contaminants found in MPs. (Atugoda et al., 2021.) As a result, MPs can
act as vectors for many pollutants (Du et al., 2021; Yang et al., 2024). The high surface to volume
ratio of MPs and their surface properties make the sorption of contaminants efficient, and it is possible
to find much higher concentrations of organic contaminants on MPs than in surrounding waters and
in the sediments (Atugoda et al., 2021; Hartmann et al., 2017; Yang et al., 2024). Different kinds of
factors are affecting the sorption capacity of MPs, including environmental factors, such as pH and
ionic strength, and the properties of PPCP and of MP, especially MP polymer type. PS is a weakly

polar polymer, and it can interact with neutral molecules of PPCPs through hydrophobic interactions
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or through adsorption-based interaction, the pore-filling mechanism. (Atugoda et al., 2021.) In the
sorption of DCF or other NSAIDs on PS the n—n interactions are also in a significant role. The n—n
interactions result from non-covalent bonds between the aromatic compounds of both PS particles
and PPCP compounds. (Zhang et al., 2017.) The environmental factors are shown to affect the sorp-
tion of DCF by PS, especially increasing pH has caused decrease in the sorption capacity (Elizalde-
Velasquez et al., 2020).

The combined effect of MP and PPCP can be additive, or then synergistic with higher toxic effect
than would be expected for MP and PPCP alone, or antagonistic, with lower toxic effect of the com-
bination (Bell, 2005; Lee et al., 2023; Pablos et al., 2015). Factors that are connected to antagonism
involve e.g. the large size of MP particles, which can prevent both MPs and their surface-adsorbed
PPCP from entering the organism, and the opposite biological effects of the two contaminants in the
organism. Synergism may instead result e.g. from increased entry of adsorbed PPCP into the organ-
ism together with sufficiently small MP particles, or from complementary biological effects of the

compounds. (Yang et al., 2024.)

So far there are no published studies regarding the combined toxicity of PS and DCF on D. magna.
Some studies of the combined effect of PS and other pharmaceuticals on D. magna however exist,
involving the combined effect with carbamazepine (CBZ) on reproduction (He et al., 2023), with
roxithromycin (ROX) on biological responses (Liu et al., 2022; Zhang et al., 2019), and with triclosan
(TCS) on acute toxicity (Pashaei et al., 2023). The combined toxicity of PS-MP or PS-NP and DCF
have been studied on other organisms than D. magna, including algal species (Ding et al., 2023) and

zebra fish (Danio rerio) (Kandaswamy et al., 2024).

1.4 Use of D. magna in ecotoxicological studies

1.4.1 Daphnia characteristics

Daphnia are planktonic crustaceans belonging to the suborder Cladocera, also known as water flea
(Siciliano et al., 2015; Thakur & Kocher, 2018). They are common in freshwater environments such
as in lakes and other standing freshwater reservoirs and they have an important ecological role in
pelagic ecosystems (Miner et al., 2012; Siciliano et al., 2015; Thakur & Kocher, 2018; Tkaczyk et
al., 2021). As efficient grazers of e.g. phytoplankton and as important food source for predatory in-
vertebrates and planktivorous fish, they have a central role both for the primary and secondary

productivity in aquatic food webs (Miner et al., 2012; Siciliano et al., 2015).



1.4.2 D. magna life stages

D. magna is the largest herbivorous cladoceran, and its size can range from 0.5 mm of youngest
daphnids to even more than 6 mm of adult daphnids (Tkaczyk et al., 2021). The life cycle of D. magna
is usually under two months, and the maturity is reached in 5 to 10 days after hatching (Castro et al.,
2020). Daphnids less than or 24 h old are considered neonates (Esterhuizen et al., 2023). It is possible
that Daphnia sensitivity to toxicants is age-dependent (Adema, 1978; Traudt et al., 2017). For in-
stance, some studies suggest neonates to be more sensitive to some metals such as cadmium (Cd)
(Traudt et al., 2017) and chemicals such as Corexit 9500 (Salehi et al., 2017). Eltemsah & Bghn
(2019) who exposed D. magna with PS-MP found that survival, growth and reproduction of neonates
were more affected than those of adult daphnids. The different effects of toxicants on the daphnid life
stages can be explained by differences in biochemical, physiological and ontogenic characteristics,
including the smaller size of neonates compared to adults (Bianchini & Wood, 2008; George-Ares &
Clark, 2000). In general, early juvenile stages have been shown to have higher sensitivity than the
older ones, e.g. related to various factors such as lower metabolic capability or incomplete develop-
ment of organs and organ systems, as well as immature enzymatic systems, that can potentially reduce

the ability to counteract the effects of toxicants (George-Ares & Clark, 2000; Mohammed, 2013).

1.4.3 D. magna as a bioindicator species

D. magna is a commonly used bioindicator species in ecotoxicological studies (Pikuda et al., 2023;
Siciliano et al., 2015). As a definition bioindicator species is “a species or group of species that readily
reflects the abiotic or biotic state of an environment, represents the impact of environmental change
on a habitat, community or ecosystem or is indicative of the diversity of a subset of taxa or the whole
diversity within an area” (Gerhardt, 2002). The popularity of D. magna as a model organism for
ecotoxicological research is explained by its many advantages, including its short life cycle, its ability
to reproduce both sexually and asexually through parthenogenesis, and the ease of culturing it in
laboratory conditions. D. magna is ideal e.g. for immobilization tests because it is easy to detect its
mobility, and also many other endpoints can be studied in D. magna to assess toxic effect at multiple
levels, always from cellular to ecological level. (Castro et al., 2020; Pikuda et al., 2023; Thakur &
Kocher, 2018; Tkaczyk et al., 2021.)

1.4.4 Acute toxicity and median effective concentration
Immobilization and mortality are typical endpoints that can be used to assess the effect of toxicants

(Siciliano et al., 2015; Tkcaczyk et al., 2021). Many organizations have guidelines for testing acute
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toxicity with D. magna (Pikuda et al., 2023; Tkaczyk et al., 2021). The widely used test in many
countries is the Test No. 202: Daphnia sp. Acute Immobilisation Test by Organisation for Economic
Co-operation and Development (OECD, 2004; Tkaczyk et al., 2021). Immobilization reveals the im-
pact of the tested substance on the swimming ability of Daphnia. After 48 h of exposure and option-
ally also after 24 h the median effective concentration (ECso) is determined, which indicates the con-
centration at which 50% of the daphnids are immobilized. (Du et al., 2016; OECD, 2004; Tkaczyk et
al., 2021.) Acute toxicity tests are easy to conduct and replicate and can provide ecologically im-
portant information. Dose-response curves can also help predict the effect of concentrations other
than those tested. (Hook et al., 2014; Siciliano et al., 2015.) On the other hand, acute toxicity tests
also have limitations, including their inability to reveal the sublethal effects of toxic chemicals that
may occur with longer exposure times and lower concentrations. (Hamza-Chaffai, 2014; Hook et al.,

2014; Tkaczyk et al., 2021.)

1.4.5 ROS and oxidative stress

Biomarkers are a useful tool in assessing the effect of environmental contaminants on environment
and organisms (Hamza-Chaffai, 2014), and they can be defined as “a biological response to a chem-
ical or chemicals that gives a measure of exposure and sometimes also of toxic effect” (Depledge &
Fossi, 1994). With them it is possible to separate normal biological responses from those that are
changed due to xenobiotics, i.e. foreign compounds (Hamza-Chaffai, 2014; Hook et al., 2014; Lush-
chak, 2011; Tkaczyk et al., 2021). Oxidative stress is a biochemical phenomenon, and associated
biomarkers can provide more subtle information about toxicity than the traditional endpoints (Bownik

et al., 2023; Hook et al., 2014; Tkaczyk et al., 2021).

ROS are highly reactive chemicals that involve oxygen radicals as well as nonradicals which can act
as oxidants or alternatively be converted into free radicals (Halliwell, 2006). ROS can originate from
both endogenous sources, such as normal metabolic processes, and exogenous sources, a typical ex-
ample of which are xenobiotics. High concentrations of ROS are toxic and increased intracellular
ROS levels in oxidative stress can lead to destruction of many macromolecules including lipids, pro-
teins and DNA (Bownik et al., 2023; Esterhuizen et al., 2023; Lushchak, 2011; Nkoom et al., 2019).
Normally the antioxidant systems can eliminate the excess ROS and decrease the ROS concentration
into steady-state levels (Esterhuizen et al., 2023; Lushchak, 2011). When the antioxidative system is
efficient enough, the ROS level quickly returns to its normal range — in such a situation, it is a case
of acute oxidative stress. In contrast, in chronic oxidative stress, the antioxidative system is unable to

reduce the levels sufficiently, and recovery takes longer, sometimes with a new higher level of ROS
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remaining. (Lushchak, 2011.) Various oxidative stress-related biomarkers can be used to assess tox-
icity. Elevated ROS levels can result from pollutants as well as changes in antioxidative response,
and intracellular ROS level is one biomarker of toxicity, used for instance in research including

aquatic organisms. (Bownik et al., 2023; Esterhuizen et al., 2023; Lushcak, 2011; Rai et al., 2021.)

