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Summary 
Synthetic polymers (plastics) are essential for our everyday lives. Since the mid-20th century, 

their production, usage, and consequently their waste, have increased exponentially, 

introducing a new suite of environmental contaminants. Hence, plastic pollution has received 

increasing attention from researchers, the media, and the public.  

Among the major sources of plastic contamination are mismanaged waste, materials from 

packaging, construction, and transportation sectors. In the environment, large plastic items 

undergo chemical and physical degradation, leading to their fragmentation. When they reach a 

size between 1 and 1000 µm (ISO 24187:2023), these particles are defined as microplastics 

(MP). MP formed from fragmentation are defined as secondary MP, while those intentionally 

produced as such (e.g., pellets for manufacture or for personal care products) are called 

primary. Their persistence causes accumulation in virtually every habitat, leading to 

ubiquitous contamination with potential ecological risks. Moreover, plastics are often 

associated with intentionally and unintentionally added chemicals that can leach out during 

their life cycle, contributing to potential MP toxicity. As a more sustainable alternative, new 

bio-based and/or biodegradable plastics are promoted. While bio-based plastics are produced 

from renewable resources, biodegradable ones are not necessarily bio-based but should 

degrade under appropriate conditions. The use of these so-called bioplastics (bio-based and 

biodegradable) should reduce the carbon footprint connected to plastic production and its 

environmental impact, thanks to biodegradability. However, while the use and so the 

emissions of bioplastics are expected to increase with their market demand, proof of their 

environmental safety is missing. Early investigations provide first indications that bioplastics 

might exert similar adverse effects as conventional petroleum-based polymers. Nevertheless, 

ecotoxicological data are still limited. 
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Furthermore, synthetic polymer contamination is not exclusively represented by solid plastic. 

There is, in fact, a class of widely neglected compounds that can dissolve in water. Such 

water-soluble polymers (WSP) are highly employed in industries, medicine, water-treatment 

plants, dietary and biomedical products. Once dissolved, WSP are not easily discernible from 

their matrix, but they are present in the environment. WSP potential effects are just now 

starting to be explored. Just like MP from bioplastics, WSP interact with the biota, but, due to 

terminological ambiguity and the current lack of regulations, they have been widely under-

researched. In fact, while recent regulations like the EU amendment to REACH (25.9.2023) 

limit the use of certain MP, biodegradable plastics, and WSP are exempted because they are 

assumed, given the supposed lack of ecotoxicological data, not to pose an environmental risk 

(as per article 44).  

Given the current lack of knowledge about the potential effects of both biodegradable and 

bio-based plastics and WSP, in this thesis, I aimed to 1) assess the potential effects of 

biodegradable bio-based plastics on different freshwater organisms, including unicellular 

eukaryotes and invertebrates, and 2) provide new knowledge on the effects of five commonly 

employed WSP on the freshwater cladoceran Daphnia magna.  

In detail, I pursued the following research objectives: 

I. Assess MP uptake and potential trophic transfer in the lower trophic levels, employing 

unicellular eukaryotes as models; 

II. Compare the effects of MP from bio-based and biodegradable as well as petroleum-

based plastics and their extracts on D. magna, including analysis of clonal sensitivity; 

III. Investigate the potential threat represented by five WSP on D. magna. 

In my thesis, I show the potential trophic transfer of MP in freshwater food webs. I could 

show the uptake of different MP particles (PS, PET, PP, PVC, PA, LDPE, PHB, PDLLA, 

PLLA, PBS) in Ciliophora from low trophic levels (Article I) and that trophic transfer occurs 
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from two Ciliophora (P. Caudatum and Tetrahymena pyriformis) to an Amoebozoa (Amoeba 

proteus) (Article II). Moving up along the food web to primary consumers, I employed 

Daphnia magna as model organism. Daphnia is a keystone species in freshwater ecosystems, 

linking primary production with higher trophic levels. The use of Daphnia as model 

organisms is widely accepted also because of their amictic parthenogenetic life-cycle, which 

allows the use of clonal lineages for experimental designs. Using Daphnia, I show that 

adverse effects are not only elicited by conventional plastics (PET) but also by bio-based and 

biodegradable ones (PBS and PLA) (Article III). Moreover, I show that genetic clonal 

differences have a significant impact on the outcome of MP exposure studies comparing the 

effects of one conventional one (PET) to two bio-based and biodegradable (PBS and PLA) 

(Article IV). Lastly, I investigated for the first time the potential hazard of five common WSP 

(PVOH, PVP, PAA, PEO, PEG) on D. magna. In this study, I showed that WSP can impair 

D. magna’s life history, which over time could cascade over higher trophic levels and impair 

ecosystem dynamics (Article V).  

My results will help to add new knowledge on the potential ecological implications associated 

with the contamination of MP from biodegradable and bio-based polymers and set the 

foundation for a better understanding of WSP potential threat.  
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Zusammenfassung 

Synthetische Polymere (Kunststoffe) sind für unser tägliches Leben von wesentlicher 

Bedeutung. Seit Mitte des 20. Jahrhunderts haben ihre Produktion und Verwendung, und 

damit auch die entstehenden Abfallmengen, exponentiell zugenommen und eine neue Klasse 

von Umweltkontaminanten hervorgebracht. Daher hat die Verschmutzung durch Kunststoffe 

zunehmend Aufmerksamkeit von Forschung, Medien und Öffentlichkeit erhalten. 

Zu den wichtigsten Quellen der Kunststoffkontamination zählen unsachgemäß entsorgte 

Abfälle sowie Materialien aus Verpackung, Bauwesen und Transport. In der Umwelt 

unterliegen große Kunststoffgegenstände chemischen und physikalischen Abbauprozessen, 

die zu ihrer Fragmentierung führen. Erreichen diese Partikel eine Größe zwischen 1 und 1000 

µm (ISO 24187:2023), werden sie als Mikroplastik (MP) definiert. Durch Fragmentierung 

entstandenes MP wird als sekundäres MP bezeichnet, während Partikel, die absichtlich in 

dieser Form hergestellt werden (z. B. Pellets für die Kunststoffproduktion oder 

Körperpflegeprodukte), als primäres MP gelten. 

Aufgrund ihrer Persistenz reichern sich Kunststoffe in nahezu allen Lebensräumen an und 

führen zu einer allgegenwärtigen Kontamination mit potenziellen ökologischen Risiken. 

Zudem sind Kunststoffe häufig mit absichtlich oder unbeabsichtigt zugesetzten Chemikalien 

verbunden, die während ihres Lebenszyklus auslaugen und so zur potenziellen Toxizität von 

MP beitragen können. 

Als nachhaltigere Alternative werden biobasierte und/oder biologisch abbaubare Kunststoffe 

gefördert. Biobasierte Kunststoffe werden aus nachwachsenden Rohstoffen hergestellt, 

während biologisch abbaubare Kunststoffe nicht zwangsläufig biobasiert sind, sich jedoch 

unter geeigneten Bedingungen zersetzen sollen. Die Nutzung dieser sogenannten 

Biokunststoffe (biobasiert und biologisch abbaubar) soll dank ihrer biologischen 



   
 

   
 

5 

Abbaubarkeit den mit der Kunststoffproduktion verbundenen CO₂-Fußabdruck und 

Umweltwirkungen verringern. 

Obwohl mit steigender Marktnachfrage auch Verwendung und Emissionen von 

Biokunststoffen voraussichtlich zunehmen werden, fehlen bislang belastbare Nachweise für 

ihre Umweltsicherheit. Erste Studien deuten darauf hin, dass Biokunststoffe ähnliche 

schädliche Auswirkungen haben könnten wie konventionelle erdölbasierte Polymere. 

Dennoch sind verfügbare ökotoxikologische Daten weiterhin begrenzt. 

Darüber hinaus beschränkt sich die Kontamination durch synthetische Polymere nicht 

ausschließlich auf feste Kunststoffe. Es existiert eine bislang weitgehend vernachlässigte 

Klasse von Verbindungen, die sich in Wasser lösen können. Solche wasserlöslichen Polymere 

(WSP) werden in Industrie, Medizin, Wasseraufbereitungsanlagen sowie Lebensmittel- und 

biomedizinischen Produkten eingesetzt. Nach ihrer Auflösung sind WSP schwer von ihrer 

Matrix zu unterscheiden, verbleiben jedoch in der Umwelt. 

Die potenziellen Auswirkungen von WSP werden erst kürzlich untersucht. Ähnlich wie MP 

aus Biokunststoffen können WSP mit Organismen interagieren, sind jedoch aufgrund 

terminologischer Unklarheiten und fehlender regulatorischer Vorgaben bislang weitgehend 

unerforscht. Jüngste Regelungen wie die EU-Änderung der REACH-Verordnung (25.9.2023) 

beschränken die Verwendung bestimmter Mikroplastikpartikel, doch biologisch abbaubare 

Kunststoffe und WSP sind davon ausgenommen, da aufgrund des Mangels an 

ökotoxikologischen Daten angenommen wird, dass sie kein Umweltrisiko darstellen (Artikel 

44). 

Angesichts des Wissensmangels über die potenziellen Auswirkungen biologisch abbaubarer 

und biobasierter Kunststoffe sowie von WSP verfolge ich in dieser Dissertation zwei 

Hauptziele: 
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1. die potenziellen Auswirkungen biologisch abbaubarer biobasierter Kunststoffe auf 

verschiedene Süßwasserorganismen, darunter einzellige Eukaryoten und Wirbellose, 

zu untersuchen, und 

2. neue Erkenntnisse über die Auswirkungen von fünf häufig verwendeten WSP auf den 

Süßwasser-Cladoceran Daphnia magna zu gewinnen. 

Im Einzelnen verfolgte ich folgende Forschungsziele: 

I. Untersuchung der Aufnahme von MP und des potenziellen trophischen Transfers in 

unteren trophischen Ebenen unter Verwendung einzelliger Eukaryoten als 

Modellorganismen; 

II. Vergleich der Auswirkungen von MP aus biobasierten und biologisch abbaubaren 

sowie erdölbasierten Kunststoffen und deren Extrakten auf D. magna, einschließlich 

einer Analyse der klonalen Empfindlichkeit; 

III. Untersuchung der potenziellen Gefährdung von D. magna durch fünf WSP. 

In dieser Dissertation zeige ich den potenziellen trophischen Transfer von MP in Süßwasser-

Nahrungsnetzen. Ich konnte die Aufnahme verschiedener MP-Partikel (PS, PET, PP, PVC, 

PA, LDPE, PHB, PDLLA, PLLA, PBS) durch Ciliophora aus niedrigen trophischen Ebenen 

nachweisen (Artikel I) und zeigen, dass ein trophischer Transfer von zwei Ciliophora 

(Paramecium caudatum und Tetrahymena pyriformis) zu einem Amoebozoa (Amoeba 

proteus) stattfindet (Artikel II). 

Um entlang des Nahrungsnetzes zu den Primärkonsumenten vorzudringen, verwendete ich 

Daphnia magna als Modellorganismus. Daphnia ist eine Schlüsselart in 

Süßwasserökosystemen, da sie die Primärproduktion mit höheren trophischen Ebenen 

verbindet. Ihre Verwendung als Modellorganismus ist auch aufgrund ihres amiktischen 

parthenogenetischen Lebenszyklus weithin anerkannt, der die Nutzung klonaler Linien in 

experimentellen Designs ermöglicht. 
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Anhand von Daphnia zeige ich, dass schädliche Effekte nicht nur durch konventionelle 

Kunststoffe (PET), sondern auch durch biobasierte und biologisch abbaubare Kunststoffe 

(PBS und PLA) ausgelöst werden können (Artikel III). Darüber hinaus zeige ich, dass 

genetische klonale Unterschiede einen signifikanten Einfluss auf die Ergebnisse von MP-

Expositionsstudien haben, indem ich die Auswirkungen eines konventionellen Kunststoffs 

(PET) mit denen von zwei biobasierten und biologisch abbaubaren Kunststoffen (PBS und 

PLA) vergleiche (Artikel IV). 

Abschließend untersuchte ich erstmals die potenzielle Gefährdung von D. magna durch fünf 

häufig verwendete WSP (PVOH, PVP, PAA, PEO, PEG). Dabei zeigte sich, dass WSP die 

Lebensgeschichte von D. magna beeinträchtigen können, was sich im Laufe der Zeit als 

trophische Kaskade auf höhere trophische Ebenen auswirken und die Dynamik von 

Ökosystemen beeinflussen könnte (Artikel V). 

Meine Ergebnisse tragen dazu bei, neue Erkenntnisse über die potenziellen ökologischen 

Auswirkungen einer Kontamination durch Mikroplastik aus biologisch abbaubaren und 

biobasierten Polymeren zu gewinnen und eine Grundlage für ein besseres Verständnis der 

potenziellen Gefährdung durch WSP zu schaffen. 
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Figures 
 
Figure 1: plastic classification based on their composition and degradability. The ellipses 

surround the bioplastics, in yellow are marked the biodegradable ones and in blue 

those that are biobased. (Adapted from Plastics Europe 2022). 

Figure 2: individual of Aldabrachelys gigantea ingesting a red string of plastic (Prison Island, 

Zanzibar; Ó Simona Mondellini). 
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Abbreviations 

DMSO – Dimethyl sulfoxide 

EDS – energy dispersive X-ray spectroscopy 

FT-IR – Fourier Transformed – Infra Red spectroscopy 

GPC – gel permeation chromatography 

LOD – limit of detection 

LOQ – limit of quantification 

MALDI-TOF MS – matrix-assisted laser desorption/ionization time of flight mass 

spectrometry 

MP – microplastic 

MS – mussel shells  

MW – molecular weight 

NALDI-TOF MS – nanostructured-assisted laser desorption/ionization time of flight mass 

PA – poly amide 

PAA – poly acrilic acid 

PBAT – poly butylene adipate terephtalate 

PBS – poly butlylene succinate  

PCL – poly capro lactone  

PDLLA – poly D,L-lactic acid 

PE – poly ethylene 

PEG – poly ethylene glycol 

PEO – poly ethylene oxide 

PET – poly ethylene therephtalate  

PLA – poly lactic acid 
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PLLA – poly L-lactic acid 

PMMA – poly methyl metacrilate  

PP – poly propylene  

PPCP – pharmaceutical and personal care products 

PS – poly styrene  

PVC – poly vinyl chloride 

PVOH – poly vinyl alcohol 

PVP – poly vinyl pyrrolidone  

Py GC/MS – pyrolysis gas chromatography/mass spectroscopy 

QA/QC – quality assurance/quality control 

REACH – regulation, evaluation, authorization, and restriction of chemicals; Regulation EC 

No 1907/2006 

SEC-ESI-HRMS – size exclusion chromatography – electrospray ionization – high resolution 

mass spectrometry 

SEM – scanning electron microscopy 

WSP – water soluble polymers 

WWTP – waste water treatment plants 
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1. Introduction 
 
1.1 Synthetic polymers – a brief introduction 

The world polymer is of Greek origin, where polys means “many” and meros stands for 

“parts”. In chemistry a polymer is a compound composed by molecules, called monomers, 

chained repeatedly together. These substances can be both of natural origin (e.g., cellulose, 

nucleic acids) or man-made. The advent of man-made polymers, that signed the beginning of 

the “Plastic Age”, came with the invention of “Bakelite” in 1909 by Leo Hendrik Baekeland. 

This event initiated a prolific period, characterized by the invention of several synthetic 

polymers (e.g., PVC in 1913, PMMA in 1924, PE in 1933, PA in 1938, PET in 1941, PS in 

1944, PP in 1954), which revolutionized our way of living. Light weight, low production 

costs, malleability and durability are just few of the properties that marked the success of the 

materials we call plastics. The general global excitement about the new possibilities and 

innumerable applications of these compounds, changed in the beginning of the 21st century, 

when the consequences of the mass production of plastics began to be apparent (Thompson et 

al. 2004). The same properties that made plastics valuable are those that make them a 

persistent environmental contaminant. Raising concern of the environmental implications of 

the use and abuse of conventional petroleum-based plastics triggered the demand of a more 

sustainable alternative, which increased the production of bio-based (produced totally or 

partially from renewable resources) and biodegradable (petroleum- or bio-based plastics that 

can be degraded in appropriate environmental conditions) plastics. These materials are 

supposed to reduce the environmental footprint connected to plastic production and 

contamination, as bio-based ones are produced from biomass, while biodegradable ones are 

meant to degrade under a specific set of conditions. Biodegradable plastics can be either bio- 

or petroleum- based. 
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When we think about synthetic polymers, we often neglect those that are water soluble. These 

compounds, at certain molecular weight and temperature, can totally dissolve in water and 

alter its physicochemical properties. Due to their characteristics together with misleading 

terminology, water soluble polymers (WSP) do not fit in the conventional definition of 

plastics. Despite they are not as discussed as traditional plastics, these polymers account for 

approximately 6% of the global polymer market (Wang et al. 2021), which translates in 

millions of tons of yearly production. Given the variety of applications they are employed to, 

their presence in the environment and so the interaction with the biota is likely. 

 

1.2 Plastics: from miracle product to environmental problem 

Plastic properties have made these materials irreplaceable in our everyday lives. Plastic 

packaging has increased food shelf life and decreased the carbon footprint caused by 

transportation thanks to its light weight. In medicine, plastic ensures sterility. Due to its 

insulating properties, plastic reduces energy consumption, and became essential for the 

construction sector as part of cables, pipes, seals, and adhesive. Even the most recent 

technology (e.g. smartphones and computers) rely on the use of plastics (Laforsch et al. 

2021).  

Since the 1950s the use and production of plastic has always increased. Global data collected 

by OECD (2022) showed that plastic production reached 460 Mt in 2019, the same report 

predicts that the amount will triplicate by 2060, reaching 1230 Mt of produced plastic. To 

date, all sectors employ plastics, nevertheless the packaging one dominates the global plastic 

market, having reached 36% of the total production in 2017, followed by the building and 

construction sector (16%) and textiles (14%) (Geyer 2020). The packaging sector is not only 

the one that produces most primary plastics, but it is also the one that generates the highest 
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amount of post-consumer waste, as most retail packaging products are single use (Geyer 

2020).  

The generation of plastic waste increases together with its production, and reached 353 Mt in 

2019 alone (OECD, 2022). With plastic waste comes the problem of its disposal. Currently 

only 9% of the used plastic gets recycled, while 12 % is incinerated and 79% is disposed in 

managed landfills, open dumps or the environment (Geyer et al. 2017). So far, the efforts 

spent on plastic recycling have been limited, as this process typically produces products of 

lower technical and economic value which only delays the final disposal. Therefore, as the 

vast majority of the plastics produced today have very low degradability, they either get 

incinerated or they eventually enter the environment (Geyer 2020). Plastics can enter the 

environment either as large items, called macroplastics, or as small particles, named 

microplastics (MP). These small particles are called primary MP when are intentionally 

produced as such (e.g. for cosmetics). MP found in the environment can also be the result of 

physical and chemical fragmentation of macroplastics, in this case they are classified as 

secondary MP. 

 

1.2.1 Bioplastics  

As the accumulation of MP in virtually all the environmental compartments keeps raising 

awareness within our society, the demand of a more sustainable alternative rises. To date most 

of the employed plastics are petroleum-based and non-degradable, so bioplastics should 

represent a more environmentally friendly substitute. A plastic is defined as bioplastic when it 

is bio-based, biodegradable or both. When a material is produced, at least partially, from 

biomass it can be considered bio-based. A plastic can be considered biodegradable when it 

undergoes biological degradation under appropriate environmental conditions (Goel et al. 

2021). Biodegradable plastics can be, but are not necessarily, also bio-based (Figure 1).  
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Figure 1: plastic classification based on their composition and degradability. The ellipses 

surround the bioplastics, in yellow are marked the biodegradable ones and in blue those that 

are bio-based. (Adapted from Plastics Europe 2022). 

 

Of the 460 Mt of plastic globally produced in 2019 (OECD 2022) 2.3 Mt are labelled as 

bioplastics. According to a report redacted by Plastics Europe (Plastics Europe 2022) 2.3% of 

the 57 Mt of plastics produced in Europe in 2021 are bio-based, marking an increase of 0.4 Mt 

compared to the previous year.  

Biodegradable polymers have recently gained a lot of interest, as they were promised as one 

of the solutions to reduce plastic environmental contamination. Nevertheless, these polymers 

can only degrade under specific conditions, that are often not met in the environment. Rather, 

they have been found to fragment in a faster rate compared to conventional plastics (Steiner et 
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al. 2022), hence contributing to MP accumulation. Effects on the biota of MP from bioplastics 

to date remains understudied. 

 

1.2.2 Defining microplastics 

The term MP was first introduced in 2004 (Thompson et al. 2004), however this paper does 

not provide a proper definition for these particles. To date, MP are mostly categorized by size. 

The most widely accepted definition is the one proposed by NOAA (2008) (Arthur et al. 

2009) that defines as MP any solid particle with the larger dimension below 5 mm. The lower 

size limit is often determined by the detection limits of the instrument employed by different 

research groups, so there is less consensus, even though the upper limit for nanomaterials, 100 

nm, can be considered the lower limit for a particle to be considered a MP (Hartmann et al. 

2019). In an attempt to establish a common nomenclature for plastic particles Hartmann and 

coauthors (2019) suggested defining MP as insoluble particles of size 1-1000 µm. This last 

definition has then been adopted by ISO (ISO 24187:2023). Therefore, for this Thesis’ work I 

will refer to this size classification of MP.  

 

1.2.3 Environmental implications  

Nowadays MP have been detected ubiquitously in all environmental compartments, from the 

Artic (Morgana et al. 2018) to the Antarctic (Rota et al. 2022). It is found in the atmosphere 

(Gasperi et al. 2018), in the oceans, in ponds, rivers, lakes, glaciers, sediments and soil 

(Akdogan and Guven 2019). To date there are several methods available for MP detection and 

quantification. The most employed detection techniques include microscopy, Fourier 

Transformed Infrared Spectroscopy (FT-IR), Raman Spectroscopy and thermal analyses 

(Baruah et al. 2022). The detection limit varies greatly among these techniques. Briefly, 

microscopic and spectroscopic methods can give information on the particle’s size and 



   
 

   
 

18 

polymeric composition, for the first one only considering analyses carried out with scanning 

electron microscope (SEM) coupled with energy dispersive X-ray spectroscopy (EDS). µFT-

IR and Raman analyses provide similar information on the chemical identification of the 

polymers but have different detection limits (ca. 10 µm for µFT-IR and below 1 µm for 

Raman). Lastly thermal analyses can provide simultaneous information on the polymer and 

additives, however this is a destructive method that ends up with the complete degradation of 

the considered sample and provides no information on the particle size (Shim et al. 2017). 

Often multiple methods are used in parallel to estimate MP abundance and composition in 

complex matrixes (i.e., environmental samples like water, soil or sediments).  

MP environmental concentrations vary greatly according to the chosen method for detection 

and quantification, the considered compartment, geographical location, land use, development 

level and economic structure, the weather and even time of the year, spanning from few to 

thousands of particles (Rios Mendoza and Balcer 2019; Li et al. 2020; Stanton et al. 2020; 

Talbot and Chang 2022; Li et al. 2023). For example, 3.5 ´ 103 particles L-1 were detected in 

the sediments of Lake Huron (US), while only 1.2 ´ 10-4 particles L-1 in the water of Lake 

Hovsgol from a scarcely populated region in Mongolia (Li et al. 2020). However, quality 

assurance and quality control (QA/QC) protocols, if enforced, are often not disclosed, 

hindering the reliability of the reported data. 

At the early age of MP research, reflecting the societal concerns, investigations of plastic and 

MP prevalence and associated effects focused on the marine environment and biota. Quickly 

the number of investigations showing the negative effects of MP began to increase. While 

initial studies focused on the marine ecosystems, it is nowadays not the case any longer. 

Freshwater systems have been recognized not only as a path for plastic contamination to the 

ocean, but as important sinks themselves (Imhof et al. 2012; Global Plastic Outlook, OECD 

2022), so the number of studies concerning these ecosystems increased. Once in the 
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environment MP can interact with and alter different environmental matrixes; in a water body 

MP can be detected on the surface, throughout the water column and in the sediment 

(Bhardwaj et al. 2024). Given MP prevalence, animals living in contaminated systems interact 

with these particles throughout their lives.  

Reports of entanglements and deaths by starvation of charismatic megafauna (Figure 2) due to 

digestive tracts filled with plastic items or to suffocation helped raising awareness on the issue 

(e.g., Stelfox et al. 2016). When interacting with the biota, shape, size, polymer type 

(Schwarzer et al. 2022), plastic associated chemicals (Zimmermann et al. 2019; Zimmermann 

et al. 2020b) and surface characteristics (Ramsperger et al. 2020; Wieland et al. 2024) have 

been found to play an essential role in determining the possible effects.  

 

 

Figure 2: individual of Aldabrachelys gigantea ingesting a red string of plastic (Prison Island, 

Zanzibar; Ó Simona Mondellini). 

 

MP have been found to be taken up by several organisms across trophic levels, e.g., marine 

mammals (Nabi et al. 2022), birds (Masiá et al. 2019; Carlin et al. 2020), fishes (Thiele et al. 
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2021), mussels, planktonic and benthonic species (Setälä et al. 2014), unicellular organisms 

(Bulannga and Schmidt 2022), etc. Once ingested, MP have been proved to affect survival 

(Bosker et al. 2019), life history (Messinetti et al. 2018; Schwarzer et al. 2022), reproduction 

(Sussarellu et al. 2016), behavior (De Felice et al. 2019), metabolic pathways (De Felice et al. 

2024), stress and immune responses (Imhof et al. 2017; Limonta et al. 2019) and oxidative 

status (Xia et al. 2020) of several organisms. Nevertheless, despite some studies on 

biodegradable and/or bio-based materials have recently been published (Lambert and Wagner 

2017; Zimmermann et al. 2020a; De Felice et al. 2024), these investigations mainly focus on 

non-degradable, petroleum-based MP. 

 

1.3 Water soluble polymers 

While plastics are recognized as a global threat to human health and the environment, the vast 

majority of these investigations suggests that only insoluble polymers are a cause of concern. 

This, together with a terminological ambiguity (Hartmann et al. 2019), has led to the 

exclusion of WSP from recent regulation designs addressing the issue of MP pollution 

(Tarring et al. 2024a). Given that these compounds are not REACH registered (Regulation EC 

No 1907/2006), scarce information are available on their production volumes. Nevertheless, 

indirect estimations can be made basing on the educts of polymer synthesis that are REACH 

registered (Huppertsberg et al., 2020). This method permitted to estimate production rates of 

millions of tons per year (e.g. PEG ~ 106 t/a; PAA ~ 105-106 t/a). 

Despite the massive production rates, WSP prevalence in the environment has not been 

investigated until recently. WSP are employed in a variety of different fields that facilitate 

their direct and indirect immissions into the environment. WSP are in fact employed as e.g. 

flocculants in water treatment plants, for oil recovery, in pharmaceutical and personal care 

products (PPCP) as thickeners and densifiers, in paint, coatings, fertilizers, in the textile 
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industry (Huppertsberg et al. 2020; Tarring et al. 2024a), just to mention few of their 

applications. Their presence in the environment is, therefore, certain. 

Given their properties WSP can completely dissolve in water, hence, they do not wash up on 

shores as MP do (Huppertsberg et al. 2020), so their contamination is not as apparent.  

A limit in the investigation of WSP effects and prevalence is the lack of suitable analytical 

techniques for their detection. So far the methodologies that can be employed are gel 

permeation chromatography (GPC), matrix-assisted laser desorption/ionization time of flight 

mass spectrometry (MALDI-TOF MS) (Tarring et al. 2024a), nanostructured LDI-TOF MS 

(NALDI-TOF MS) (Wang et al. 2021), and continuous-flow off-line pyrolysis gas-

chromatography/mass-spectrometry (Py-GC/MS) (Antić et al. 2011; Vidovic et al. 2022). 

Nevertheless, the organic matter in real environmental samples still poses a limit for these 

methodologies. Given the detection limit, information regarding WSP environmental 

prevalence are scarce, nevertheless, some studies already highlight their presence in 

freshwaters. For instance, PVP, widely used in biomedical and food industry (Julinová et al. 

2018), has been detected in a concentration range that spans from 0.9 to 7.1 mg L-1 in an 

effluent of a waste water treatment plant (WWTP) in Germany (Antić et al. 2011); PEG, also 

employed for biomedical purposes, in PPCP and in the automotive industry, was detected in 

fresh falling snow with a concentration of 2.19 µg L-1 (Wang et al. 2021). Lastly, more 

recently Pauelsen and co-authors (2023) developed a sensitive methodology (size exclusion 

chromatography – electrospray ionization – high resolution mass spectrometry; SEC-ESI-

HRMS) for the detection of low MW compounds that allowed them to detect PEO in the 

effluent of WWTP and surface waters in 18 different locations in Germany with 

concentrations respectively of 20 and below 11 µg L-1. 

Once in the water compartment degradation might take place, both in WWTP and in the 

environment, but it is a slow process that requires a very specific range of conditions. WSP 
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can undergo mechanical (via turbulent flow), chemical (hydrolysis), UV, thermal- and bio- 

degradation. Biodegradation is strictly linked to the molecular weight (MW), with higher MW 

being harder to degrade; it can be carried out by e.g., bacteria, fungi and algae, often it is 

performed by specific strains that have been selectively domesticated (Wang et al. 2023). 