1.5 Research rational

1.5.1 Aims of this thesis

Because of the existence of multiple stressors in the environment, there is a need for studies that
acknowledge the complexity of ecological systems to get a more comprehensive understanding of the
potential effects of MP. One important factor to be considered when assessing the effects of MPs is
their co-occurrence with pharmaceuticals. (Atugoda et al., 2021; Funke et al., 2024.) PS is one of the
most abundant MP polymers (Faull et al., 2024) and DCF is one of the most common pharmaceuticals
found in aquatic environments (aus der Beek et al., 2016; Parolini, 2020), and therefore it is important
to understand better their combined effects on aquatic organisms and ecosystems. Daphnids, espe-
cially D. magna, that are typical bioindicator organisms used in ecotoxicological studies because of
their ecological importance and sensitivity to contaminants, are also known to be affected by MP.
(Castro et al., 2020; Esterhuizen et al., 2023; 2020; Pikuda et al., 2023; Samadi et al., 2022; Thakur
& Kocher, 2018.) The effects of contaminants on daphnids have been found to differ between differ-
ent life stages, which makes it relevant to consider their effect on different life stages (Adema et al.,

1978; Eltemsah & Bohn, 2019; Esterhuizen et al., 2023; Salehi et al., 2017).

1.5.2 Research questions and hypothesis

Only few studies have assessed the combined effects of MPs and pharmaceuticals on D. magna (Sa-
madi et al., 2022; Zhang et al., 2019), and to the author’s best knowledge there are no published
studies of the combined effect of PS-MP and DCF on D. magna. The aim of this study is to contribute
to filling this research gap. The main research question that this thesis aims to answer is what the
toxic effect of PS-MP and DCF is alone and combined at different concentrations on D. magna. The
aim is also to investigate whether the combinations of these two contaminants have an antagonistic,
additive or synergistic effect, i.e., do the contaminants have a stronger toxicity alone or together. The
effect is studied using two endpoints: immobilization and ROS activity. The purpose is also to find

out if there are differences in sensitivity between two life stages, neonate and adult daphnids.

12



The hypothesis is that D. magna that are exposed with the higher concentrations of PS and DCF will
experience a stronger toxic effect, that is indicated by two biomarkers, immobilization and ROS ac-
tivity. It is also hypothesized that the combined toxicity of PS and DCF is greater than that of the
contaminants alone, i.e. that the combination of PS and DCF has a synergistic effect. In addition, it
is expected that the life stage of D. magna affects sensitivity to the contaminants studied so that
neonate daphnids are more sensitive than adults and this is reflected in higher immobilization and

higher ROS activity.

To investigate these questions D. magna is exposed under laboratory conditions to PS, DCF and their
combinations at different concentrations ranging from environmentally relevant concentrations to
higher ones more likely to cause toxic effects. The experiment is carried out separately on both neo-
nate and adult daphnids. Immobilization is assessed as the percentage of daphnids immobilized (at
24 and 48 h), and intracellular ROS levels are also quantified after 48-hour exposure. The acute im-
mobilization test and the testing conditions are based on the OECD guidelines (for the Testing of

chemicals) that are widely used in toxicological research (OECD, 2004; Tkaczyk et al., 2021).

2  Materials and methods

2.1 Cultivation of D. magna

ISO water was prepared according to OECD (2004), and it was used as a medium for D. magna
cultivations and exposures. D. magna ephippia (Microbiotests, Gent, Belgium) were hatched in ISO
water with pH 8.08 £ 0.01 at 21°C. They were kept under illumination of 8500 lux, following a 16-
to-18-hour cycle between light and dark conditions, and fed daily with Chlorella vulgaris powder
(Green Water Farm). Hatching took approximately 80 h, after which the neonates were transferred to
bigger beakers with new ISO water and fed daily with C. vulgaris, also with TetraMin Baby. Neonates
were used for the experiment within 24 h of hatching whereas adults were grown for 9-11 days before

the start of the experiment.

2.2 Preparation of PS-MP and DCF treatments

The PS-MP used in the experiment consisted of new, jagged shaped fragments of 45 to 63 pum in
diameter (confirmed microscopically). DCF was stored and handled in the dark to avoid photodegra-

dation. The required quantities each of PS and DCF were measured on a small piece of foil, that was
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placed into a glass beaker. The contents were resolved to 1 L of ISO water after thorough mixing with
a vortex mixer. The flasks were covered with foil to avoid light exposure and magnetic stir bars were
added to enable mixing with laboratory shakers. Before the start of each exposure the contents of
each flask were stirred for 10 minutes and carefully inverted to ensure that the contents were well

mixed.

2.3 Experimental setup

During the experiment neonate and adult D. magna were exposed to different concentrations of PS,
DCF and combinations of PS and DCF for 24 and 48 h respectively. First, clean glass beakers of 20
ml were rinsed with ISO water. For each control, 10 ml of pure ISO water was used. For the exposures
10 ml of treatment with the right concentration was added to the corresponding glass beakers after
thorough mixing. Five daphnids were added to each beaker with a pipette. To avoid photodegradation,
both the preparation of the exposures and the transferring of daphnids were made in dark conditions.
Also, the exposure of D. magna was carried out in the dark under a loose foil cover, also to prevent

evaporation and entry of dust, and it lasted for 48 h. Daphnids were not fed during the exposure.

Each part of the experiment was conducted four separate times. The experiment started with expo-
sures of the lower concentrations of the contaminants on neonate D. magna and followed by exposure
of adult D. magna exposed with similar treatments. Those treatments included concentrations of 0.01,
0.1 and 1 mg/L of both PS and DCF alone. The treatments with combinations of PS and DCF included
following treatments: PS 0.01 + DCF 0.01, PS 0.01 + DCF 0.1, PS 0.01 + DCF1, PS 0.1 + DCF 0.01,
PS 0.1 + DCF 0.1, PS 0.1 + DCF 1, PS 1 + DCF 0.01, PS 1 + DCF 0.1 and PS 1 + DCF 1 mg/L. In
the second exposure experiment, neonates, followed finally by adults, were exposed to the higher
concentrations of PS and DCF alone and their combinations, including concentrations of 50 and 100
mg/L. The treatments with higher concentrations consisted of the following treatments: PS 50 + DCF
50, PS 50 + DCF 100, PS 100 + DCF 50 and PS 100 + DCF 100 mg/L. In addition to that, neonate
exposures involved also 10 mg/L PS and DCF alone, as well as the following combinations: PS 10 +
DCF 10, PS 10 + DCF 50, PS 10 + DCF100, PS 50 + DCF 10 and PS 100 + DCF 10. All treatments
were performed triplicate, including the controls (5 daphnids per replicate, n=3). (Fig. 1.) The lowest
concentrations were included to correspond to the environmentally relevant concentrations, and the
highest concentrations were included to be able to assess the dose-dependent effects of PS and DCF,
according to the recommendations of Samadi et al. (2022). After the exposures, the mobile daphnids

were counted to assess immobilization, and ECso for neonates, as detailed below.
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PS0.01 PS0.1 PS1 DCF 0.01 DCFO0.1 DCF 1
PS0.01+DCF0.01 PS0.01+DCFO0.1 PS0.01+DCF1

PS0.1+DCF0.01 PS0.1+DCFO0.1 PSO0.1+DCF1
PS1+DCF0.01 PS1+DCF0.1 PS1+DCF1

PS 10 PS50 PS100 DCF10 DCF50 DCF 100
PS 10+ DCF 10 PS10+ DCF50 PS10+DCF100 (1RL

PS 50 + DCF 10 PS 50 + DCF 50 PS 50 + DCF 100
£S 100 + DCF 10 PS 100 + DCF 50 PS 100 + DCF 100

PS50 PS100 DCF50 DCF 100
CTRL PS50+ DCF 50 PS 50 + DCF 100
PS 100 + DCF 50 PS 100 + DCF 100

Figure 1. Experimental setup with D. magna exposed to different concentrations of PS, DCF and their combination. The
experiment included four separate exposures with low concentrations (0.01, 0.1 and 1 mg/L) both for neonate and adult
daphnids, and high concentrations (10, 50 and 100 mg/L) for neonates, (50 and 100 mg/L) and adults. One beaker con-
tained 5 daphnids, and all treatments were done in triplicate including controls. Mobile daphnids were counted after 24

and 48 h.