Abiotic degradation also requires specific condition of turbulence, salinity, pH, temperature 

and illumination. Degradation time can vary greatly in the environment, for example PEG can 

be completely degraded in freshwater, but the time spans from 14 to 65 days according to its 

MW with lower degradation rates in seawater in aerobic conditions (Bernhard et al. 2008; 

Wang et al. 2023). A similar trend was observed for PVA that was found to reach 21% 

degradation in 13 days in freshwater inoculated with WWTP’s bacteria (Alonso-López et al. 

2021). PEG can also be degraded in anaerobic condition, but the entire process can take up to 

165 days (Traverso-Soto et al. 2016). Other polymers, like PVP, are not degradable under 

environmental conditions (Julinová et al. 2018).  

 

1.3.1 Environmental implications 

Given the wide employment and often poor degradation rates of WSP, their interaction with 

the biota is certain. The investigation of their ecotoxicological implications are only at their 

infancy, few studies are in fact now available researching their potential effects towards the 

biota. For example, Nigro and co-authors (2022) evaluated the toxicity of PVOH (0.001, 0.5 

and 1.0 mg L-1) for 14 days on D. magna and for 5 days on Danio rerio and identified no 

significant negative effects in terms of life history and neurotoxicity. Nascimento and co-

authors (2021) investigated the potential toxicity of PEG (72 hours, 5 and 10 mg L-1) on 

Physalaemus cuvieri tadpoles and observed an alteration of the oxidative status of the exposed 

organisms, together with an increased activity of acetylcholinesterase and 

butyrylcholinesterase. In another recent work Nigro et al. (2024) exposed D. magna to 
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PVOH, PAA, PVP and PEG (0.001, 0.5 and 1.0 mg L-1) and evaluated their potential effects 

on life history, heartrate, swimming activity, neurotoxicity and energetic biomarkers. Their 

investigation highlighted an increase in mortality and neurotoxicity when the daphnids were 

exposed to PEG and that all the WSP they investigated altered the heartrate, the swimming 

behavior, the metabolic pathways and energy allocation. The same research group exposed D. 

rerio to the same concentrations of PVP, PEG and PAA (Binelli et al. 2024) and recorded a 

general protein upregulation for all the WSP and an altered oxidative status for the zebrafish 

exposed to PAA and PVP. Lastly Tarring et al. (2024b) were able to identify PVP within the 

tissues of D. magna using gel permeation chromatography (GPC) after a 48 hours exposure to 

50 mg mL-1 of the selected compound. They were however not able to identify a specific 

amount within the organism, because the concentration was comprised between the limit of 

detection (LOD) and the limit of quantification (LOQ) of the instrument (0.02 – 0.5 mg mL-1), 

confirming the interaction with the WSP.  
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2. Knowledge gaps and objectives 

 

1) Assessment of the potential effects of petroleum-based and biodegradable bio-based MP 

on freshwater organisms  

 

The so-called bioplastics have been promised as a potential solution to the environmental 

problem caused by plastic pollution. Nevertheless, these polymers, do not biodegrade in 

environmental conditions and they have been found to produce an even higher number of MP 

compared to petroleum-based plastics. Like traditional plastics, bioplastics are manufactured 

with a range of plastic associated chemical, many of which can leach into the environment 

and contribute to their overall toxicity. Despite these concerns, current and emerging 

regulations fail to include bioplastics in risk assessment frameworks, largely due to a 

supposed lack of relevant ecotoxicological data. 

 

1.1) Effects of MP originated from petroleum based and biodegradable-biobased plastics in 

unicellular eukaryotic organisms. 

 

Knowledge gaps:  

Unicellular eukaryotic organisms are essential for the ecosystem dynamics. In fact, they 

connect primary production, detritus, other microorganisms and higher trophic levels. Despite 

their fundamental biological role, studies on MP uptake and possible effects on their 

population dynamics are currently lacking (both regarding petroleum based and bioplastics). 

The few studies already published on the topic do not include environmentally relevant 

concentrations and neglect the potential transfer of MP via predation from different organisms 

on the lower levels of the food web. 
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Objectives: 

• Prove the uptake and trophic transfer of fluorescent PS-MP in different size ranges 

among different unicellular eukaryotic organisms (from P. caudatum and T pyriformis 

that served as preys, to the selected predator A. Proteus); 

• Expose P. caudatum to different MP, both from biodegradable bio-based and 

petroleum-based plastics, in an array of concentrations; 

• Confirm MP uptake via fluorescence microscopy and Raman Spectroscopy; 

• Determine whether the formation of an eco-corona/biofilm might influence the 

outcome of MP exposure on P. caudatum. 

 

1.2) Effects of MP originated from petroleum based and biodegradable-biobased plastics in 

Daphnia magna. 

 

Knowledge gaps: 

Numerous studies focused on MP ecotoxicological assessment are carried out using D. magna 

as model organism. Nevertheless, different clonal sensitivities of the employed Daphnia are 

hardly ever taken into account when it comes to MP investigations, hampering studies 

comparability. Furthermore plastics have a complex chemical make up: different plastic 

associated chemicals could in fact be responsible for MP’s ecotoxicological effects. Hence it 

is fundamental to investigate the drivers of MP toxicity, distingushing between the effects of 

the MP as they are, their extracts and the exctacted particles containing less chemicals. 
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Objectives: 

• Expose D. magna to MP from biodegradable bio-based and petroleum-based plastics 

to compare their potential effects; 

• Show that the employed D. magna clone can influence the outcome of MP exposure 

studies considering sublethal parameters; 

• Investigate the effects of extracted plastic associated chemicals obtained from both 

bioplastics and petroleum-based polymers on D. magna. 

 

2) Water soluble polymers 

 

Knowledge gaps: 

WSP are a highly employed class of polymers whose demand accounts for approximately 6% 

of the global polymer market. Despite being used in a variety of consumer products and 

biomedical and industrial sectors, investigations concerning their potential effects on aquatic 

biota are lacking. 

 

Objectives: 

• Provide a first assessment of the ecotoxicological effect of five commonly used WSP 

on D. magna’s life history. 

 



   
 

   
 

28 



   
 

   
 

29 

3. Synopsis 
 
3.1 Summary of the articles 

 

3.1.1 Effects of microplastic from petroleum-based and bioplastic on 

freshwater invertebrates 

 

3.1.1.1 Effects on unicellular freshwater organisms 

 

Article I - Effects of petroleum-based and biodegradable bio-based microplastics versus 

natural control particles on Paramecium caudatum, combined with in situ Raman 

spectroscopic detection 

 

Article I had multiple objectives. One major aim I wanted to address in this Article was to 

investigate the potential effects of several MP, including both petroleum-based and 

biodegradable bio-based plastics, on the unicellular freshwater organism Paramecium 

caudatum. The second aim of this article was to elucidate whether pristine and 

environmentally conditioned MP could elicit different responses on P. caudatum. Finally, as 

third aim of this Article, I aspired to verify the internalization of the selected particles within 

the ciliates’ cytoplasm, which led to the development of a novel µ-Raman spectroscopic 

approach. 

Unicellular eukaryotic organisms are fundamental components of the ecosystem, constituting 

the base of aquatic the food web. Although understanding the effects of MP contamination on 

these organisms is crucial for predicting ecosystem-level impacts, this group remains 

significantly understudied. Moreover, the exclusive use of pristine particles in experiments 

limits the ecological relevance and applicability of the findings. To better simulate the 
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plastisphere typical of freshwater environments, my collegues and I preconditioned all the 

particles used in this study by incubating them for two weeks in water collected from an 

outdoor pond and in MilliQ. 

To address the first two aims I conducted a 72-hour individual exposure to three 

concentrations of PLLA, PDLLA, PBS, P3HB, PA, PET, PS, PVC, LDPE and PP MP, along 

with cellulose, kaolin, grinded mussel shells and Tween20 as control groups. Each exposure 

was performed using pristine and environmentally conditioned particles. The results 

highlighted no difference between the effects induced by freshwater- and MilliQ- incubated 

particles and no concentration-dependent effect, reflecting the non-selective feeding 

behaviour of P. caudatum. Surprisingly, no particle exerted a significantly negative effect. On 

the contrary, the exposure to biodegradable bio-based MP, PET, cellulose and kaolin was 

associated with an increase in cell proliferation, possibly suggesting that P. caudatum may 

utilize these materials as a carbon source. 

Verification of particle uptake via µ-Raman spectroscopy was performed following an 

overnight incubation. All particles, apart from cellulose and kaolin, were identified within the 

exposed individuals. While not every particle type was detected in every cell, the successful 

identification of all MP types within the ciliates marks an important step toward the 

development of dose–response models. The spectroscopic method established in this study 

paves the way for future quantitative analyses of MP uptake in P. caudatum and other ciliates. 

Overall, the findings that my colleagues and I recorded in this Article were unexpectantly 

positive. Additional investigations would be necessary to elucidate the mechanisms of action 

underlying this seemingly positive effect and to explore their broader ecological significance. 
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Article II - Size dependent uptake and trophic transfer of polystyrene microplastics in 

unicellular freshwater eukaryotes 

 

In Article II, I employed Tetrahymena pyriformis, P. caudatum and Amoeba proteus as model 

organisms to investigate the uptake and potential trophic transfer of differently sized 

fluorescently labelled PS-MP (specifically 0.5 µm and 6 µm beads and fragments < 30 µm) in 

the lower trophic levels of freshwater ecosystems.  

Given the high environmental abundance of MP in smaller size ranges, these particles are 

available to a broad spectrum of suspension feeders, including unicellular eukaryotic 

organisms, which are often non-selective in their feeding behaviour. As a result, these 

organisms tend to ingest MP, and, since they represent the base of the food web, can serve as 

vectors for MP transfer to higher trophic levels.  

In this Article, my colleagues and I selected T. pyriformis and P. caudatum (both suspension 

feeders), to investigate size dependent MP uptake and to act as prey in a simplified food web. 

A. proteus was selected as the predator in this system to investigate whether it independently 

internalize MP, which particle size it could ingest, and if MP uptake increases through 

predation on the two ciliates.  

Size dependent uptake was proved for all three model organisms. P. caudatum individuals 

internalized particles up to 27.7 µm, while T. pyriformis ingested MP up to 10 µm. Although 

both ciliates exhibited high initial uptake rates, the number of individuals containing MP 

declined markedly after 24 hours. A. proteus was only able to internalize MP on its own 

through pinocytosis, which limits uptake to smaller particles (0.5 and 6 µm) that correspond 

to the diameter of its pinocytic channel (approximately 6 µm). Interestingly, these smaller MP 

remained detectable within the cytoplasm up to 14 days post-exposure. Larger MP fragments 

were detected inside Amoeba only following predation on the two ciliates. MP 
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bioaccumulation in the lower trophic levels could be of particular concern, as not only it could 

alter their population dynamics, but also cascade over higher trophic levels. 

 

3.1.1.2 Effects on Daphnia magna 

 

Article III - Same but different: The response to petroleum and biodegradable bio-based 

microplastics deviates between Daphnia magna clones  

 

In Article III, I investigated the effects of one petroleum-based (PET) and two biodegradable 

bio-based (PLA and PBS) MP on two different D. magna clones. Biodegradable and bio-

based plastics are often presented as “environmentally friendly” alternatives to conventional 

petroleum-based plastics. However, when released in the environment, they can generate 

equal or even greater quantities of MP, which might negatively affect the organisms. Despite 

increasing recognition of this issue, investigations on their potential effects are still scarce.  

For this study I chose D. magna as model organism, as its use is widely accepted in ecological 

and ecotoxicological investigations. Its amictic parthenogenetic reproduction should ensure 

the production of genetically identical individuals, which should enable to obtain a 

homogeneous response to contaminants and ensure comparability among studies. Despite this 

desirable characteristic, studies on Daphnia often report diverse results. Such discrepancies 

could arise from differences in the physicochemical properties of the tested MP or from 

varying clonal sensitivities among Daphnia strains. 

To address this, my colleagues and I conducted a 21-day chronic toxicity test using two D. 

magna clones (BL2.2 and Aig). Individuals of both clones were exposed to two 

concentrations of each polymer and of microcrystalline cellulose, used here as particle 

control. The exposure was conducted under limited food availability, to resemble a more 
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environmentally relevant scenario. As endpoints, we selected to record survival, reproductive 

output and neonates’ sex, juvenile body length growth rate and body length at the end of the 

exposure.  

The results showed that, while mortality was similar between the two clones, there were 

significant differences in sublethal endpoints. Furthermore, concentration-dependent adverse 

effects from both the petroleum-based and biodegradable bio-based MP were oberved, 

regardless of the Daphnia clone. These findings underline the urgent need for further research 

into the ecotoxicological effects of biodegradable bio-based plastics, which so far appear to be 

at least as harmful as traditional petroleum-based materials. 

 

Article IV - Extracted chemicals from microplastics exert increased adverse effects on 

Daphnia magna compared to the pristine particles  

 

In Article IV I explored the potential drivers of MP toxicity, by testing one petroleum-based 

(PET) and two biodegradable-biobased (PLA and PBS) MP, alongside microcrystalline 

cellulose as a particle control. To investigate the role of plastic-associated chemicals, the 

selected MP underwent a solvent-based extraction protocol in methanol. The resulting 

extracts, containing leached compounds, were then transferred into DMSO for use in D. 

magna exposures. 

Ten D. magna individuals were exposed for 10-day, under food limiting conditions, to the 

following treatments: unextracted MP, extracted MP (eMP), MP extracts, DMSO (solvent 

control), a blank control and a food level control provided with food ad libitum. Every 

treatment was replicated five times. As endpoints my colleagues and I considered any 

alteration in body length at day six, the number and sex ratio of the offspring, the level of 

reacted oxygen species (ROS) and of lipid peroxidation (LPO). 
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The results obtained highlight that body length was primarily affected by the plastic-

associated chemicals, with the extracts of PLA and PET exerting the worse effects. 

Reproductive outcomes were more complex, with all three treatments (MP, eMP, and 

extracts) exerting adverse effects on offspring number. Regarding biochemical endpoints, no 

significant changes were observed in ROS or LPO levels across treatments, except in the ad 

libitum fed group, which showed lower ROS and significantly higher LPO, likely a 

consequence of increased lipid reserves.  