2.4 Acute immobilization test

2.4.1 Immobilization test

The acute immobilization test was conducted based on the OECD Test Guideline 202 (OECD 2004).
The test duration was 48 h, and the immobilization of daphnids was observed both after 24 and 48 h.
The daphnids were observed carefully and after gently moving the beaker, it was waited for a moment
to see if also the stationary daphnids started to move. The daphnids unable to swim within 15 seconds

after gentle agitation were counted as immobile.

24.2 ECso

ECso as the concentration that causes 50% immobilization of the test animals (Crane & Newman,
2000; Tkaczyk et al., 2021), was calculated according to the Miller and Tainter probit analysis method
(1944), in the same way as the median lethal dose (LDso) (Randhawa, 2009; Raj et al., 2013). The
ECso values were calculated for PS, DCF and the combination of PS and DCF. The percentage of
immobilized daphnids for each concentration was transformed into probits by using Finney’s (1952)
table (Raj et al., 2013). Before the determination of probits for 0% and 100% immobilization those

percentages were corrected by using the following formulas a and b:
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for Immobilization of 0% = 100 (*22) (a)

n

and for Immobilization of 100% = 100 (n — 22%) (b)

Where n is the number of test organisms.

The probit values obtained were plotted against the logged dose, and the dose corresponding probit 5
was estimated to cause a 50% immobilization. (Randhawa, 2009; Raj et al., 2013.) For calculating
the ECso for the combination of PS and DCF the equitoxic concentrations (around 0.05%, 0.5%, 5%,
50%, 250% and 500% of the ECso at 48 h) of PS and DCF were used as combinations (Delahaut et
al., 2020). The equitoxic values were estimations from the ECso values obtained for PS and DCF
alone, which were very close to each other (20.45 + 1.34 mg/L). The concentration of both PS and
DCF were counted together and treated as a total concentration of combination. The ECso for the
combination of PS and DCF was also calculated using the Miller and Tainter method. (Raj et al.,
2013.) Whether the effect of the combination was additive, synergistic, or antagonistic, was deter-
mined by the ratio between expected and observed ECso for the combination (E/O). The equation of

Wadley was used for calculation of the expected ECso:
ECsoexp = (a + b) / [(a/ ECs0a + (b/ ECs0B)]

Where ECsoa and ECsop are ECso values obtained for individual components, and a and b are propor-

tions of each component in the mixture. (Gisi, 1996.)

Ratios of 0.5 and lower were considered to indicate antagonism, ratios between 0.5 and 1.5 were

interpreted to represent an additive effect and ratios of 1.5 and higher a synergistic effect. (Gisi et al.,

1985; Gisi, 1996.)

2.4.3 LOAEC and NOAEC

The lowest observed adverse effect concentration (LOAEC) and no observed adverse effect concen-
tration (NOAEC) for PS, DCF and the combination of PS and DCF were estimated. The lowest tested
concentration that had a significant difference compared to control was identified as the LOAEC, and

the highest tested concentration that has no significant difference compared to the control was iden-

tified as NOAEC (Crane & Newman, 2000).
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2.5 ROS determination
The ROS levels were determined from D. magna after 48 h PS, DCF and PS + DCF exposures. The

determination was done by using Fluorometric Intracellular ROS Assay Kit (Sigma Aldrich Kit
MAK144) and by measuring the fluorescence intensity with a Tecan Infinite F Nano+ spectropho-
tometer. The fluorescence intensities were then normalized against protein concentration obtained for
each sample. The ROS level was determined in the same way for daphnids exposed to PS, DCF and

their combinations as well as for controls.

After the 48-hour exposure the still mobile daphnids were removed from each sample to 1.5 ml Ep-
pendorf tubes. All remaining ISO medium was removed with a pipette, and the daphnids were moved
to -20°C for 45 minutes. NaP buffer (200 pl) (20 mM, pH 7) was added to the tubes with frozen
daphnids, and they were homogenized with a plastic pestle. The samples were centrifuged for 3 min
at 13500 rpm. From the supernatant, 50 pl of each sample was added to the fluorescent 96-well mi-
croplate in duplicate and 50 pl of reagent mix was added to each well. The fluorescence intensity
(Aex =540 nm/ Aem = 570 nm) was measured after a 45-minute incubation at 37°C. The relative ROS
level was calculated as the ratio of the fluorescence intensity obtained in ROS measurement to the

protein concentration of each sample, which was determined according to Bradford (1976).

2.6 Determination of protein concentration

2.6.1 Bradford’s analysis

Bradford’s method was used to determine the protein concentration in D. magna samples. The re-
maining samples were kept at -20°C and used for protein analysis within 24 h. After defrosting, the
samples were pipetted to a 96-well transparent Greiner microplate and incubated for 10 minutes. For
samples with adult daphnids 4 pl of each sample was used with 196 ul of Bradford’s reagent (Sigma
Aldrich), and for neonate samples 20 pl of sample and 180 pul of reagent was used. The reagent con-
tains an acidic solution of Coomassie Brilliant Blue G-250, and when binding to protein, its absorb-
ance maximum shifts from 465 nm to 595 nm, which is possible to be detected (Bradford, 1976). The

absorbance was measured with Tecan Infinite F Nano+ spectrophotometer.
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2.6.2 Standard curves

To be able to estimate the protein concentration for the samples, bovine serum albumin (BSA) was
used to prepare a standard curve showing the relationship between absorbance and protein concen-
tration. For the preparation of the related standard curves, a series of different concentrations of BSA
(in NaP buffer) was used. The concentrations used to prepare the standard curves related to adults
were 1000, 500, 250, 125, 62.5, 31.25 and 0 pg/ml, and the corresponding concentrations for neonates
were 1000, 100, 10, 1, 0.1, 0.01 and 0 pg/ml. BSA dilution samples (4 pL for adult and 20 pL to
neonate related standard curves) together with Bradford’s reagent (196 pL for adult and 180 uL to
neonate related standard curves) were added into the microplates, and the absorbance was measured

with Tecan Infinite F Nano+.

2.7 Statistical analysis

Microsoft Excel was used to calculate, organize, and graphically represent the data, and also for probit
analysis. Data analysis was done in IBM SPSS Statistics 28. Normality was tested with Shapiro-Wilk
test and homogeneity with Levene’s test. The data are presented as the mean values + standard devi-
ation (n = 3). For the data that were not normally distributed and not homogenous, a non-parametric
test was employed. The individual effects of PS and DCF were tested with the Kruskal-Wallis test,
which is a popular non-parametric rank-based test, and Bonferroni correction was used for adjustment
of significance values (p < 0.05) (Ostertagova et al., 2014; Kruskal & Wallis, 1952). Two-way anal-
ysis of variance (ANOVA) was applied to analyze the combined effect of PS and DCF. As a moder-
ately conservative test that is widely used when comparing many groups, the Tukey’s HSD (Honest
significant difference) test was chosen as the post-hoc test (Midway et al., 2020; Tukey, 1949). The
available post hoc tests do not show a comparison between all possible combinations, as this would
easily lead to an overwhelming number of results (pers. comm. Jukka Siren, Statistician, 2025).
Therefore, data for combined exposures were visualized as mean values of different concentrations
of PS and DCF in the combinations, in the same way as in the graphs obtained from Tukey’s test in
SPSS showing estimated marginal means, which practically corresponded to the observed means.
Dunnett’s test as a post-analysis of variance (ANOV A) multiple comparison test was used to estimate
LOAEC and NOAEC. Paired-samples T-test was used for comparison of ROS levels between neonate

and adult daphnids. The significance level used was p < 0.05.
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3 Results

3.1 Immobilization

Neonate and adult D. magna (n = 5) were exposed to varying PS and DCF concentrations (0.01,
0.1, 1, 10, 50 and 100 mg/L) individually as well as combined. Mobility counts were performed af-
ter 24 and 48 h from the start of the exposures and expressed as a percentage (%) of mobile daph-

nids (Fig. 2 and 3).

When comparing the effect of PS in neonate daphnids after 48 h of exposure (Fig. 2A), a corre-
sponding decrease in mobility was observed as a result of increasing PS exposure concentration.
The decrease in mobility was significant for neonates exposed to PS concentration of 100 mg/L
compared to the control (Kruskal-Wallis p = 0,027). Compared to the control, the mobility percent-
age in neonates exposed to the highest PS concentration (100 mg/L) was 3.4-fold lower after 48 h.
No significant effects were observed in neonates after 24 h of exposure (Fig. 2A), nor in adults ex-

posed to any of the PS concentrations (Fig. 2B).
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Figure 2. Mobility (%) of D. magna after 24 h (T24) and 48 h (T48) when exposed to different concentrations of PS (0,
0.01, 0.1, 1, 10, 50 and 100 mg/L) for neonates (A) and for adults (B). The error bars represent average percentage of
mobility (%) = standard deviation (SD) (n = 5). Significant difference (p < 0.05) compared to the control is marked with

an asterisk (*).