Overall, drawing definitive conclusions about the mechanisms driving MP toxicity remains 

challenging. However, the data suggest that plastic associated chemicals contribute 

substantially to observed effects, while the presence of particles themselves also appears to 

have an impact over the reproductive output. 
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3.1.2 Effects of water soluble polymers on Daphnia magna 
 

Article V - Beyond microplastics: Water soluble synthetic polymers exert sublethal adverse 

effects in the freshwater cladoceran Daphnia magna 

 

In Article V, I explored the potential toxicity of five commonly used WSP (i.e., PVOH, PVP, 

PAA, PEO and PEG) using D. magna as a model organism. The study included an acute heart 

rate assay, a 48-hour immobilization test, and a 21-day chronic exposure. While no acute 

effects were detected, the chronic test revealed significant sublethal impacts. During the 21-

day chronic toxicity test I monitored any alteration in survival, in body size (both width and 

length) when the organisms reached sexual maturity and at the end of the exposure, any 

change in terms of fitness (number of produced offspring and number of reproductive cycles), 

and ROS levels at day 21. While no increased mortality was recorded, PVOH, PEO and PEG 

reduced the average number of produced offspring, whereas all WSP except PEG caused a 

decrease in the number of reproductive cycles. Morphological parameters recorded at the end 

of the exposure were also affected, with PVOH causing a decrease both in length and in 

width, and PVP determining an increase in body length. Analyses of the ROS levels indicated 

an altered oxidative status for all considered polymers. So, while these WSP did not induce 

any acute alteration, they did cause changes in life-history and morphological parameters. 

These findings suggest that WSP, despite being considered safe, can affect key life-history 

traits and physiological parameters in D. magna. This is concerning, as changes in body size 

may increase vulnerability to predation, while impaired fitness could disrupt population 

dynamics and propagate effects through the food web. Overall, in this Article I highlight the 

need to investigate the potential effects of WSP, which should warrant greater attention in 

regulatory framework alongside conventional MP. 
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3.2 Discussion 
 

Plastic pollution is now a recognised global environmental and societal problem. Despite 

polymer contamination and the consequent effects of exposure on the biota have been object 

of extensive research, numerous knowledge gaps are still to be addressed. Moreover, some of 

the efforts introduced to mitigate the environmental impact connected to plastic 

contamination, like the introduction in the market of environmentally friendly alternatives to 

conventional petroleum-based polymers, have added to the complexity of the MP-related 

issue.  

For instance, little is known about the effects of MP uptake at the lower levels of the food 

web, the potential similarities in the ecotoxicological effects of petroleum-based and 

bioplastics, or the environmental risk posed by water soluble polymers, which, though 

invisible to the naked eye, represent an emerging concern. Even when employing one of the 

most used model organisms for ecological and ecotoxicological investigation, i.e., Daphnia 

magna, research often overlooks a critical aspect: its clonal reproduction. While this trait 

makes D. magna highly suitable for controlled experiments, differences in clonal sensitivity 

may influence results, adding an additional layer of complexity to MP-related investigations. 

Therefore, the aim of my dissertation was to address two main knowledge gaps: 1) to 

investigate the effect of petroleum-based and biodegradable bio-based plastics on freshwater 

unicellular organisms and invertebrates, and 2) to evaluate the potential threat represented by 

WSP on the freshwater cladoceran D. magna.  

To address the first identified knowledge gap, I initially focused on the lower levels of the 

food web, starting with unicellular eukaryotic organisms. These organisms play a pivotal role 

within freshwater communities by linking primary production, detritus and other 

microorganisms with higher trophic levels (Mansano et al. 2016).  



   
 

   
 

37 

Despite their ecological importance in freshwater ecosystems, few studies so far dealt with 

the possible implications of MP uptake at this level of the food web, and with their potential 

trophic transfer (Gupta et al. 2017; Bulannga and Schmidt 2022). MP-driven effects on their 

population dynamics could, in turn, influence the bacterial communities they prey upon, as 

well as the primary consumers that feed on them, with the potential to disrupt the structure 

and functioning of the entire freshwater food web.  

To establish a foundation for investigating MP transfer in a simplified artificial food web, I 

first examined the uptake of MP fragments by P. caudatum. This ciliate is well suited to be 

used in laboratory conditions, and its fast reproduction rates make it ideal for standardized 

toxicity testing. The tested MP fragments included both biodegradable bio-based (PLLA, 

PDLLA, PBS, P3HB) and petroleum-based MP (PA, PET, PS, PVC, LDPE, PP), together 

with three natural control particles (cellulose, kaolin and mussel shells), in both pristine 

form and environmentally conditioned (incubated in freshwater from an outdoor pond). All 

employed particles were selected in a similar size range (< 20 µm). 

This study enabled the assessment of the effects of various polymers on cell proliferation, 

expanding beyond PS, which is the most studied MP in similar investigations (e.g., Scherer 

et al. 2017; Liang et al. 2021; Zhang et al. 2021). Interestingly, biodegradable bio-based MP 

determined an unexpected significant increase in cell proliferation, whereas paramecia 

exposed to petroleum-based MP had proliferation rates comparable to that of the control 

treatment. Additionally, by incubating the used particles both in ultra-pure and in freshwater, 

I evaluated potential differences in toxicity of pristine and environmentally conditioned 

particles (Ramsperger et al. 2020). Particle incubation was carried out for two weeks prior to 

exposure, and the formation of an eco-corona/biofilm was confirmed via SEM imaging. This 

step was included as previous studies reported that environmentally conditioned particles 

exhibited higher cellular internalization rates (e.g., Ramsperger et al. 2020), which could 
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translate into more severe effects for the exposed organisms. Despite no significant 

differences were highlighted in this study concerning the particle incubation, reflecting the 

non-selective feeding behaviour of P. caudatum, this approach could represent an essential 

step in formulating a more realistic risk assessment. Lastly, particle uptake was confirmed 

using a novel µ-Raman method, which did not require the use of any chemical fixation or of 

fluorescent dyes, establishing a valuable tool for future studies aiming to create a real dose-

response curve.  

To further investigate trophic interactions, I recreated a simplified food web, involving two 

prey species (P. caudatum and T. pyriformis) and one predator (A. proteus). To facilitate 

visualization, I employed fluorescently labelled PS beads and fragments in different sizes. 

Initially, PS-MP were first administered separately to each of the selected organisms, so to 

confirm size-dependent uptake. Subsequently, A. proteus was exposed to MP-fed preys.  

Size-dependent particle uptake was confirmed for all three eukaryotes: P. caudatum was 

able to ingest the largest fragments (up to ca. 27 µm), T. pyriformis took up particles up to 

10 µm, while A. proteus, despite its greater size, took up only the beads in the smaller size 

fraction (0.5 and 6µm) when exposed directly to MP. This reflects the feeding behaviour of 

the chosen model organisms, and it is connected to their average size. The two ciliates, in 

fact, are unselective suspension feeders, thus the size of the particles that they are able to 

take up is strictly related to their own body size (in our cultures T. pyriformis has an average 

size of 40 µm, while P. caudatum of approximately 200 µm). The number of observed 

internalised MP within the ciliates was highest 2 hours post exposure but declined rapidly 

thereafter; no MP-carrying individuals were detected 24 hours after exposure. This indicates 

that MP release takes place and that the egested MP are not re-ingested a second time. 

A. proteus (which in our cultures has an average size of ca. 500 µm), on the other hand, 

employs two distinct feeding mechanisms: phagocytosis and pinocytosis. Phagocytosis 
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enables the amoeba to feed selectively, often avoiding non-motile particles, such as MP, by 

relying on the chemical and mechanical stimuli that are characteristic of a living prey. In 

contrast, pinocytosis is a non-selective uptake mechanism that allows the internalization of 

particles smaller than the diameter of the pinocytic channels, estimated to be around 6 µm 

(Klein et al. 1989). This unselective process also leads to the uptake of small MP, as 

confirmed by the obtained results. Furthermore, the observed increase in pinocytic uptake 

following the experimenrtal alteration of the exposure medium to increase pynocitosis rates 

provides additional support for this interpretation. Therefore, we can conclude that the MP 

detected inside A. proteus were taken up passively via this last mechanism. MP taken up via 

this route could be detected within the amoebae cytoplasm up to 14 days post exposure. This 

outcome may be explained by the fact that the selected PS-MP did not alter the cytoplasmic 

osmotic balance, and therefore did not trigger particle egestion. Larger particles (fragments 

< 30 µm) were not phagocitated by A. proteus, despite attempts to induce uptake via protein 

coating. Nevertheless, when fed MP-laden preys, larger MP were also detected within the 

cytoplasm of A. proteus. However, in this case, retention time was shorter than for MP taken 

up via pinocytosis, as most individuals expelled the particles within 72 hours. While active 

excretion explains this observation, it can also be hypothesized that this outcome resulted 

from an asymmetrical cell division of A. proteus (Prescott, 1955), which could have diluted 

the proportion of MP-laden individuals.  

Despite in this study ecotoxicological effects were not investigated, the obtained results 

remain concerning. Ciliophora can take up tens of MP, which, despite the relatively short 

retention time, has unclear ecological consequences. A. proteus, capable of ingesting up to 

70 cells per day, could potentially ingest hundreds of MP via predation. Therefore, 

bioaccumulation of MP in these organisms, has high biomagnification potential, not only 
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among other unicellular organisms, but also to higher trophic levels (Zhang et al. 2021; 

Bulannga and Schmidt 2022; Sarker et al. 2022). 

Moving up along the freshwater food web, D. magna was selected as model organism. This 

species plays a central role in lentic ecosystems, both by regulating populations of primary 

producers and by serving as a key food source for a wide range of predators. Therefore, 

alterations in D. magna’s population dynamics could have impacts over entire ecosystems. 

D. magna is widely employed in evolutionary, ecological and ecotoxicological research 

(Brehm et al. 2023), due to the ease at which it can be maintained under laboratory 

conditions, its sensitivity to toxicants and its ability to reproduce via amictic parthenogenesis 

under optimal environmental conditions (Sarma and Nandini 2006). This reproductive 

strategy enables the use of maternal clonal lines, producing offsprings that are genetically 

identical to the parental organism, which, in turn, should ensure homogeneous responses in 

exposure studies. However, the clone lines used across laboratories are different, due to 

different native environments, and are rarely reported in the published works, which could 

hinder comparability and reproducibility of the studies (Picado et al. 2007). In MP research, 

the issue is further complicated by the diverse physicochemical properties of the material, 

which can influence their environmental behaviour and biological interactions (Salehi et al. 

2024). Furthermore, plastics are associated with a wide array of intentionally and 

unintentionally added chemicals, that can contribute to their potential toxicity (Rochman et 

al. 2019; Da Costa et al. 2023; Wagner et al. 2024; Monclús et al. 2025). As a result, even 

when comparing the effects of supposedly identical MP in terms of polymeric composition, 

size and surface characteristics (Ramsperger et al. 2022; Wieland et al. 2024), results could 

differ also due to the presence of several plastic associated chemicals. Introducing clonal 

variability into this already complex scenario may render meaningful conclusions difficult to 

achieve. 
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To address these challenges, I exposed two D. magna clones (Aig, originating from Bavaria, 

and BL2.2, originating from Belgium) to two biodegradable bio-based MP (PLA and PBS), 

a petroleum-based MP (PET) and microcrystalline cellulose fragments as particle control. 

This experimental design was meant to elucidate potential differences in toxicity of different 

concentrations of petroleum-based and biodegradable bio-based MP, while at the same time 

evaluating potential differences in the sensitivity of the two selected clones. The study was 

conducted following the OECD guidelines for chronic exposures (OECD No. 211), with one 

modification: the organisms were not fed ad libitum (2 mg C L-1), but instead they were 

given 0.5 mg C L-1 of the green algae Acutodesmus obliquus. This change was introduced to 

recreate a more environmentally realistic scenario representative of mesotrophic lakes 

during summer months. The results obtained in this study highlight that, even if mortality is 

comparable between the two clones, these are significantly different in all considered 

sublethal responses. In particular, the Aig clone appears to be significantly more sensitive to 

the experimental conditions than BL2.2. Despite the clones having different sensitivities it 

was still possible to assess MP induced effects. Results highlighted a concentration 

dependent negative effect of all three polymers compared to cellulose and that 

biodegradable bio-based MP, despite being marketed as an environmentally friendly 

solution to the issue represented by plastic pollution, can be equally toxic to conventional 

materials. These results contrast with what was observed for P. caudatum, in which case 

biodegradable bio-based MP induced a seemingly positive effect on asexual division. 

Differences between these two model organisms are however to be expected, due to their 

distinct physiology and levels of biological complexity. Furthermore, an increase in ciliates 

cellular proliferation, despite being seemingly positive, may lead to unforeseen 

consequences at population and community levels. These observations provide a valuable 



   
 

   
 

42 

foundation for future investigations aimed at better understanding broader ecological 

implications connected to MP contamination. 

To disentangle the drivers of MP toxicity I designed a follow up experiment, employing the 

same MP (PBS, PLA and PET) and control particle (microcrystalline cellulose fragments), 

maintaining an equal nutrition level described above (0.5 mg C L-1). In this work I compared 

the effects of one concentration of MP, eMP and extracts. The employed eMP and extracts 

were produced via solvent-based extraction from the selected MP.  

To date, over 16,000 chemicals have been identified as being intentionally or unintentionally 

added to plastics, of these 4,219 are recognized as chemicals of concern (Wagner et al. 

2024; Monclús et al. 2025). Nevertheless, only 6% of these compounds are currently 

regulated by Multilateral Environmental Agreements (e.g. Basel, Stockholm and Minamata 

Conventions; Montreal Protocol) (Monclús et al. 2025). These compounds leach out during 

the entire life cycle of plastics and interact with organisms, exerting largely unknown 

effects. Thus, the exposure experiments performed to test the effects of MP, eMP and 

extracts were conducted on D. magna, specifically on the clone BL2.2, previously identified 

as the most suitable due to its lower mortality rates. By using this approach, it was possible 

to assess both particle- and chemical-mediated effects under controlled laboratory 

conditions, offering valuable insights into the potential impacts of MP on D. magna. 

Unlike the previously described experiment conducted on single individuals, this study 

involved five replicates per treatment consisting of ten organisms each. Next to the above-

mentioned treatments, I included a blank, a DMSO, and a food level control fed ad libitum, 

to account for the solvent and nutrition related effects.  

The results of this work further highlighted the complexity of MP mode of action. GC/MS 

analyses revealed the presence of various plastic associated chemicals, even though only 

four could be unequivocally identified based on their Kovats indices (Kováts 1958). While 
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none of the detected chemicals was previously reported as toxic alone, the exposure to their 

mixture could have unpredicted negative effects (Silva et al. 2022). Morphological 

parameters were primarily affected by the extract treatment, emphasizing the contribution of 

plastic associated chemicals in MP toxicity. However, all particle components from the 

selected polymers (MP, eMP and extracts) negatively affected the number of produced 

offspring, indicating that both particle- and chemical-mediated mechanisms can influence 

reproductive outcomes.  

Next to life history parameters, the levels of ROS and LPO were also investigated. MP 

exposure can cause an imbalance in the daphnids’ oxidative status, which, in turn, could 

determine the disruption of macromolecules like lipids (De Felice et al. 2022). In this 

experiment, however, the biochemical analyses of ROS and LPO levels did not reveal any 

significant alteration. The organisms’ defences against oxidative damage are physiologically 

costly. While changes in ROS and LPO levels have previously been reported following MP 

exposure (e.g., Roy et al 2023; De Felice et al. 2024; Oduro et al. 2024), the absence of 

measurable oxidative damage might reflect a reallocation of energy in favour of antioxidant 

and detoxifying machinery. This energetic trade-off may have reduced the resources 

available for growth and reproduction (Barata et al. 2005), consistent with the observed 

results.  

The control treatments, consisting of a blank, cellulose control (as MP, eMP and extracts), 

DMSO and food level control, did not negatively affect the exposed organisms. The only 

consistently different treatment was the food level control, in which, in line with our 

expectation, the animals grew larger and produced higher number of offspring. This control 

group also exhibited lower ROS levels but significantly higher LPO levels, potentially 

linked to an higher lipid content in these animals compared to those exposed to a restricted 

feeding regimen, which therefore might have had a lower pool of peroxidable substrate 
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(Yang et al. 2021). These findings highlight that MP exposure under environmentally 

relevant conditions may lead to stronger effects than those typically reported in current 

literature. While classical experimental designs have been pivotal in advancing our 

understanding of MP effects, these results underscore the need for further studies 

incorporating realistic exposure scenarios.  

 

Lastly, the second aim of this dissertation was addressed by investigating the effects induced 

by five commonly used WSP. This class of synthetic polymers has, to date, received 

relatively limited attention compared to conventional plastics. One reason may be the 

terminological ambiguity surrounding the term plastic (Hartmann et al. 2019), which refers 

exclusively to solid items, thereby excluding WSP from both scientific discourse and current 

regulatory frameworks (Tarring et al. 2024a, 2024b). Furthermore, WSP contamination is 

inherently less visible than MP pollution, making it less likely to draw attention despite its 

potential environmental relevance (Huppertsberg et al. 2020). To this must be added the 

current limitations in detecting WSP within environmental matrices, which hinder the 

determination of their environmental concentrations and, consequently, impair accurate 

hazard assessment. In this study D. magna individuals were acutelly and chronically 

exposed to PVOH, PVP, PAA, PEO and PEG. These WSP are widely used for a variety of 

everyday applications, which facilitates their entry into WWTP and ultimately ensures their 

presence in the environment, making the interaction with aquatic biota certain. 

Despite the results of my work did not highlight any acute alteration following the exposure 

to the selected WSP, such as increased mortality or effects on the heartrate, sublethal effects 

were recorded following a chronic exposure. These included significant changes in 

morphological parameters, reproductive output and levels of ROS.  
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D. magna covers an essential role in lentic communities, being prymary consumers of 

phytoplankton and serving as s key food source for secondary consumers (Diel et al. 2020). 

As such, it is essential for the transfer of carbon and energy within freshwater food webs. 

Alterations in daphnids population may disrupt both the top-down control of algal 

proliferation, and the bottom-up regulation of higher trophic levels. Consequently, the 

recorded negative effects of both MP and WSP could not only impair D. magna’s population 

dynamics, but also cascade over higher trophic levels, ultimately affecting the structure and 

function of freshwater ecosystems (Bosker et al 2019).  

 

To conclude, while the field of MP research has expanded significantly over the past two 

decades, several critical knowledge gaps remain unaddressed. With this Dissertation I aimed 

at adding new insights to the current body of knowledge concerning polymers 

ecotoxicological effects by:  

1) providing new evidence on the impacts of MP uptake at the basal level of freshwater 

food webs, showing that not only unicellular eukaryotes are able to internalize MP of 

different sizes, but that they may also represent an important pathway for 

biomagnification to higher trophic levels;  

2) showing that petroleum-based and biodegradable bio-based plastics and their extracts 

exert comparable effects on D. magna, while highlighting the importance of 

environmentally relevant experimental designs. These findings indicate that 

biodegradable bio-based plastics should not be regarded as a straightforward solution 

to plastic contamination and highlight the need for them be included by policy makers 

in new regulatory designs. Moreover, results obtained with different D. magna clones 

reveal variability in their response to MP exposure, emphasising the necessity to 

report lineage information to ensure study comparability; 
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3) reporting, for the first time, the negative effects of WSP on D. magna, highlighting the 

urgent need to extend the current research efforts also on the investigation of these so 

far neglected class of polymers.  

 

It is noteworthy that persistent inconsistencies in definitions and terminology continue to 

hinder not only the comparability of studies but also the effectiveness of regulatory efforts, 

e.g., by deliberately excluding bioplastics and WSP from the latest regulatory designs. So, 

while these are intended to mitigate the effects of MP pollution, they may result in the 

development and consequent introduction in the environment of newer, but equally 

dangerous, materials. Moreover, the current directives indirectly encourage the use of 

biodegradable and WSP given the supposed lack of relevant ecotoxicity data, thereby possibly 

increasing the issue. 

In the present thesis, I aim to address part of this issue by conducting a more comprehensive 

investigation into the effects of MP on unicellular eukaryotic organisms, as well as by 

demonstrating the environmental threats posed by both biodegradable bio-based polymers and 

WSP. This work, therefore, contributes to the growing body of knowledge on polymer 

pollution and may serve as valuable resource for future research, as well as for policymakers 

who may one day consider the inclusion of these compounds in regulatory frameworks 

addressing polymer contamination. 
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Particle milling and sieving  

Pellets of each polymer were mixed with shredded dry ice (1:1 V/V) and then infused in 

liquid nitrogen for 20 minutes. The obtained mixture was then poured into an ultracentrifugal 

mill (18000 U/min, 350 µm spacer sieve, 24 tooth rotor, Ultra-Centrifugal Mill ZM 200, 

Retsch, Haan, Germany). The ground polymer was dried under dry vacuum at 40°C for 24 

hours. This process was repeated with increasingly smaller sieves (200-75 µm, <75µm, and 

finally <20µm, ALPINE Air Jet sieve e200 LS, FRITSCH, Idar-Oberstein, Germany), until 

the desired size was obtained. 

 

 

Figure SI 1: Size distribution of LDPE fragments (d90=21.33 µm; d50=16.61 µm). Measurements were 

conducted using MD and DIA. 
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Figure SI 2: Size distribution of PS fragments (d90=37.54 µm; d50=20.67 µm). Measurements were 

conducted using MD and DIA. 

 

 

 

Figure SI 3: Size distribution of PA fragments (d90=59.15 µm; d50=22.17 µm). Measurements were 

conducted using MD and DIA. 
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Figure SI 4: Size distribution of PP fragments (d90=47.99 µm; d50=23.28 µm). Measurements were 

conducted using MD and DIA. 

 

 

 

Figure SI 5: Size distribution of PVC fragments (d90=32.38 µm; d50=17.77 µm). Measurements were 

conducted using MD and DIA. 

 



   
 

   
 

88 

 

Figure SI 6: Size distribution of PET fragments (d90=43.36 µm; d50=21.82 µm). Measurements were 

conducted using MD and DIA. 

 

 

 

Figure SI 7: Size distribution of P3HB fragments (d90=19.77 µm; d50=8.66 µm). Measurements were 

conducted using MD and DIA. 
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Figure SI 8: Size distribution of PBS fragments (d90=43.6 µm; d50=22.7 µm). Measurements were 

conducted using MD and DIA. 

 

 

 

Figure SI 9: Size distribution of PDLLA fragments (d90=40.11 µm; d50=21.25 µm). Measurements 

were conducted using MD and DIA. 
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Figure SI 10: Size distribution of PLLA fragments (d90=42.50 µm; d50=20.53 µm). Measurements 

were conducted using MD and DIA. 

 

 

 

Figure SI 11: Size distribution of cellulose fragments (d90=51.11 µm; d50=26.07 µm). Measurements 

were conducted using MD and DIA. 
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Figure SI 12: Overview SEM images of all incubated MP particles. The left column shows the 

ultrapure water (UW) incubated particles, and the right column shows the freshwater (FW) incubated 

particles. 
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Figure SI 13: SEM images of all incubated MP particles. The two left columns show the ultrapure 

water (UW) incubated particles, while the two right columns show the freshwater (FW) incubated 

particles. After incubation in FW for 2 weeks, all MP particles and control particles developed a 

biofilm (white arrows in the 4th column). The biofilms included organisms of various sizes, likely 

comprising both prokaryotic and eukaryotic species. Furthermore, the particles were covered with 

amorphous structures, which likely consisted of biomolecules and remnants of freshwater organisms. 

In the FW samples, we observed various prokaryotic and eukaryotic organisms, including Vorticella 

spp. 
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Figure SI 14: Analysis of a mussel shell (MS) particle uptake by Raman Imaging; A) Bright-field 

microscopic image of the paramecium, taken at 10x magnification; B) Bright-field microscopic 

stitched image of the paramecium, single tiles were taken at 50x magnification, using the objective of 

the Raman microscope; C) Raman image reconstructed from the k-means cluster analysis and spectral 

demixing depicting the different components (MS particle (white arrow), background and cell 

components 1-5) color coded according to the spectra shown in (D) respectively; D) Mean Raman 

spectra of different cellular components separated by the data analysis along with the spectrum for MS 

used for particle depiction color coded in blue and the mean spectra of the background representing 

the media in which the paramecia were reared.  
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Figure SI 15: Analysis of BB-MP uptake by Raman Imaging; (I) P3HB; (II) PBS; (III) P(D)LLA. (A) 

Bright-field microscopic image of the paramecium, taken at 10x magnification; B) Bright-field 

microscopic stitched image of the paramecium, single tiles were taken at 50x magnification, using the 

objective of the Raman microscope; C) Raman image reconstructed from the k-means cluster analysis 

and spectral demixing depicting the different components (MP particle (white arrow), background and 

cell components 1-5) color coded according to the spectra shown in (D) respectively; D) Mean Raman 

spectra of different cellular components separated by the data analysis along with the spectrum for 

BB-MP used for particle depiction color coded in blue and the mean spectra of the background 

representing the media in which the paramecia were reared.  
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Figure SI 16: Analysis of PB-MP particle uptake by Raman Imaging; (I) PS; (II) PVC; (III) PA; (IV) 

PP; (V) PET. (A) Bright-field microscopic image of the paramecium, taken at 10x magnification; B) 

Bright-field microscopic stitched image of the paramecium, single tiles were taken at 50x 

magnification, using the objective of the Raman microscope; C) Raman image reconstructed from the 

k-means cluster analysis and spectral demixing depicting the different components (MP particle (white 

arrow), background and cell components 1-5) color coded according to the spectra shown in (D) 

respectively; D) Mean Raman spectra of different cellular components separated by the data analysis 

along with the spectrum for PB-MP used for particle depiction color coded in blue and the mean 

spectra of the background representing the media in which the paramecia were reared.  
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Figure SI 17: Analysis of fluorescent PS MP particle uptake by Raman Imaging; A) Bright-field 

microscopic image of the paramecium, taken at 10x magnification; B) Bright-field microscopic 

stitched image of the paramecium, single tiles were taken at 50x magnification, using the objective of 

the Raman microscope; C) Raman image reconstructed from the k-means cluster analysis and spectral 

demixing depicting the different components (fluorescent PS MP (white arrow), background and cell 

components 1-5) color coded according to the spectra shown in (D) respectively; D) Mean Raman 

spectra of different cellular components separated by the data analysis along with the spectrum for 

fluorescent PS MP used for particle depiction color coded in blue and the mean spectra of the 

background representing the media in which the paramecia were reared. 

 

Fluorescence microscopy 

Short-term exposures of two hours were performed to demonstrate particle uptake. These 

exposures involved using fluorescently labeled PS fragments (<20 µm). Individuals of 

P. caudatum were exposed to 10000 particles mL-1. Ten µl of the media containing exposed 

organisms was then transferred onto a microscopy slide, and the fluorescently labeled PS 

particles were observed with a fluorescence microscope (Zeiss Imager.Z2m, 1x camera 

adapter, Carl Zeiss, Jena, Germany). See also Mondellini et al. (2024) for more information. 
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Figure SI 18: Fluorescently labeled PS fragments (<20 µm) ingested by P. caudatum observed with 

fluorescence microscopy. A: bright field, B: epifluorescence, C: merged channels. Scale bars = 50µm. 
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Figure SI 19: Raman reference spectra for BB-MPs and control particles. 
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Figure SI 20: Raman reference spectra for PB-MP particles. 
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Figure SI 21: Raman reference spectra for PB-MP particles. 
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Figure SI 22: Raman reference spectra for PB-MP particles. 
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Table S1: Results from contrasts comparing microplastic (MP) treatments with their respective 
controls. MP treatments where Tween20 was added to prevent particle aggregation are compared to a 
Tween control, freshwater (FW) MP treatments are compared to the FW control, and ultrapure water 
(UW) MP treatments are compared to the UW control. 

Contrast Ratio SE df Null z ratio p-value Significance 
Cellulose FW / Control FW 1.49 0.10 Inf 1 6.18 <0.0001 *** 
Kaolin FW / Control FW 1.48 0.10 Inf 1 6.05 <0.0001 *** 
MS FW / Control FW 1.09 0.07 Inf 1 1.35 0.2473  
PLLA FW / Control FW 1.49 0.10 Inf 1 6.11 <0.0001 *** 
PDLLA FW / Control FW 1.51 0.10 Inf 1 6.37 <0.0001 *** 
PBS FW / Control FW 1.53 0.10 Inf 1 6.54 <0.0001 *** 
P3HB FW / Control FW 1.55 0.10 Inf 1 6.78 <0.0001 *** 
PA FW / Control FW 1.15 0.08 Inf 1 2.13 0.0547  
PET FW / Control FW 1.56 0.10 Inf 1 6.93 <0.0001 *** 
PS FW / Control FW 1.10 0.07 Inf 1 1.39 0.2427  
PVC FW / Control FW 1.05 0.07 Inf 1 0.75 0.5534  
Tween FW / Control FW 0.91 0.08 Inf 1 -1.08 0.3593  
LDPE FW / Tween FW 1.27 0.09 Inf 1 3.43 0.0011 ** 
PP FW / Tween FW 1.20 0.09 Inf 1 2.50 0.0214 * 
Cellulose UW / Control UW 1.40 0.09 Inf 1 5.26 <0.0001 *** 
Kaolin UW / Control UW 1.46 0.09 Inf 1 5.91 <0.0001 *** 
MS UW / Control UW 1.03 0.07 Inf 1 0.51 0.7078  
PLLA UW / Control UW 1.44 0.09 Inf 1 5.75 <0.0001 *** 
PDLLA UW / Control UW 1.29 0.08 Inf 1 3.88 0.0002 *** 
PBS UW / Control UW 1.52 0.10 Inf 1 6.56 <0.0001 *** 
P3HB UW / Control UW 1.41 0.09 Inf 1 5.35 <0.0001 *** 
PA UW / Control UW 1.03 0.07 Inf 1 0.48 0.7109  
PET UW / Control UW 1.32 0.09 Inf 1 4.29 <0.0001 *** 
PS UW / Control UW 1.02 0.07 Inf 1 0.29 0.7727  
PVC UW / Control UW 1.03 0.07 Inf 1 0.41 0.7362  
Tween UW / Control UW 1.09 0.09 Inf 1 1.08 0.3593  
LDPE UW / Tween 1.12 0.07 Inf 1 1.72 0.1327  
PP UW / Tween 1.02 0.07 Inf 1 0.29 0.7727  

Values derived from a Conway-Maxwell Poisson regression model. Model formula: n.individuals ~ 
Particle.typetime + concentration + Particle.type:concentration + incubation + 
Particle.type:incubation. SE: standard error, df: degrees of freedom. Significant ratios are marked by 
asterisks. *: p < 0.05. 
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Table S2: Marginal means for the number of paramecia depending on treatments. Means calculated 
with R package emmeans for mean exposure time (48 hours) and mean particle concentration based 
on a Conway-Maxwell Poisson regression. 