There was a decrease in the average percentage of mobility of neonate daphnids after 48 h with in-
creasing DCF concentration (Fig. 3A), with a statistically significant difference between neonates

exposed with DCF concentration of 100 mg/L and control (Kruskal-Wallis p = 0.033). The mobility
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changed from 90% for control treatment to 0% for treatment with the highest DCF concentration (100
mg/L). However, for adult daphnids (Fig. 3B), the same trend was not observed. The percentage of
mobile daphnids did not differ significantly with any of the DCF treatments after 24 h, neither the
neonates nor adults (Figs. 2A & B).
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Figure 3. Mobility (%) of D. magna after 24 h (T24) and 48 h (T48) when exposed to different concentrations of DCF
(0,0.01, 0.1, 1, 10, 50 and 100 mg/L) for neonates (A) and for adults (B). The error bars represent average percentage
of mobility (%) = SD (n = 5). Significant difference (p < 0.05) compared to the control is marked with an asterisk (¥).

The combination of PS and DCF had a significant effect on the neonates’ average mobility percentage
after 24 h (two-way ANOVA p = 0.022) and after 48 h (two-way ANOVA p = 0.018), as well as in
adults after 48 h (two-way ANOVA p = 0.021), but not for adults after 24 h (Fig. 4A-D). In adult
daphnids after 24 h, significant differences between treatments were explained by DCF but not by
combination of PS and DCF (Fig. 4C1&2). In most cases higher concentrations of PS and DCF in the
combination led to lower mobility. In neonate daphnids after 24 h, PS concentrations of 50 mg/L and
100 mg/L resulted in highly significantly lower mobility compared to PS concentrations of 0 mg/L
and 10 mg/L, when combined with DCF concentrations 10, 50 and 100 mg/L (two-way ANOVA p <
0.001) (Fig. 4A1). When combined with PS concentration of 10 mg/L, the mobility was significantly
lower when comparing DCF concentration of 100 mg/L with 0 mg/L DCF (two-way ANOVA p =
0.001) and 50 mg/L and 100 mg/L DCF with 10 mg/L DCF (two-way ANOVA p =0.004, p <0.001,
respectively). In combination with PS concentration of 50 mg/L, the following DCF concentrations
resulted in lower mobility when compared together: 10 mg/L, 50 mg/L and 100 mg/L DCF when
compared to 0 mg/L. DCF (two-way ANOVA p =0.027, p <0.001 and p < 0.001, respectively), and
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50 and 100 mg/L DCF compared to 10 mg/L DCF (two-way ANOVA p = 0.006 and p < 0.001,
respectively). PS concentration of 100 mg/L combined with DCF concentrations 50 and 100 mg/L
resulted in highly significantly lower mobility compared to both 0 and 10 mg/L DCF (two-way
ANOVA p <0.001). (Fig. 4A2.)

In neonate daphnids, after 48 h, PS concentrations of 50 mg/L and 100 mg/L resulted in highly sig-
nificantly lower mobility compared to PS concentration of 0 mg/L and 10 mg/L when combined with
DCF concentrations of 10 and 50 mg/L (two-way ANOVA p < 0.001). However, when combined
with DCF concentration of 100 mg/L, PS concentrations 0, 50 and 100 mg/L were significantly lower
in comparison between PS concentration of 10 mg/L (two-way ANOVA p = 0.013). There was also
a significantly lower mobility in the comparison between PS concentration of 0.1 mg/L and PS con-
centrations 0 and 0.01 mg/L when combined with DCF concentration of 1 mg/L (two-way ANOVA
p =0.019). (Fig. 4B1.) When combined with PS concentration of 10 mg/L, DCF concentrations 50
mg/L and 100 mg/L led in significantly lower mobility compared to 0 mg/L DCF (two-way ANOVA
p=0.049 and p < 0.001, respectively), as well as when comparing 100 mg/L. DCF with 10 mg/L. DCF
(two-way ANOVA p <0.001). Also, in combination with PS concentration of 50 mg/L, DCF con-
centration of 50 and 100 mg/L led to lower mobility compared to 0 mg/L DCF (two-way ANOVA p
=0.004, p <0.001, respectively), as well as DCF concentration of 100 mg/L. compared to DCF con-
centration of 10 mg/L (two-way ANOVA p =0.019). PS concentration of 100 mg/L. combined with
100 mg/L DCF resulted in significantly lower mobility in comparison with DCF concentrations 0 and
10 mg/L, also PS concentration of 0.1 mg/L combined with 1 mg/L DCF led to lower mobility when
compared to combination with 0.1 mg/L DCF (two-way ANOVA p =0.019). (Fig. 4B2.)

In adult daphnids after 48 h DCF concentration of 100 mg/L combined with PS concentration of 100
mg/L resulted in significantly lower mobility compared to PS concentrations 0 and 50 mg/L (two-
way ANOVA p <0.001 and p =0.025, respectively), also when combined with 50 mg/L PS compared
to 0 mg/L PS (two-way ANOVA p <0.001). When combined with 0.01 mg/L DCF, PS concentration
of 1 mg/L resulted in significantly lower mobility in comparison with 0.01 mg/L PS (two-way
ANOVA p =0.017). (Fig. 4D1.) Mobility was also significantly lower when comparing DCF con-
centration of 0.01 mg/L to 0.1 mg/L DCF when combined with PS concentration of 1 mg/L (two-way
ANOVA p =0.017), and highly significantly lower when comparing DCF concentration of 100 mg/L
to 0 and 50 mg/L. DCF when combined with PS concentration of 50 mg/L, and when comparing 100
mg/L DCF to 0 and 50 mg/L DCF in combination with PS concentration of 100 mg/L (two-way
ANOVA p <0.001). (Fig 3D2.) Since the interaction effect of PS and DCF was significant, it is not
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recommended to interpret the main effects of individual exposures (i.e. combinations with DCF con-
centrations of 0 mg/L) with the same test, which is why these differences are not further examined

here but have been tested separately (Fig. 2 & 3) (Pallant, 2011).

After 48 h, the average percentage of mobility decreased in neonates from 90% and in adults from
96,7% (control) to 0% with highest combined concentrations PS 100 + DCF 100 mg/L. For neonates
after 24 h there was a four-fold decrease with exposure to PS 100 + DCF 100 mg/L (23,3%) compared
to control (93,3%). For neonate D. magna, both after 24 and 48 h, the effect of PS and DCF was
highly significant (two-way ANOVA p < 0.001) within combinations. For adults, after 48 h, DCF
had a highly significant effect (two-way ANOVA p < 0.001) and PS had a significant effect (two-
way ANOVA p =0.001) when comparing combinations.
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Figure 4. Average mobility (%) of D. magna exposed to combinations of PS and DCF with different concentrations.
Significant differences are presented separately between different concentrations of PS combined with a specific DCF
concentration (1), and between different concentrations of DCF combined with a specific PS concentration (2), for neo-
nates after 24 h (A1&2) and 48 h (B1&2), and for adults after 24 h (C1&2) and 48 h (D1&2). Included exposures both
for neonates and adults involve control exposure PS 0 + DCF 0, individual exposures PS 0 + DCF 0.01, PS 0 + DCF 0.1,
PS 0 + DCF 1, PS 0 + DCF 10, PS 0 + DCF 50, PS 0 + DCF 100, PS 0.01 + DCF 0, PS 0.1 + DCF 0, PS 1 + DCF 0, PS
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50 + DCF 0, PS 100 + DCF 0, and combined exposures PS 0.01 + DCF 0.01, PS 0.01 + DCF 0.1, PS 0.01 + DCF 1, PS
0.1 +DCF 0.01, PS 0.1 + DCF 0.1, PS 0.1 + DCF 1, PS 1 + DCF 0.01, PS 1 + DCF 0.1, PS1 + DCF 1, PS 50 + DCF 50,
PS 50 + DCF 100, PS 100 + DCF 50, PS 100 + DCF 100 mg/L. In addition, for neonates also following exposures are
involved: PS 0 + DCF 10, PS 10 + DCF 0, PS 10 + DCF 10, PS 10 + DCF 50, PS 10 + DCF 100, PS 50 + DCF 10, PS
100 + DCF 10. The error bars represent average percentage of mobility (%) = SD (n =5). Significant difference (p < 0.05)

compared to other exposure is marked with the corresponding number.

The magnitude of the effect of treatments with PS, DCF and their combinations on daphnid mobil-
ity varied between neonates and adults (Fig. 2—4A & B), being significantly smaller for adults after
24 h (Kruskal-Wallis p = 0.022), but the difference was not significant after 48 h. However, when
comparing only the highest concentrations of PS and DCF and their mixtures (50 and 100 mg/L)
there was a highly significant difference (Kruskal-Wallis p < 0.001) between the average mobility
percentage of neonate and adult daphnids after 48 h. With the lowest PS and DCF concentrations

(0.01-1 mg/L), there was no significant difference between neonates and adults.