Treatment Incubation type Time Response SE df asymp.LCL asymp.UCL 
Control FW 48 1.14 0.07 Inf 1.014 1.272 
Cellulose FW 48 1.70 0.05 Inf 1.601 1.797 
Kaolin FW 48 1.68 0.05 Inf 1.587 1.781 
MS FW 48 1.24 0.04 Inf 1.165 1.325 
PLLA FW 48 1.69 0.05 Inf 1.594 1.788 
PDLLA FW 48 1.71 0.05 Inf 1.620 1.815 
PBS FW 48 1.73 0.05 Inf 1.638 1.835 
P3HB FW 48 1.76 0.05 Inf 1.663 1.862 
PA FW 48 1.31 0.04 Inf 1.227 1.392 
PET FW 48 1.77 0.05 Inf 1.679 1.876 
PS FW 48 1.25 0.04 Inf 1.167 1.329 
PVC FW 48 1.19 0.04 Inf 1.118 1.275 
Tween FW 48 1.04 0.07 Inf 0.915 1.172 
LDPE FW 48 1.32 0.04 Inf 1.240 1.405 
PP FW 48 1.24 0.04 Inf 1.160 1.321 
Control UW 48 1.19 0.07 Inf 1.064 1.331 
Cellulose UW 48 1.67 0.05 Inf 1.575 1.767 
Kaolin UW 48 1.74 0.05 Inf 1.640 1.836 
MS UW 48 1.23 0.04 Inf 1.154 1.314 
PLLA UW 48 1.72 0.05 Inf 1.624 1.819 
PDLLA UW 48 1.53 0.05 Inf 1.441 1.624 
PBS UW 48 1.81 0.05 Inf 1.709 1.907 
P3HB UW 48 1.68 0.05 Inf 1.583 1.775 
PA UW 48 1.23 0.04 Inf 1.149 1.312 
PET UW 48 1.57 0.05 Inf 1.479 1.665 
PS UW 48 1.21 0.04 Inf 1.135 1.296 
PVC UW 48 1.22 0.04 Inf 1.146 1.304 
Tween UW 48 1.30 0.07 Inf 1.160 1.453 
LDPE UW 48 1.45 0.05 Inf 1.367 1.544 
PP UW 48 1.32 0.04 Inf 1.243 1.410 

Model formula: n.individuals ~ Particle.type*time + concentration + Particle.type:concentration + 
incubation + Particle.type:incubation. SE: standard error, df: degrees of freedom, LCL: Lower 
confidence limit. UCL: Upper confidence limit. 
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Discussion of the potential effects of Tween20 

As an additional control in the reproduction experiment, a Tween20 exposure group was 

included. Tween20 is a non-ionic surfactant commonly used in our daily lives and in MP 

studies as a dispersant for particles with buoyant properties (Khosrovyan and Kahru 2022) to 

improve their suspensibility. Tween20 modifies liquid properties by reducing surface tension 

and interfaces (Rebello et al. 2014). In this study, Tween20 was used for the hydrophobic 

plastics PP and LDPE. It is generally considered a non-toxic substance, especially at the 

concentrations used in MP studies (0.01 and 0.001 Volume%; e.g., Khosrovyan and Kahru 

2022; Esterhuizen et al. 2023), but some studies have reported induced cyto/genotoxicity, 

apoptosis, and necrosis (e.g., Eskandani et al. 2013; Reitermayer et al. 2018), as well as 

effects on plankton communities in the case of Tween80 (Yuan et al. 2024). In our study, 

P. caudatum individuals exposed to Tween20 showed no adverse effects from this surfactant.  
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Supplementary Materials and Methods 
 
Preparation of PS fragments  

PS doped with Rhodamin B, was purchased by Magic Pyramid (Frechen, Germany). The 

number- and weight average molecular weights (Mn and Mw) as well as the dispersity (Đ = 

Mw/Mn) was determined by gel permeation chromatography (GPC; Mn = 72000 g/mol, Mw = 

166000 g/mol, Đ = 2.3). Pellets were grounded with an Ultra Centrifugal Mill ZM 200 

(Retsch GmbH, Haan, Germany). The pellets were precooled with dry ice and milled with a 

12 teeth rotor and a 120 µm sieve at a speed of 18000 rpm. The separation into several 

fractions was done with an Alpine Air Jet Sieve E200 LS (Hosokawa Alpine AG, Augsburg, 

Germany) by using the 125 µm, 75 µm and 20 µm sieve.  
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Supplementary figures 
 

 

Figure S1 Size distribution of PS fragments <30 µm (d90=29.36 µm, mean particle size 16.2 ± 

7.4 µm). Measurements were conducted using LD (laser diffraction) and DIA (dynamic image 

analysis). 
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Figure S2: SEM images of the PS <30µm MP fragments (JEOL JSM-IT500 Scanning Electron 

Microscope, JEOL Ltd., Japan). The particles were coated with 2 nm C and 2 nm Pt (Leica 

EM ACE600, Leica Microsystems GmbH, Germany). A-E: Gradually increased 

magnification of the particle centered in the middle (white arrow in A-C). Magnifications: (A) 

100x, (B) 230x, (C) 500x, (D) 1,000x, and (E) 3,000x. 
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A 

 

B 

 

 

Figure S3 Image of the largest MP particle (PS<30 µm) found inside a P. caudatum cell. 

(A) Measurement used for calculation of the particle / cell length ratio. (B) Zooming in 

(digitally) on the particle indicates a single fragment. Scale bar = 20 µm (20x magnification). 
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Figure S4 Measurement of a small T. pyriformis cell with 6 µm PS beads inside, used for 

calculation of the particle / cell length ratio. Scale bar = 10 µm (63x magnification). 

 

 

Figure S5: Cell size distribution (cell length) of T. pyriformis. Randomly chosen T. 

pyriformis cells were measured using ZEN 2 core v2.5 / ZEN 2 starter v2.5 (Carl Zeiss 

Microscopy GmbH, Jena, Germany). Histogram was created in RStudio Version 2023.03.0. 

Red line = mean (39.60µm), n=100. 
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Figure S6: Cell size distribution (cell length) of P. caudatum. Randomly chosen P. caudatum 

cells were measured using ZEN 2 core v2.5 / ZEN 2 starter v2.5 (Carl Zeiss Microscopy 

GmbH, Jena, Germany). Histogram was created in RStudio Version 2023.03.0. Red line = 

mean (194.46µm), n=100. 
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Figure S7: Release of PS0.5µm by a P. caudatum cell of 0.5 µm PS-MP. (A) Start of the 

observation under the microscope. Arrow points towards MP inside the cell that are about to 

be released; (B) Observation made after few seconds incubation. Arrow points towards MP 

outside the cell after release. Scale bar = 50 µm (20x magnification).
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Figure S8: A: T. pyriformis loaded with PS0.5µm beads, incubated for 6 hours with starving 

amoebae (Left panel: bright field; middle panel: epifluorescence; right panel: merged). B: A. 

proteus (the same individual as in A), stained with 25 µg/mL Hoechst 33342 dye (Sigma 

Aldrich, Sigma-Aldrich,Taufkirchen, Germany) to visualize the ingested T. pyriformis. Arrow 

1: stained T. pyriformis with ingested PS0.5µm beads (circle). Arrow 2: contractile vacuole, 

Arrow 3: amoeba nucleus. 10x magnification. Scale bar = 50 µm. 

 

 



   
 

   
 

136 

 

Figure S9: Release of PS<30µm and inedible leftovers 24 h after uptake of P. caudatum. A-C: 

Amoeba shortly before the release process of two large MP fragments taken up by an 

individual P. caudatum. D-F: Same amoeba cell 15 min later. Both fragments and inedible 

leftovers are released. Left panel: bright field; middle panel: epifluorescence; right panel: 

merged. Size of the fragments seems larger, due to their presence in different z-layers, 

resulting in a deformation of the visual output. 10x magnification. Scale bar = 50µm.  
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Figure S10: Uptake of PS0.5µm loaded T. pyriformis by A. proteus. 

A-C: A. proteus with clumped PS0.5µm beads 24 h after uptake of T. pyriformis. Beads are 

clumped in a food vacuole and not as distributed as beads taken up by pinocytosis. Left panel: 

bright field; middle panel: epifluorescence; right panel: merged. White circle identifies a food 

vacuole. 10x magnification. Scale bar = 50 µm. 

 

 

Figure S11: Merged image from Figure 6. Multiple T. pyrifomis cells have been taken up by 

A. proteus, of which three cells contained PS0.5µm MP. 20x magnification. Scale bar = 50 µm. 
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Figure S12: T. pyriformis with PS<30µm MP fragment taken up by the cell, measurement of 

particle size inside the living cell, and measurement of cell size (fluorescence signal of the 

particle is shifted due to the movement of the cell). Cell length = 41.541 µm; particle size 

(length) = 10.057 µm; particle size (width) = 3.536 µm. Scale bar = 20 µm (40x 

magnification).  
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C 

 

D 

 

Figure SI 1 Size distribution of the employed particles. A) cellulose, d50= 25.65 µm. B) PBS, 

d50= 22.45 µm. C) PDLLA, d50= 21.25 µm. D) PET, d50= 21.82 µm. Measurements were 

conducted using LD (laser diffraction) and DIA (dynamic image analysis).   
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Figure SI 2: GPC of PBS, PLA in CHCl3, and PET in HFTP. 
 
 

 
Figure SI 3: Example measurement of body length of D. magna (Aig clone). Measured value: 

2334 µm; scale bar = 500 µm. 
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Table SI 1: Number of dead individuals at the end of the 21-day exposure in every treatment 

 Number of dead individuals 
Treatment Aig BL2.2 
0 p mL-1 1 0 

Cellulose500 p mL-1 0 0 
Cellulose5000 p mL-1 1 1 

PBS 500 p mL-1 2 10 
PBS 5000 p mL-1 14 11 
PLA 500 p mL-1 3 3 

PLA 5000 p mL-1 5 6 
PET 500 p mL-1 5 1 

PET 5000 p mL-1 10 10 
 
 

 
Figure SI 4: Survival probability of D. magna individuals of (A) the BL2.2 clone (for 

cellulose, no SD is shown as no mortality occurred) and (B) the Aig clone exposed to PET, 

PBS, and PLA MP or cellulose fragments. Data are based on a logistic regression model, with 

lines showing the mean model predictions and ribbons indicating their standard deviation 

(concentration on the x-axis is shown on a logarithmic scale). The blank control 

(“concentration 0”, not shown in the graph, values in the text) is considered by the model as 

the baseline concentration for each treatment.  
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Table SI 2: mean value and standard deviation (SD) of the analyzed sublethal parameters 

divided by clone. 

 BL 2.2 Aig 

Treatment Mean value SD Mean value SD 

 Number of neonates 

0 p mL-1 4.4 1.8 1.1 1.4 

Cellulose500 p mL-1 5.6 1.3 1.3 1.5 

Cellulose5000 p mL-1 5.2 2.5 2.3 1.5 

PBS 500 p mL-1 5.0 1.5 3.0 2.0 

PBS 5000 p mL-1 1.5 1.7 0 0 

PLA 500 p mL-1 5.3 2.9 1.5 1.7 

PLA 5000 p mL-1 3.0 2.4 1.6 1.3 

PET 500 p mL-1 3.7 1.9 1.6 1.7 

PET 5000 p mL-1 3.2 1.9 3.0 1.0 

 Age of primiparity (d) 

0 p mL-1 9.0 2.2 9.5 1.2 

Cellulose500 p mL-1 8.0 1.1 9.6 1.2 

Cellulose5000 p mL-1 9.1 0.9 10.2 0.9 

PBS 500 p mL-1 8.3 1.1 8.4 0.6 

PBS 5000 p mL-1 11.0 3.2 11.0 0 

PLA 500 p mL-1 9.1 0.4 10.4 0.8 

PLA 5000 p mL-1 10.1 0.7 12.6 3.2 

PET 500 p mL-1 9.4 0.9 10.1 1.4 

PET 5000 p mL-1 9.7 0.4 10.6 0.8 

 Body length at primiparity (µm) 

0 p mL-1 2420.3 94.6 2385.9 93.7 

Cellulose500 p mL-1 2430.6 81.0 2470.5 106.2 

Cellulose5000 p mL-1 2506.0 76.9 2446.5 129.8 

PBS 500 p mL-1 2472.9 118.3 2410.4 71.3 

PBS 5000 p mL-1 2422.6 156.5 2338.4 48.4 

PLA 500 p mL-1 2500.1 142.2 2509.9 112.8 



   
 

   
 

159 

PLA 5000 p mL-1 2448.6 92.0 2326.1 68.7 

PET 500 p mL-1 2462.8 122.4 2520.2 128.9 

PET 5000 p mL-1 2425.8 187.7 2428.5 102.7 

 Juvenile growth rate (µm d-1) 

0 p mL-1 278.48 44.35 254.73 31.94 

Cellulose500 p mL-1 308.6 33.9 255.8 30.6 

Cellulose5000 p mL-1 275.8 28.1 235.3 13.3 

PBS 500 p mL-1 302.6 33.9 287.4 22.3 

PBS 5000 p mL-1 229.8 37.4 212.5 20.3 

PLA 500 p mL-1 273.6 20.3 241.0 20.3 

PLA 5000 p mL-1 242.1 21.2 242.1 20.4 

PET 500 p mL-1 262.7 29.1 255.2 41.4 

PET 5000 p mL-1 249.1 9.8 230.0 12.8 

 Body length – 21d (µm) 

0 p mL-1 2850.9 64.8 2728.4 64.8 

Cellulose500 p mL-1 2886.9 91.6 2750.9 108.7 

Cellulose5000 p mL-1 2853.4 59.7 2679.1 138.7 

PBS 500 p mL-1 2941.6 91.5 2718.7 44.3 

PBS 5000 p mL-1 2605.4 92.7 2454.9 NA 

PLA 500 p mL-1 2819.6 86.2 2759.1 105.2 

PLA 5000 p mL-1 2711.9 102.2 2496.6 105.9 

PET 500 p mL-1 2833.7 113.2 2748.1 66.4 

PET 5000 p mL-1 2694.6 100.8 2638.6 86.3 
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Figure SI 5: Number of neonates of D. magna individuals from (A) the BL2.2 clone and (B) 

the Aig clone hatched during chronic exposure to PET, PBS, and PLA MP or cellulose 

fragments. Data are based on a linear regression model, with the lines representing the mean 

model prediction and the ribbons indicating their standard deviation. The blank control 

(“concentration 0”, not shown in the graph, values in the text) is considered by the model as 

the baseline concentration for each treatment.  