3.2 Oxidative stress and ROS
The physiological effect of PS and DCF exposures was determined by assessing the cellular ROS

levels as indicators of oxidative stress. The relative ROS levels were calculated as a ratio of fluores-
cence measurement and protein concentration (ng/ml) of a sample after a 48-hour exposure. Because
of the smaller number of daphnids surviving with exposure to the higher PS and DCF concentrations
(10, 50 and 100 mg/L) for ROS determination, and because of different relative ROS levels of con-
trols between high and low concentration exposures, the relative ROS levels were calculated only for
daphnids treated with lower PS and DCF concentrations (0.01, 0.1, and 1 mg/L). For neonates (Fig.
5A), the average relative ROS levels were significantly higher than the control both for daphnids
treated with 0.01 and 1 mg/L PS (Kruskal-Wallis p = 0.042 and 0.005, respectively). For adult daph-
nids (Fig. 5B) the PS treatments of 0.01 and 0.1 mg/L resulted to higher ROS levels than the PS
treatment of 1 mg/L, and they were significantly higher than the control (Kruskal-Wallis p = 0.009
and p = 0.013, respectively). Daphnids treated with PS had higher relative ROS levels than the un-
treated controls, for neonates on average 2.4 times the level of control (87.2 £ 12.7 fluorescence/

pg/ml) and for adults on average 1.6 times the level of control (38.3 & 2.2 fluorescence/ pg/ml).
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protein) £ SD (n = 5). Significant difference (p < 0.05) compared to the control is marked with an asterisk (*).

For the neonate daphnids (Fig. 6A), DCF exposures did not cause a significant effect on relative
ROS level compared to the control. For the adult daphnids (Fig. 6B) exposed to DCF along, the
concentrations of 0.01 and 0.1 mg/L led to significantly higher ROS levels compared to the control
(Kruskal-Wallis p = 0.002 and 0.042, respectively). In adult daphnids, DCF treatments increased the
ROS level on average 1,8 times compared to the control, and the highest average ROS level was

recorded with exposure to 0.01 mg/L DCF (85,7 + 2,3 fluorescence/ pg/ml).
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Figure 6. Relative ROS (fluorescence/ pug/ml) for daphnids exposed with DCF concentrations 0.01, 0.1, and 1 mg/L. A)
For neonate daphnids and B) for adult daphnids. The error bars represent average relative ROS (fluorescence/ pg/ml
protein) + SD (n = 5). Significant difference (p < 0.05) compared to the control is marked with an asterisk (*).
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A significant combined effect of combination of PS and DCF on relative ROS level was observed in
neonate daphnids (two-way ANOVA p =0.001) and a highly significant combined effect in adult
daphnids (two-way ANOVA p < 0.001) (Fig. 7A-B).

When comparing the combined exposures of different concentrations of PS with a given concentra-
tion of DCF, a positive trend in the relative ROS levels was observed in neonates. In combination
with DCF concentration of 0.01 mg/L, a significantly higher ROS level was observed when com-
paring 0.01 and 1 mg/L PS to 0 mg/L PS (two-way ANOVA p =0.023 and p < 0.01) and 1 mg/L PS
to 0.01 and 0.1 mg/L PS (two-way ANOVA p =0.004, p <0.01). When combined with 0.1 mg/L
DCEF, a significantly lower ROS level was observed for 0, 0.01 and 0.1 mg/L PS in comparison with
1 mg/L PS (two-way ANOVA p =0.003, p <0.001 and p = 0.026, respectively), and also when
comparing 0.01 mg/L PS to 0.1 mg/L PS (two-way ANOVA p = 0.020). In combination with 1 mg/L
DCF, 0 mg/L PS resulted in significantly lower ROS in comparison with 0.01, 0.1 and 1 mg/L PS
(two-way ANOVA p =0.001, p =0.016 and p < 0.001, respectively). (Fig. 7A1.) However, when
different concentrations of DCF were compared in combination with a given concentration of PS, a
similar pattern in neonate daphnids was not observed. The relative ROS level was significantly
lower when 0.01 mg/L PS was combined with 0.01 or 0.1 mg/L DCF than with 0 mg/L DCF (two-
way ANOVA p =0.013 and p < 0.001), and also when combined with 0.1 mg/L DCF than with 1
mg/L DCF (two-way ANOVA p = 0.005). When the concentration of PS in the combination was 1
mg/L, a significantly lower relative ROS level was observed with 1 mg/L DCF than with 0 mg/L
DCF (two-way ANOVA p = 0.002). (Fig. 7A2.)

In adult daphnids, increasing level of both PS and DCF in the combination resulted in a decrease in
the relative ROS level. Coupled with DCF concentration of 0.01 mg/L, PS concentrations of 0.01,
0.1 and 1 mg/L resulted in significantly lower relative ROS level compared to 0 mg/L PS (two-way
ANOVA p <0.001) as well as PS concentration of 0.01 mg/L when compared to 1 mg/L PS (two-
way ANOVA p = 0.044). PS concentrations of 0.01, 0.1 and 1 mg/L resulted in significantly lower
relative ROS levels compared to 0 mg/L PS in combination with both 0.1 mg/L DCF (two-way
ANOVA p <0.001) and 1 mg/L DCF (two-way ANOVA p =0.002, p =0.001 and p = 0.014, respec-
tively). (Fig. 7B1.) When combined with 0.01 mg/L PS, DCF concentrations of 0.01, 0.1 and 1
mg/L led to significantly lower relative ROS level than 0 mg/L PS (two-way ANOVA p =0.025, p <
0.001 and p < 0.001, respectively), and 0.1 and 1 mg/L DCF resulted in significantly lower ROS
level than 0.01 mg/L PS (two-way ANOVA p =0.011). A significantly lower relative ROS level

was also observed with the combination of PS concentration of 0.1 mg/L when comparing DCF
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concentrations of 0.01, 0.1 and 1 mg/L to 0 mg/L. DCF (two-way ANOVA p =0.002, p <0.001 and
p=0.001, respectively), as well as DCF concentration of 1 mg/L to 0.01 mg/L DCF (two-way
ANOVA p = 0.048). Also, when comparing DCF concentrations of 0.01, 0.1 and 1 mg/L with 0
mg/L DCF in combination with 1 mg/L PS, a significantly lower relative ROS level was observed
(two-way ANOVA p =0.020, p <0.001 and p = 0.035) (Fig. 7B2). As recommended by Pallant et
al. (2011), the individual effects of PS and DCF are not further examined because of the significant
interaction effect, but they have been tested with their own test and the results discussed in their

own section (Fig. 5 & 6).

The difference in ROS levels between treatments with DCF alone and combinations of PS and DCF
was highly significant for adult daphnids (Kruskal-Wallis p < 0.001) and significant for neonate
daphnids (Kruskal-Wallis p = 0.003). Between treatments with PS alone and combination of PS and
DCEF a highly significant difference (Kruskal-Wallis p <0.001) was found for adults, but no signifi-
cant difference was found in neonates. In neonates, the combined exposures resulted in an average
of 1.8 times higher relative ROS levels compared to exposures with DCF only. For adults PS expo-
sures led on average to 2.4 times higher and DCF exposures 2.6 times higher relative ROS levels

than the combined exposures.
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Figure 7. Relative ROS (fluorescence/ ug/ml) in D. magna exposed with different combinations of PS and DCF concen-
trations. Significant differences are presented separately between different concentrations of PS combined with a specific
DCEF concentration (1), and between different concentrations of DCF combined with a specific PS concentration (2), for
neonates (A1&2) and adults (B1&2). Included exposures involve control exposure PS 0 + DCF 0, individual exposures
PS 0 + DCF 0.01, PS 0 + DCF 0.1, PS 0 + DCF 1, PS 0.01 + DCF 0, PS 0.1 + DCF 0, PS 1 + DCF 0, and combined
exposures PS 0.01 + DCF 0.01, PS 0.01 + DCF 0.1, PS 0.01 + DCF 1, PS 0.1 + DCF 0.01, PS 0.1 + DCF 0.1, PS 0.1 +
DCF 1,PS 1 + DCF 0.01, PS 1 + DCF 0.1 and PS1 + DCF 1mg/L. The error bars represent average relative ROS (fluo-
rescence/ pg/ml protein) £ SD (n = 5). Significant difference (p < 0.05) compared to other exposure is marked with the

corresponding number.

The relative ROS levels were higher in neonates than in adult daphnids, and the difference between
life stages was highly significant (paired-samples #-test p < 0.001) (Fig. 8). The difference between
the two life stages was mainly explained by the differences in relative ROS levels of PS treated neo-
nate and adult daphnids (paired-samples z-test p = 0.002) as well as those treated with combination

of PS and DCF (paired-samples #-test p < 0.001).
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Figure 8. Relative ROS (fluorescence/ pg/ml) for neonate and adult daphnids treated with PS (0.01, 0.1, and 1 mg/L),
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mg/L. The error bars represent the average relative ROS (fluorescence/ pg/ml protein) + SD (n = 5).