 

 
Figure SI 6: Juvenile growth rate (µm d-1) of D. magna from (A) the BL2.2 clone and (B) the 

Aig clone exposed to PET, PBS, and PLA MP or cellulose fragments. Data are based on a 
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linear regression model, with the lines representing the mean model prediction and the 

ribbons indicating their standard deviation. The blank control (“concentration 0”, not shown 

in the graph, values in the text) is considered by the model as the baseline concentration for 

each treatment.  

 

 

Figure SI 7: Age of primiparity of D. magna from the BL2.2 clone (grey boxes) and the Aig 

clone (white boxes) exposed to PET, PBS, and PLA MP or cellulose fragments. The 

horizontal lines represent the respective treatment median, while the boxes represent the 

intermediate quartiles of the data. The whiskers represent the 1.5-fold of the reported 

quartiles. The dashed lines report the median value of the blank control (0 particles mL-1). 
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Figure SI 8: Body length at primiparity of D. magna from the BL2.2 clone (grey boxes) and 

the Aig clone (white boxes) exposed to PET, PBS, and PLA MP or cellulose fragments. The 

horizontal lines represent the respective treatment median, while the boxes represent the 

intermediate quartiles of the data. The whiskers represent the 1.5-fold of the reported 

quartiles. The dashed lines report the median value of the blank control (0 particles mL-1). 

 
Table SI 3: Pairwise comparison of the treatments between both clones for age of primiparity 

and body length at primiparity of D. magna exposed to PBS, PLA, and PET MP or cellulose 

fragments. To indicate effect size, we present z-values for survival and t-values for the other 

traits. Bold values represent significance and a detectable effect (p < 0.05 and D > 0.3). 

 Aig vs BL2.2 

Response  Treatment t/z value P value D 

Age of primiparity cellulose 1.81 0.07 1.33 
  PBS 0.46 0.64 0.11 

  PLA 3.54 <0.001 0.79 
  PET 1.82 0.06 0.40 

Body length at primiparity cellulose -0.60 0.548 -0.13 

  PBS -2.02 0.043 -0.49 

  PLA -1.65 0.099 -0.37 

  PET 0.467 0.641 0.10 
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Table SI 4: Pairwise comparison between the separate clones of the age of primiparity and 

body length at primiparity of D. magna exposed to PBS, PLA, and PET MP or cellulose 

fragments. To indicate effect size, we present z-values for survival and t-values for the other 

traits. Bold values represent significance and a detectable effect (p < 0.05 and D > 0.3). 

  BL2.2 Aig 
Response  Comparison t/z 

value 
P 
value 

D t/z 
value 

P 
value 

D 

Age of  Cellulose-PBS -1.40 0.860 -1.04 0.79 0.856 0.18 
 
primiparity 

Cellulose-PLA -1.40 0.860 -1.08 -2.43 0.076 -0.54 

  Cellulose-PET -1.40 0.860 -1.08 -0.69 0.856 -0.15 
 PBS-PLA -0.185 1.000 -0.04 -3.08 0.013 -0.72 
 PBS-PET  -0.176 1.000 -0.04 -1.44 0.449 -0.33 
 PLA-PET 0.008 1.000 0.001 1.74 0.328 0.39 
Body  Cellulose-PBS 0.44 1.000 0.10 1.95 0.258 0.46 
length at  Cellulose-PLA -0.27 1.000 -0.06 0.80 0.842 0.17 
primiparity Cellulose-PET 0.48 1.000   0.10 -0.58 0.842 -0.12 

 PBS-PLA -0.70 1.000 -0.16 -1.18 0.711 -0.28 
 PBS-PET  0.02 1.000 0.006 -2.48 0.081 -0.58 
 PLA-PET 0.75 1.000 0.16 -1.37 0.680 -0.30 
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Figure SI 9: Body length at the end of the chronic exposure of D. magna individuals from (A) 

the BL2.2 clone and (B) the Aig clone exposed to PET, PBS, and PLA MP or cellulose 

fragments. Data are based on a linear regression model, with the lines representing the mean 

model prediction and the ribbons indicating their standard deviation. The blank control 

(“concentration 0”, not shown in the graph, values in the text) is considered by the model as 

the baseline concentration for each treatment.  
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Figure SI 10: Microscopic images of cellulose particles (A) before (pristine) and (B) after gut 

passage through a D. magna individual. In (B), the fecal pellet is covered with digested algae 

remnants, but cellulose particles are still clearly visible in the same size range as the pristine 

ones. Images were captured with an optical microscope (Zeiss Axio Lab.A1, Carl Zeiss 

Microscopy GmbH, Jena, Germany), and size measurements were made using ZEN 2 core 

v2.5 / ZEN 2 starter v2.5 (Carl Zeiss Microscopy GmbH, Jena, Germany). Fecal pellets were 

collected immediately after release by the daphnid. Scale bars = 50 µ.
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Figure SI 11: Spectra of pristine (blue) cellulose and cellulose particles after gut passage of D. 

magna (other colors). Fecal pellets were collected immediately after release by the individual 

daphnid and transferred onto an Anodisc 25 (0.2 µm pore size, 25 mm diameter; Product 

number: 6809-6022, Whatman, Germany), then dried at room temperature inside a petri dish 

overnight. Spectra were measured using a Lumos II FT-IR microscope (Bruker Corporation, 

USA). After a qualitative assessment, no missing or additional peaks were detected. 

 

Analyses of clone-specific responses 

The two clones may respond differently to the applied treatments. However, they also have an 

inherent difference; for example, clone BL2.2 is generally larger than the clone Aig, even 

under controlled conditions. To separate the inherent clone difference from the varying 

response to the treatment, we further centered the values of all individuals for each considered 

sublethal parameter (juvenile body length growth rate, body length, number of neonates) to 

the respective concentration 0. This approach removes the inherent clonal variation from the 

analyses. Consequently, significant treatment effects in the respective analyses of centered 

values indicate effects that occur despite inherent clonal differences. Similarly, significant 

effects or interactions involving the clone predictor suggest a distinct response pattern 

between the clones, regardless of their inherent differences.  
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Analyses of clone-specific responses - Results 

The two D. magna clones showed intrinsic clonal variation in sublethal responses, with the 

clone BL2.2 being generally larger at the end of the experiment (F(3,263) = 5.86, p < 0.001, 

Figure SI 12A and SI 13). For instance, the control mean length was 2850.9 ± 64.8 µm for 

BL2.2 and 2728.4 ± 108.7 µm for Aig. Generally, the BL2.2 clone also had a higher 

reproductive output compared to the Aig clone (F(3,263) = 172.5, p < 0.001) with a reproduction 

at concentration 0 of 4.4 ± 1.8 neonates (BL2.2 clone) vs. 1.14 ± 1.4 neonates (Aig clone). 

Centering the responses of the two clones to their respective concentration 0 allowed the 

analysis and the comparison of the response pattern of the clones despite the intrinsic clonal 

differences (Figure SI 12, Table SI 5). Additionally, it allowed the identification of clone-

specific differences in the response pattern. 

Regarding reproductive output, the clone BL2.2 produced more neonates than the Aig clone, 

depending on the interaction of the polymer treatment (F(3,263) = 2.9, p = 0.032) and particle 

concentration (F(3,263) = 9.1, p = 0.002). Additionally, the response to the MP treatment was 

also dependent on the interaction with particle concentration (F(3,263) = 3.5, p = 0.015). 

The body length at the end of the exposure was reduced in both clones in the MP treatments 

(F(3,263) = 5.8, p < 0.001) and the difference in body length increased with increased MP 

concentration (F(3,263) = 77.4, p < 0.001), dependent on the plastic type, i.e., a significant 

interaction was detected (F(3,263) = 11.1, p < 0.001) (Figure SI 12). However, there was no 

clonal difference in body length or the interactions with the other parameters (see Table 1). 

The juvenile body length growth rate was similarly affected by the treatment (F(3,263) = 3.7, p 

= 0.011), the particle concentration (F(3,263) = 64.5, p < 0.001), and by their interaction (F(3,263) 

= 4.1, p = 0.006). The clonal difference, however, remained significant (F(3,299) = 41.5, p < 

0.001), but not its interactions with the other considered parameters (see Table SI 5). 
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Figure SI 12: Body length of the 0 particles mL-1 concentration of both D. magna clones (A) 

before (F(1,27) = 13.80, p = 0.0009) and (B) after being centered. Centering removes inherent 

clonal variation to focus on responses and clone-specific response patterns upon exposure to 

the treatment. 
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Figure SI 13: Body length of A) BL2.2 and B) Aig centered to the respective concentration 0 

in order to overcome the effects of intraclonal variation. 
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Table SI 5: Parameters from the linear regression analysis of D. magna’s life history traits 

during the chronic exposure obtained using the values that were centered to the respective 

concentration 0. Bold values represent significance (p < 0.05). 

Responses  Fixed effects DF c2/F 

value 

P value 

Num. of  Treatment 3 1.4 0.226 

neonates Concentration  1 0.05 0.810 

 Clone 1 3.1 0.079 

 Treatment:concentration 3 3.5 0.015 

 Treatment:clone 3 2.9 0.032 

 Concentration:clone 1 9.1 0.002 

 Treatment:concentration:clone 3 0.6 0.589 

Juvenile body  Treatment 3 3.7 0.011 

length growth  Concentration  1 64.5 < 0.001 

rate Clone 1 42.5 <0.001 

 Treatment:concentration 3 4.1 0.006 

 Treatment:clone 3 1.6 0.186 

 Concentration:clone 1 0.9 0.322 

 Treatment:concentration:clone 3 1.2 0.302 

Body length 21 d Treatment 3 5.8 <0.001 

 Concentration  1 77.4 <0.001 

 Clone 1 0.003 0.954 

 Treatment:concentration 3 11.1 <0.001 

 Treatment:clone 3 0.5 0.636 

 Concentration:clone 1 2.6 0.102 

 Treatment:concentration:clone 3 1.5 0.192 
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Abstract  
Microplastics (MP) are ubiquitous environmental contaminants with diverse physicochemical 

characteristics. Size, shape, and polymer type have already been found responsible for MP 

toxicity, but this also seems to differ among MP from the same plastic type. Plastic-associated 

chemicals, a broad class of compounds intentionally or unintentionally added to plastics 

during their production and manufacturing, may be co-responsible for these differences 

among studies. Therefore, to elucidate this aspect of MP toxicity, we exposed Daphnia magna 

individuals to pristine MP, extracted MP (eMP), and methanol-based extracts for 10 days. Our 

results indicate that, depending on the polymer and the endpoint considered, associated 

chemicals may be crucial in determining plastic toxicity. Body length in particular was 

significantly impaired by PET and PDLLA extracts, while reproduction is affected by all 

selected treatments. The experiment was conducted with reduced food availability to 

investigate plastic effects in an environmentally relevant scenario. The introduction of a 

control, fed ad libitum, suggests that a more realistic feeding regime might exacerbate plastic 

effects of the selected treatments. 

 

Keywords: microplastics, extracts, Daphnia magna, food limitation, plastic-associated 

chemicals 
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1. Introduction 

Plastics are a diverse class of contaminants, characterized by complex chemical compositions. 

They are composed not only of one or more polymers but also of several associated 

chemicals. These chemicals can be intentionally added to enhance functionality, such as 

additives (e.g., fillers, flame retardants, pigments, or plasticizers) or non-intentionally added, 

including impurities, degradation products, or residual chemical compounds from the 

manufacturing process (Wagner et al. 2025). Most associated chemicals remain largely 

unknown, even though approximately 16,000 have been identified so far (Wagner et al. 2025, 

Monclús et al. 2025). Currently, producers are not required to disclose the list of chemicals 

used in the production phase of plastics (Beiras et al. 2021). However, some chemicals used 

in plastic manufacturing (e.g., HBCDs, PBDEs, polyphenols, or DEHP) are known to be toxic 

and are regulated under the Water Framework Directive (2000/60/EC) as priority substances. 

They have also been included in the Environmental Quality Standard (2008/105/EC; 

2013/39/EU) for surface waters (Gunaalan, Fabbri, and Capolupo 2020). Associated 

chemicals are often not covalently bound to the plastic material (Zimmermann et al. 2019), 

increasing the likelihood that they leach from the material throughout its entire life cycle 

(Giametti and Finelli 2022). Given the ubiquity of plastic waste in all environmental 

compartments, and particularly of microplastics (MP, 1-1000 µm ISO 24187:2023), MP 

inevitably interact with the biota, causing adverse effects depending on shape, size, and 

polymer type (Schwarzer et al. 2022). However, adverse effects caused by associated 

chemicals from MP may be more severe, but only a few studies have considered them among 

the drivers of MP toxicity (e.g., Beiras et al. 2021; Giametti and Finelli 2022; Brehm et al. 

2023). Plastic-associated chemicals can vary with the properties required for different plastic 

applications (Capolupo et al. 2023). Hence, materials made of the same polymers do not 

necessarily have the same chemical composition. This high diversity in chemical composition 
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could therefore be one factor responsible for the many inconsistent outcomes in MP 

ecotoxicology studies (e.g., De Felice et al. 2019, Trotter et al. 2021, Sørensen et al. 2023). 

To shed light on the mechanisms behind MP toxicity, we compared the effects of pristine MP, 

extracted MP (eMP, i.e., particles depleted of extractable chemicals following solvent-based 

extraction), and MP extracts using Daphnia magna as a model organism. D. magna was 

selected for this experiment as it represents a keystone species for lentic ecosystems. 

Freshwater environments are reported to be among the most impacted by MP pollution 

(Global Plastic Outlook, OECD 2022). Given the widespread occurrence of MP in freshwater 

environments, it is important to assess the effects of both MP particles and their chemicals on 

freshwater organisms.  