3.3 ECs response analysis

ECso was calculated for each contaminant individually and combined, and it is shown in table 2. For
neonate D. magna, the ECsos after 48 h were determined as following: for PS ECso was 21.4 mg/L
and for DCF ECso was 19.5 mg/L. For determination of the combined effect of PS and DCF, equitoxic
concentrations were used in previous studies. Because the ECso of PS and DCF obtained for neonates
were close to each other, the combinations used were PS 0.01 + DCF 0.01, PS0.1 + DCF 0.1, PS 1 +
DCF 1, PS 10 + DCF 10, PS 50 + DCF 50 and PS 100 + DCF 100 mg/L. Those were considered
double concentrations in probit analysis, and the ECso obtained for PS + DCF was 12.3 mg/L. The
ratio between the expected ECso for PS + DCF (20.4 mg/L) as well as the observed one (12.3 mg/L)
was 1.66, which could be interpreted as a synergistic effect. Because of the high mobility percentage
also with the highest exposure concentrations, the calculation of the ECs is considered unreliable for

adult D. magna. (Table 2.)

NOAEC was obtained as the lowest concentration that had no significant difference compared to
control, and for neonate daphnids after 48 h, this was determined as 10 mg/L for PS alone and DCF
alone, and 2 mg/L for PS and DCF combined. LOAEC was the lowest tested concentration that had
a significant difference compared to control, and it was expected to be around 50 mg/L for PS alone

and DCF alone, and 20 mg/L for PS and DCF combined for neonate daphnids after 48 h. (Table 2.)
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Table 2. Dose descriptors for PS, DCF and PS + DCF for neonate D. magna after 48 hours. ECsyp = median
effective concentration, NOAEC = no observed adverse effect concentration, LOAEC = the lowest observed

adverse effect concentration.

Dose descriptor PS DCF PS + DCF
ECso 21.4 mg/L 19.5 mg/L 12.3 mg/L
NOAEC 10 mg/L 10 mg/L 2 mg/L
LOAEC 50 mg/L 50 mg/L 20 mg/L

4 Discussion

4.1 Individual Toxicity

In this study, a significant decrease in D. magna mobility was observed in neonate daphnids after 48
h individual exposures to PS and DCF, aligned with the hypothesis that the toxicity of those contam-
inants increases with concentration (Fig. 2A & 3A). The concentrations tested included both environ-
mentally relevant concentrations and concentrations much higher than those observed in aquatic en-
vironments. However, the lowest concentrations did not cause significant decrease in mobility, and
neither did the higher test concentrations in neonate daphnids after 24 h and adult daphnids after 24
and 48 h (Fig. 2A&B, 3A&B). The results indicate that only the higher than environmentally relevant
concentrations of PS and DCF affect D. magna mobility after 48 h, and that exposure time and life
stage also have a significant impact on the immobilization response. In ECso estimation for neonates
after 48 h, a value of 21.4 mg/L was obtained for PS (Table 2), which is very close to the LCso value
obtained for 5 um PS-MPs by He et al. (2023), which is 21.66 mg/L. However, there is a lot of
variation in the values obtained in the 48-hour acute toxicity test of PS on D. magna, for example Yin
et al. (2020) estimated an ECso of 36.5 mg/L and Ma et al. (2016) found no immobilization with the

highest test concentration of 100 mg/L, both using spherical PS particles around 5 pm in size.

The characteristics of PS particles can affect their toxicity, including i.e. PS particle shape and size
(Lee et al., 2025; Li et al., 2025; Samadi et al., 2022; Yin et al., 2020). The study by Lee et al. (2025)
detected a clear difference in the acute toxicity of PS to D. magna related to the PS particle shape,
fragmented particles being more toxic than bead-shaped ones. Also, in the present study PS particles
were fragmented, which can be one reason explaining a low ECso value. The acute toxicity of PS to

D. magna has been found to be greater for smaller particles (Pikuda et al., 2023) e.g. in a study by Li
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et al. (2025), that observed a difference in toxicity between 1 and 50 um particles. However, not all
studies suggest smaller PS particles to have the greatest toxic effect. In the study by Esterhuizen et
al. (2023), that used i.e. ROS levels as endpoint, only the medium sized, 45-63 pm, and large, 100-
200 um, particles caused oxidative stress indicating changes in adult daphnids. The authors argued
that the toxic effect could have been explained by additives derived from PS particles because of the
size of the largest particles. If that had been the case also in this study, the changes observed in mo-
bility would not have been related to consumption of PS by D. magna. However, it can be assumed
that the PS particles of 45-63 um used in this study could have been consumed by daphnids, that are
able to feed on particles ranging from 0.2 to 70 um (Rosenkranz et al., 2009). Also, both fragmented
and larger MP particles can be more difficult to be egested than the round shaped and smaller sized
particles within the food size spectrum of D. magna (Chen et al., 2022; Frydkjaer et al., 2017), sug-

gesting that these characteristics of PS particles used in this study could have increased PS toxicity.

The ECso estimated for DCF, 19.5 mg/L (Table 2), was close to the ECso values found for DCF in
previous studies, involving 18.1 mg/L obtained by Du et al. (2016) and 22.4 mg/L by Ferrari et al.
(2004). However, de Oliveira et al. (2016) obtained a much higher ECso of 123.3 mg/L. The ECso
values estimated for DCF are multiples compared to the DCF concentrations detected in the environ-
ment (de Oliveira et al., 2016; Parolini, 2020). It is argued that some factors may increase the toxic
risks of DCF and other NSAIDS on species such as D. magna, including their directed impact i.e. on
gastrointestinal tract, which in D. magna is mainly responsible for feeding (Du et al., 2016), as well

as the potentially higher toxicity of biotransformation products and related effects on bioaccumulation

(Fu et al., 2020; Miller et al., 2018).

A biochemical marker of oxidative stress, ROS is a more subtle endpoint than mobility (Hook et al.,
2014), and in the present study the analysis of ROS was done only with the lowest PS and DCF
concentrations (0.01-1 mg/L), because of high mortality at the highest concentrations would have
caused difficulty in comparison while dead daphnids were excluded from the ROS samples. In neo-
nate daphnids the results of individual exposures seemed to be inconsistent with the hypothesis for
the most part. For PS a significant difference was observed but increase in ROS level in comparison
with control only applied to PS concentrations 0.01 and 1 mg/L (Fig. SA). The pattern seemed oppo-
site to that observed with DCF, however no significant differences between DCF treatments and con-
trol were observed (Fig. 6A). The drop in ROS level in the middle concentration is difficult to explain,
and a possible error in the measurement cannot be excluded. However, an example of nonlinear ef-

fects of different concentrations is found at least for DCF in the study by Nkoom et al. (2019), where
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the malondialdehyde (MDA) content of D. magna, related to over production of ROS, was signifi-
cantly highest after exposure to the medium test concentration of DCF, 15 pg/L, tested concentrations
ranging from 5 pg/L to 100 pg/L. In a study conducted by Esterhuizen et al. (2023) 0.5 mg/L PS-MP
did not affect ROS levels in neonate D. magna after 48 h. That result is different from the significant
effect of PS on ROS in neonates observed in the present study, but on the other hand the concentration
they used is closest to the concentration 0.1 mg/L, also with no effect on ROS levels in the present

study.

Neither the results for adult daphnids were not totally aligned with the hypothesis: both exposures
with PS or DCF alone led to significant increase in ROS for the two lowest concentrations 0.01 and
0.1 mg/L, but not for 1 mg/L compared to control (Fig. 5A&B). Similar pattern observed for both PS
and DCF exposures could however suggest that there could be some factor decreasing ROS level in
adult daphnids when the concentration of those contaminants increases enough, i.e. related to activa-
tion of the antioxidative system. However, that is not possible to conclude here, especially without
knowing the responses of the antioxidative system. For example, measuring activity of the typical
enzymes involved in the antioxidative response counteracting elevated ROS levels, such as superox-
ide dismutase (SOD) and catalase (CAT), could contribute to a better understanding of the explana-
tions for the observed ROS levels (Esterhuizen et al., 2023). In the study by Esterhuizen et al. (2023)
activation of antioxidant defense system was a probable explanation behind the decrease of ROS
levels to control level after 48 h of 0.5 mg/L PS-MP exposure in adult D. magna. Elevated ROS levels
had been observed after 24 h indicating oxidative stress experienced by daphnids, whereas the return
of ROS to control levels after 48 h was probably explained by the increase in SOD and CAT activity,
possibly helping to regain redox homeostasis in that case. ROS levels after 24 h are not included in
the present study, so the ROS levels can be examined only after 48-hour time. The possible explana-
tion for low ROS levels observed in adults exposed to 1 mg/L PS or DCF can be related i.e. to the
activation of antioxidant defense system, but the result can also indicate that the exposure concentra-
tions in question do not affect ROS levels and thus are not causing significant oxidative stress in adult

D. magna.

4.2 Combined toxicity

A significant combined effect for both PS and DCF was observed in neonate daphnid mobility after
24 h and in neonate and adult daphnids after 48 h, with higher concentrations of both contaminants

in combination leading to lower mobility (Fig. 5A1&2, B1&2 and D1&2). This was according to the
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hypothesis, as was the estimated synergistic effect of the combination of PS and DCF on neonates
after 48 h indicated by the ratio between expected and observed ECso values, with the observed value
being 12.3 mg/L (Table 2). Also, statistical analysis found a significant effect for both PS and DCF
in combinations both for neonate and adult daphnids, suggesting they both play an important role in
toxicity of the combination. The estimated synergistic effect suggests a possibility that PS-MPs may
have acted as vectors to DCF (Du et al., 2021; Yang et al., 2024). This could possibly have resulted
from DCF sorption on PS particles e.g. through the n—r interactions or hydrophobic interactions
(Atugodacetal., 2021; Zhang et al., 2017) and thus increased DCF concentration on PS particle surface
that would have been carried inside daphnids with the PS particles (Pei et al., 2025; Rehse et al.,
2016). DCF accumulated on PS particles could have been further released within daphnids, enhanced
also by different conditions present in medium and inside the organisms (Rehse et al., 2016; Bakir et
al., 2014). It is probable that PS particle size used in this study could have allowed a synergistic effect,
while particles have been small enough to be consumed by daphnids (Rosenkranz et al., 2009). This
may have allowed DCF, possibly bound to PS particles, to end up inside daphnids instead of remain-
ing outside them, as would happen if the particle size was too big to enter the organism, likely leading
in an antagonistic direction in that case (Yang et al., 2024). Also, among other possibilities behind
synergistic effect are for example complementary biological effects of the two contaminants in the
organism (Yang et al., 2024), as well as leaching of additives from MP, affecting MP toxicity and the
final combined effect with the sorbed contaminants (Samadi et al., 2022; Pikuda et al., 2023). The
toxicity of combined exposure can thus be increased in comparison to single exposure related e.g. to
bioavailability and lead to oxidative stress and immobilization responses in daphnids, suggesting also
a possibility for wider ecological implications, related to the ecological importance of D. magna as a

key species (Bosker et al., 2019; Pei et al., 2025; Pikuda et al., 2023).

As hypothesized, the combination of PS and DCF led to significantly higher ROS levels in neonate
daphnids when comparing different PS concentrations with each other in the combinations with DCF,
probably indicating increased oxidative stress (Fig. 7A1). However, increasing DCF level in the com-
bination did not similarly contribute to elevated ROS level, in line with the low ROS levels observed
in neonates as response to DCF alone (Fig. 7A2). In adult daphnids, however, the higher concentra-
tions of both PS and DCF resulted in lower ROS levels (Fig. 7B1&2). One possible explanation
behind the different results between ROS levels found in neonates and adults after co-exposure to PS
and DCF could be related to different biochemical responses between the two life stages. Esterhuizen
et al. (2023) found increase in SOD and CAT activity in adult daphnids as well as a subsequent drop

in ROS levels after 48 h exposure, probably resulting from the antioxidant enzyme activation. Similar
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increase in SOD and CAT was not observed in neonate daphnids, leading to a conclusion that in
neonate daphnids nonenzymatic activities, rather than enzymatic ones, could be involved in elimina-
tion of excess ROS. If that would be the case also in the present study, the lower ROS levels observed
in adult daphnids as a response to combination of PS and DCF could result from more efficient anti-
oxidant defense systems in comparison to neonates, helping the recovery from possible oxidative
stress. Another possible explanation is, of course, that the low ROS levels indicate that no significant

oxidative stress was caused by the combined exposures.

Previous peer reviewed studies on the combined effect of PS and DCF on D. magna do not exist so
far to the author’s best knowledge, however, some research has investigated the combined effect of
PS and other pharmaceuticals on D. magna. He et al. (2023), who exposed D. magna with PS and
CBZ, found different LCso values depending on PS particle size, so that the largest PS particles tested,
5 um, had an increasing effect on CBZ toxicity. Zhang et al. (2019) on the other hand observed the
strongest oxidative stress in response to combined exposure to ROX and the smallest tested PS-MPs
of I um. In a study conducted by Pashaei et al. (2023) PS-MP and PS-NP size as well as concentration
of both PS and TCS affected the mortality rates of D. magna, suggesting the complex nature of inter-
actions between multiple contaminants. The combined effects of PS-MP and pharmaceuticals have
also been seen after long-term exposure and in next generations when reproductive parameters in D.
magna have been exposed to PS-MP and CBZ (He et al., 2023) or ROX (Liu et al., 2022). Those
results suggest i.e. that factors, such as PS particle size, can affect the combined toxicity of PS-MP
and pharmaceuticals on D. magna, but since different pharmaceuticals have been used in the studies
in question, little can be concluded from their results regarding the present study. The situation is
similar for the research concerning the combined effect of PS and DCF studied so far on other organ-
isms than D. magna. Kandaswamy et al. (2024) found synergistic effects of PS-NP and DCF on zebra
fish (Danio rerio), including effects to e.g. embryonic development and adult mortality, as well as
higher ROS levels of fish larvae. By contrast, a study with two algal species, Phaeodactylum tricor-
nutum and Euglena sp., found that the combination of PS-MP and DCF resulted in lower toxicity than
the contaminants alone, i.e. in terms of growth rate and oxidative stress (Ding et al., 2023). However,
one master’s thesis has previously addressed the combined effect of PS-MP and DCF on adult D.
magna (Honkanen, 2023). No effect on acute toxicity was observed, but changes in oxidative stress
related antioxidative enzyme responses suggested rather an antagonistic effect of the combination of
PS and DCF. The contrasting results from the current study may be explained at least partly by shorter
exposure time of 24 h combined with lower exposure concentrations of 0.5 mg/L for PS, DCF and

their combinations. The concentration of that magnitude did not affect daphnid mobility in the present
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study, but an impact on ROS levels in adult daphnids was observed, however after a 48-hour expo-
sure. Unlike the study by Esterhuizen et al. (2023), no elevated ROS levels were observed after 24 h
in the study by Honkanen (2023). The increase in ROS levels observed by Esterhuizen et al. (2023)
only applied to the particle size 45-63 pm in the case of adult daphnids, which is the same size range
used in the current study, whereas PS particles used by Honkanen (2023) had a wider scale, ranging
from 25 to 100 pum in size. PS particle size is one factor shown to affect PS toxicity towards D. magna

(Li et al., 2025), also in combination with pharmaceuticals (He et al., 2023; Zhang et al., 2019).

4.3 Overall assessment of toxicity to D. magna

The ECso values estimated for PS and DCF in this study were very close to each other, 21.4 and 19.5
mg/L, respectively, whereas the ECso estimation for the combination of the two contaminants was
clearly lower, indicating greater toxicity of the combination (Table 2). Based on the EU classification
in European Directive EC 93/67/EEC (European Commission, 1993; Grabarczyk et al., 2020) ECso
values obtained both for the toxicants alone and in combination fall between 11-100 mg/L, which is
classified as “harmful to aquatic organisms”. The NOAEC and LOAEC estimations of this study are
only indicative and estimated to be between the values obtained: from 10 to 50 mg/L for PS and DCF
alone, and from 2 to 20 mg/L for the combination, not providing much additional information (Table
2). In addition to testing acute toxicity, the more subtle endpoints can detect impact of the contami-
nants also at lower concentrations (Hook et al., 2014; Tkaczyk et al., 2021), that may also have sig-
nificant adverse effects on aquatic organisms, especially with long-term exposures and when affect-
ing important life stage events, e.g. concerning reproduction. (Du et al., 2016.) In the present study
the lower test concentrations, 0.01-1 mg/L, did have impact on ROS levels in D. magna, the effect
being most clearly interpretable as an indication of oxidative stress for neonate daphnids exposed to
combination of PS and DCF. Even though the ECso values obtained for PS, DCF and their combina-
tion are much higher than the environmental concentrations, the ROS results suggest possible adverse

effects on D. magna in response to concentrations of the same magnitude, also after a 48 h exposure.

When comparing the different responses in mobility, neonate daphnids were significantly more sen-
sitive to PS, DCF and their combination after a 24-hour exposure than adult daphnids, but the differ-
ence between the life stages was no longer significant after 48 h, when the adult mobility has de-
creased closer to the neonate mobility percentages. However, if considering only the highest concen-
trations, practically 50 and 100 mg/L, a significant difference between the two life stages was ob-

served also after 48 h. The results from mobility do support the hypothesis of higher sensitivity of
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neonates compared to adults. The ROS results are not that simple to compare, also because of the
possibility that the two life stages may have different antioxidative defense systems (Esterhuizen et
al., 2023). However at least the ROS levels observed in neonate daphnids in response to the combined
exposure are higher than those observed in adult daphnids. It is not possible to say how the ROS
levels have reacted i.e. after 24 h, but it is obvious that the ROS levels in neonates were higher than
the ROS levels in adults when measured at 48 h. It is possible that neonate daphnids were not, at least
before that point, able to combat the excess ROS, perhaps due to differences in antioxidant defense

systems or other sensitivities (Esterhuizen et al., 2023; Traudt et al., 2017).

4.4 Reliability and restrictions of the study

Attention has been drawn to the fact that the MP concentrations used in studies are usually much
higher than the environmentally relevant concentrations (Samadi et al., 2022). When considering the
highest concentrations detected in the aquatic environment, estimated here to be around 0.03—0.04
mg/L for PS from the 76000 PS-MP particles per liter observed by Badylak et al. (2021), and 0.015
or 0.019 mg/L for DCF (Jux et al., 2002; aus der Beek et al., 2016), the lowest test concentrations
used in the present study, 0.01 mg/L are of the same order of magnitude. The highest concentrations
included, 100 mg/L, indeed are far from the concentrations found in the environment. However, in-
cluding them is important for ECso estimation, and in fact even higher concentrations would have
been required especially for ECso estimation for adult daphnids. While the irregular shape is assumed
to be the most common in MPs found in the aquatic environment (Phuong et al., 2016; Wright et al.,
2013), and 20-100 pm was the most abundant MP size found in a study by Uurasjérvi et al. (2020),
however, recognizing the difficulty of determining the most abundant MP sizes, the PS-MPs used in
this study can be considered quite representative of the MP particles found in the aquatic environ-
ments in terms of their shape and size. Also, some factors present in the environment may affect the
behavior of MP and pharmaceuticals and their combined effect in ways that are not considered in the
estimations only based on concentrations. For example, biofilm that forms on MP surface can change
the density of MP particles and further lead to different probability of encounter of MPs and Daphnia.
(Funke et al., 2024) Aging of MP particles and biofilm formation is also one factor that can affect the
interaction between MP particles and chemicals, potentially leading to enhanced adsorption of chem-

icals to MPs as well as increased toxicity towards Daphnia (Funke et al., 2024: Qi et al., 2021).

A possible factor that can impact DCF concentrations also in laboratory conditions, is its susceptibil-

ity to photodegradation (Boreen et al., 2003; Qutob et al., 2023). All the steps in the study with DCF

37



present were carried out in dark conditions to prevent photodegradation, however DCF concentration
was not confirmed by measurement during the test exposures. It is also possible that the test condi-
tions can alter i.e. Daphnia behavior. For example, the fact that during the 48-hour exposure time
daphnids were not fed anymore may have potentially impacted the intake of MP by daphnids, as it is
possible that daphnids may selectively avoid plastics when algae are present (Aljaibachi & Callaghan,
2018). Also, visible PS adhesion to daphnids external appendages was observed with the exposures
containing 100 mg/L PS, in line with previous observations of MP adhesion into body surfaces on D.
magna (Eltemsah & Behn, 2019) as well as on copepods (Cole et al., 2013). In the present study
similar impact was not observed in daphnids exposed to lower concentrations of PS, so the effect was
probably result of the high PS concentration, however the possibility exists that some factors in the

experimental setup could have had an impact as well.

Regarding the research conditions, a problem occurred with adult daphnids while they were grown
for the last experiment. Daphnids started to die, probably due to automatic feeder used for practical
reasons, possibly leading to accumulation of excess food in the media and possible subsequent prob-
lems in hygiene. The experiment was repeated with normal feeding procedure, with no problems
observed at that time. The test concentrations in use allowed the estimation of LOAEC and NOAEC
only at a very indicative level and the results show a very wide range within which these values lie.
Also, although the comparison of ECs estimations for neonate and adult daphnids would have been
a nice addition, calculating ECso for adults was not possible because of the low immobilization rate
even at high concentrations. However, according to the OECD instructions ECso testing is intended

to be performed on neonates, and so the results are comparable to other studies (OECD, 2004).

4.5 Thoughts for future research

The importance of research on the effects of MP is further emphasized when considering possible
future prospects and their wider impact on ecosystems. The environmental MP concentrations are
still increasing if nothing is done to prevent it — for example in the report of INC-5.2 by UNEP (2025)
it is estimated that the amount of plastic waste will increase over threefold from the present situation
by 2050. Also, multiple stressors present at the same time, involving global change related phenom-
ena, such as increasing temperature and eutrophication, as well as presence of multiple contaminants
need to be considered (Cambronero et al., 2018; Hook et al., 2016; Pashaei et al., 2023). As an im-
portant key species, that has a role both as a grazer of phytoplankton and a food source for species at

higher trophic levels, the adverse effects of MP on D. magna populations could further affect the
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entire freshwater ecosystems (Bosker et al., 2019; Pikuda et al., 2023). Also, other parts of food web
may be influenced by the MP ingested by daphnids as a result of bioaccumulation and biomagnifica-
tion (Pikuda et al., 2023). In fact, trophic transfer of MP has been observed to occur widely in aquatic

food web, starting from zooplankton (Suman et al., 2021).

Longer exposure times as well as more versatile endpoints can be recommended for future studies
considering the individual and combined effects of MP and pharmaceuticals. The results of acute
toxicity tests alone do not take into account the fact that in natural environments aquatic organisms
can be affected by contaminants throughout their lifetime (Parolini et al., 2020) and the effects can
also be transgenerational (He et al., 2023; Liu et al., 2022). The role of chronic exposures as well as
sublethal effects should not be underestimated, and thus the potential adverse effects of lower con-
centrations of contaminants than those determined in acute toxicity tests are also worth considering
(Du et al., 2016; Parolini et al., 2020). Investigating the effects of multiple stressors is challenging
but it is important for evaluating the interactions between them and understanding the complex re-
sponses (Cambronero et al., 2018, Hook et al., 2016; Pashaei et al., 2023). For a wider understanding
of the effects of MP on aquatic ecosystems more research concerning MP and their combined effects
with different chemicals, involving PS-MP and DCF as well as other types of MPs and pharmaceuti-
cals, is required. More knowledge is needed of D. magna responses as well as wider ecological im-
pacts related to the simultaneous exposure to MP and different pharmaceuticals and other chemicals,
as well as other stressors, to be able to assess the risks involved and consider effective ways to protect

the aquatic ecosystems. (Cambronero et al., 2018, Pashaei et al., 2023.)

5 Conclusions

This study provides one of the very first insights into the combined effect of PS-MP and DCF on D.
magna. The results support the hypotheses of the toxicity of these contaminants, both individually
and in combination, to D. magna, indicated by changes in mobility and ROS levels. There also seems
to be differences in the responses between the two life stages, while the effects on neonate daphnids
were more pronounced. Aligned with the hypothesis of greater combined toxicity, ECso estimation
suggests a synergistic effect of the combination of PS and DCF on D. magna. Using EU classification,
PS, DCF and their combination can be referred as harmful to aquatic organisms based on the esti-
mated ECso values, which however all are much higher than the environmental concentrations. In-

stead, concentrations used in ROS analysis are lower and more environmentally relevant. Based on
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ROS results, it can be assumed that oxidative stress may have been caused, especially in neonates as
a response to increasing PS concentrations in combined exposure. All the factors that can affect the
toxicity of MP and pharmaceuticals in natural conditions are not possible to take into account in
laboratory experiments. However, in future studies it is good to consider particularly different, in-
cluding more subtle, endpoints, longer exposure times, different exposure concentrations, life stages
and contaminants. With predicted increase in the amount of plastic in the aquatic environment, and
presence of mixture of other contaminants as well as other environmental change related stressors,
the need of evaluating the combined toxicity is still increasing, especially when the research on the
subject is still limited. The results of this study contribute to knowledge about combined toxicity of
MPs and pharmaceuticals, and the possible increased adverse effects of their combination on aquatic
organisms and ecosystems compared to the individual effects of the contaminants. The co-occurrence
of multiple contaminants and the potential enhanced toxicity related to their interactions is good to
be considered in environmental risk assessment frameworks and environmental policy. Highlighting
the importance of efficient management and mitigation of both plastics and pharmaceuticals is essen-
tial, including, for example, measures to reduce the excess use of these substances as well as their
release into the environment, i.e. by replacing plastics with other materials and by improving

wastewater management.
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