This study was carried out using irregular fragments (< 20 µm) of one petroleum-based (PB-) 

plastic: poly(ethylene terephthalate) (PET); and two biodegradable and bio-based (BB-): 

poly(butylene succinate) (PBS), and poly(D-lactic acid) (PDLLA, PLA). The MP effects were 

compared to those of one naturally occurring polymer in the same size range: cellulose. Both 

PB- and BB-plastics, as well as cellulose, underwent the same preparation steps to produce 

eMP and extracts. The inclusion of both PB- and BB-plastics was intended to determine 

whether the latter exhibit lower toxicity or effects similar to those of PET shown in earlier 

studies (e.g., An et al. 2025, Serra et al. 2025, Oscar et al. 2025, Mondellini et al. 2026). The 

inclusion of BB-MP in ecotoxicological research is currently of the utmost importance. As the 

market demand for sustainable “environmentally friendly” alternatives to conventional 

plastics continues to rise (Shruti et al. 2019), along with their production rates and 

environmental release, it is essential to assess the potential threat these polymers pose to the 

biota. Additionally, to achieve comparable physical properties to the conventional plastics 

they are intended replace, these so-called bioplastics require a similar, or even greater, amount 

of associated chemicals throughout all stages of production (Capolupo et al. 2023; Savva et al. 
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2023b). The plethora of chemicals present in both BB- and PB-plastics might contribute 

substantially to their overall hazard. Once these associated chemicals leach from the particles 

into the surrounding water, they enter the aqueous phase, potentially increasing their mobility, 

bioavailability, and subsequent bioaccumulation in biota compared to exposure through 

ingestion of MP containing the same compounds (Jang et al. 2021). Consequently, they may 

exert stronger biological effects (e.g., Schrank et al. 2019, Gunaalan et al. 2020, Capolupo et 

al. 2023). Given their properties and design, BB-plastics should degrade under specific sets of 

conditions (Tong et al. 2022). However, such conditions are often not met in natural 

environments where they disperse following intentional or improper disposal, resulting in 

persistence times comparable to those of PB-MP. Experimental evidence indicates that, over 

comparable timeframes, BB-plastics generate greater quantities of smaller MP than PB-items 

(Tong et al. 2022). These smaller MP are characterized by a higher surface-to-volume ratio, 

which can promote faster leaching of associated chemicals (Frazzetto et al. 2022, Allan et al. 

2022).  

While these characteristics may increase the potential hazard posed by BB-MPs, the 

magnitude of their biological effects is likely to depend on the environmental context in 

which exposure occurs. In this regard, most ecotoxicological studies on D. magna, conducted 

according to OECD guidelines (i.e., OECD No. 211), provide food ad libitum (2 mg C L⁻¹). 

However, such conditions do not accurately represent natural environments, where food 

availability is typically limited and subject to seasonal fluctuations (Giebelhausen and 

Lampert, 2001). Therefore, to better reflect environmentally relevant conditions, this study 

was conducted under reduced food availability (0.5 mg C L-1), selecting a concentration that 

still supports survival and reproduction in Daphnia (Lampert 1978; Schür et al. 2020). 

Previous studies have shown that MP effects are more severe under food-restricted regimens 

compared to standard toxicity test conditions (Silva et al. 2022a, Lyu et al. 2022, Mondellini 
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et al. 2026). Consequently, standard conditions might underestimate the hazard posed by MP 

and their associated chemicals to the biota in a natural setting by mitigating their potential 

effects (Silva et al 2022a, Ghosh et al. 2025). Therefore, this study seeks to investigate the 

drivers of MP toxicity by comparing the effects of MP, eMP, and extracts and by 

incorporating reduced food availability as an environmentally relevant stressor, with the 

objective of generating results that more accurately reflect conditions under a realistic feeding 

regime. 

Accordingly, the aim of this study is threefold: (i) to compare the effects of MP, eMP, and 

their extracts in order to identify the main component driving MP toxicity; (ii) to investigate 

the potential differences between the effects induced by PB- and BB-MP and those of their 

associated chemicals; and (iii) to analyze the effects of MP under reduced food availability as 

an additional environmentally relevant stressor. 
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2. Materials and Methods 

2.1 Daphnia magna cultivation 

The individuals of D. magna used in this experiment came from a well-established in-house 

husbandry. The chosen clone was BL2.2, which originated from a pond (Oud Meren) in 

Leuven (Belgium) and has been kept in husbandry since 1997 (Imhof et al. 2017). 

For the experiment, animals were randomly selected from the third brood of age-synchronized 

mothers that were held in 1.5 L glass beakers (Weck GmbH u. Co. KG, Wehr-Öflingen, 

Germany). 

All animals were maintained in M4 artificial medium (Elendt and Bias 1990) with the 

addition of 4.48 µg/L of selenium dioxide (SeO2) and kept at 20±0.5 °C with a photoperiod of 

14h light : 9h dark with 30 minutes of dusk and dawn. The D. magna culture was fed ad 

libitum with the green algae Acutodesmus obliquus. The mothers were separated from their 

offspring 24 h before the start of the experiment to prevent further hatching and to ensure the 

use of similarly aged daphnids for the experimental procedure.  

2.2 Particle suspension and extraction of plastic-associated chemicals 

In this study, we employed three different plastic types (fragments < 20 µm) and fragments 

from cellulose (microcrystalline powder 20 µm, CAS: 9004-34-6, Sigma Aldrich Chemie 

GmbH, Steinheim, Germany) as a particle control. As plastic treatments, fragments of two 

BB- and one PB- plastics were employed: poly (butylene succinate) (PBS), poly (D- lactic 

acid) (PDLLA, PLA), and poly (ethylene terephthalate) (PET). Plastic fragments were 

produced in-house by milling (Ultra-Centrifugal Mill ZM 200, Retsch, Haan, Germany) and 

sieving (<20 µm, ALPINE Air Jet sieve e200 LS, FRITSCH, Idar-Oberstein, Germany). The 

particle size distribution was determined via a combination of LD (laser diffraction) and DIA 
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(dynamic image analysis) (FLOWSYNC, Microtrac MRB, Montgomeryville and York, 

USA). 

The extracts were prepared via solvent-based extraction (Zimmermann et al. 2020) by 

incubating the respective amount of MP (determined from their densities in order to achieve 

an exposure concentration of 500 MP mL-1) in 50 mL of methanol (LiChrosolv Methanol for 

liquid chromatography, CAS-No: 67-56-1, Supelco, Merk KGaA, Darmstadt, Germany), 

replicated three times. After 45 minutes of incubation in an ultrasonic bath, the glass vials 

containing the incubated particles were left to settle for 15 minutes. 100 mL of the supernatant 

was then removed, filtered through a 0.2 µm syringe filter (Filtropur S, PES membrane, 

Sarstedt AG & Co. KG, Nümbrecht, Germany), and divided into two new 50 mL glass vials. 

The methanol was then removed with a gentle flow of N2 for approximately 6 hours by 

evaporation (Reacti-Therm III #TS-18824, Thermo Scientific, Waltham, Massachusetts, 

USA) until only 1 mL of each particle extract remained. The final methanol evaporation was 

performed in 1.5 mL glass vials (Caliper Turbo Vap LV evaporator, Marschall Scientific, 

Hampton, USA) and was stopped before complete evaporation. We then added 1 mL DMSO 

(CAS: 67-68-5, Merk KGaA, Darmstadt, Germany) and completed the evaporation of the 

methanol. Methanol and DMSO have different boiling points (64.7°C and 189°C 

respectively), meaning that methanol is highly volatile and is therefore removed from the 

solution at room temperature without any DMSO evaporation. These extracts contained all 

chemicals extractable in methanol, representing a worst-case scenario relative to what might 

be leached in a freshwater system, as this type of extraction is reported to release most of the 

plastic chemicals (Zimmermann et al. 2020). The particles used to create the extracts (i.e., the 

extracted particles that should not contain other methanol-extractable compounds) were left to 

dry in the glass vials used for the methanol incubation and then retrieved to be used as 

extracted MP (eMP) for the exposure experiments. A procedural blank was included. 
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Before the start of the experiment, particle suspensions were prepared by adding 100 mg of 

each particle to 100 mL of previously autoclaved M4 medium. Prior to use, stock suspensions 

were shaken for 48 hours at 100 rpm. A haemocytometer (Neubauer Improved, Brand GmbH 

& Co. KG., Wertheim, Germany) was used to determine particle concentration in the stock 

suspensions.  

2.3 Particle characterisation  

2.3.1 Gas Chromatography/Mass Spectrometry for Extracts Characterization 

To avoid masking the signals with DMSO, GC–MS analysis was performed on methanol 

extracts obtained as described above, with minor modifications, scaling down the methanol 

volumes to one-fifth of those previously used. Briefly, the particles were incubated in glass 

vials containing 10 mL of methanol (LiChrosolv Methanol for liquid chromatography, CAS 

No. 67-56-1, Supelco, Merck KGaA, Darmstadt, Germany), in triplicate. After 45 minutes of 

incubation in an ultrasonic bath, the glass vials were allowed to settle for 15 minutes. 

Subsequently, 6.6 mL of the supernatant from each vial was collected and combined in a glass 

beaker to obtain a final volume of 20 mL. The 20 mL extract was filtered through a 0.2 µm 

syringe filter (Filtropur S, PES membrane, Sarstedt AG & Co. KG, Nümbrecht, Germany) 

and then divided into two new 10 mL glass vials. Methanol was removed by gentle 

evaporation under a nitrogen (N₂) stream (Thermo SCIENTIFIC REACTI-VAP I #TS-18825 

Evaporation Unit, Thermo Fisher Scientific Inc., Darmstadt, Germany) for approximately 6 

hours, until a final volume of 250 µL was reached. 

Half a microlitre of each Methanol extract was injected by an AOC20i+s autosampler 

(Shimadzu, Kyoto, Japan) splitless into the GC-MS (GC2030 gas chromatograph connected 

to a QP2020NX mass spectrometer; both Shimadzu). The GC oven was fitted with a low-

polar phase; cross-linked diphenyldimethylpolysiloxane capillary column (Rtx-5MS; length = 

30 m, inner diameter = 0.25 mm, film thickness = 0.25 µm; Bad Homburg v. d. Höhe, 
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Germany) and the oven temperature was increased from 70 °C to 280 °C at a rate of 5 °C/min, 

then held for 7 minutes. Helium was used as the carrier gas at a linear velocity of 50 cm/s. 

Mass spectrometry was measured in TIC mode in a mass range between 35 and 550 m/z. 

Blank measurements have been performed before and after each measurement to verify the 

absence of carryover. A reference mixture of C7-C33 n-alkanes (Sigma-Aldrich, St. Louis, 

USA) was used for calculating the Kovats index of the unknown substances. 

2.3.2 Nuclear magnetic resonance 

Both MP and eMP, but not the extracts, were analysed with 1H (300 MHz) Nuclear magnetic 

resonance (NMR). Spectra were recorded on an Ultrashield-300 spectrometer (Bruker) in 

CDCl3. The residual peak of the undeuterated component in CDCl3 was used for calibration. 

2.3.3 Scanning electron microscopy analyses 

The morphology and surface characteristics of both pristine and extracted particles were 

analysed at a scanning electron microscope (SEM, JEOL JSM-IT500 Scanning Electron 

Microscope, JEOL Ltd., Japan). Particles were fixed to aluminum stubs (Æ12mm, Plano 

GmbH, Ernst-Befort-Straße 12, Wetzlar, Germany) on conductive carbon pads (G3347, Plano 

GmbH) and were coated with 2 nm C and 2 nm Pt (EM ACE600, Leica Microsystems GmbH, 

Wetzlar, Germany). 

2.4 10-day Daphnia magna exposure 

The exposure to 500 particles mL-1, or the equivalent of extracts, was carried out for 10 days. 

The animals were exposed in 900 mL glass beakers (Weck GmbH u. Co. KG, Wehr-Öflingen, 

Germany) filled with 500 mL of modified M4 medium, each containing 10 daphnids. Every 

treatment was replicated 5 times. The exposed animals were fed every second day with 0.5 

mg C L-1 of the green algae Acutodesmus obliquus. In addition to the MP, eMP, and extracts, 

we included a blank control, a solvent control (DMSO, 0.002%), and a food-level control, in 

which the organisms were fed ad libitum (2 mg C L-1). After 6 days of exposure, we acquired 
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pictures of five animals/replicate using a dissecting microscope equipped with a digital 

camera (M50 Leica; camera: DP26, Olympus, Hamburg, Germany; Light: KL 300 LED, 

Leica) to analyse morphological parameters (cellSens Dimension, v1.11, Olympus). The 

number of offspring produced at the first clutch was also recorded to assess reproduction 

alterations. 

2.5 Biochemical analyses 

Reactive oxygen species (ROS) levels were analysed as described in Mondellini et al. (2022). 

In short, at the end of the 10-day exposure, organisms of each treatment were pooled and 

homogenized in 1 mL of potassium phosphate buffer (100 mM, pH = 7.4, with 100 mM KCl, 

1 mM EDTA, 1 mM Dithiothreitol (DTT, CAS: 3483-12-3, Sigma Aldrich, Missouri, USA) 

and protease inhibitors 1/100 v/v (cOmplete™ ULTRA Tablets, Mini, EASYpack Protease 

Inhibitor Cocktail, 05892970001, Merck KGaA, Darmstadt, Germany ), an aliquot of 250 µL 

of the homogenate was separated before centrifugation for lipid peroxidation (LPO) analyses. 

The remainder of the homogenate was centrifuged at 15000g for 30 min at 4°C, and the 

supernatant was used for biochemical analyses, replicated twice. Protein quantification was 

performed prior to analysis using the Bradford (1976) method, and the resulting protein 

concentration was used for data normalisation. ROS levels were quantified by assessing the 

fluorescence change (λex = 595 nm, λem = 530 nm) of 2’7’ diclhorodihydrofluorescine 

diacetate (2’7’DCFH-DA) (Sigma-Aldrich, St. Louis, Missouri, USA) determined by the 

presence of pro-oxidative molecules (Deng et al. 2009). The concentration of ROS was 

normalized to the protein content and expressed as arbitrary units AU DCF mg proteins-1. 

LPO was assessed according to Ohkawa et al. (1979) by quantifying thiobarbituric acid 

reactive substances (TBARS). All the biochemical analyses were conducted on a microplate 

reader (Thermoscientific Varioskan LUX 3020-82516) at l = 595 nm for protein 
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quantification, lex = 485 nm and lem =530 nm for ROS quantification, and l = 535 nm for 

LPO analyses. 

2.6 Statistical analyses 

All statistical analyses were conducted using R (version 4.2.2, R Core Team 2022). First, we 

assessed whether the particle control (cellulose), the solvent (DMSO), or the food level 

affected the experimental animals. Therefore, we applied linear regression models with a 

Gaussian distribution (Poisson distribution for offspring numbers) with the respective controls 

as treatment levels and the beaker as a random intercept to account for the nested design. 

Then, we employed pairwise comparisons after Tukey HSD with Holm adjustment for 

multiple comparisons, using the emmeans package (Lenth et al. 2020). We did not find 

significant differences between the controls, except for the higher food concentration and the 

number of neonates in the DMSO-treated animals. Thus, we decided to proceed with the 

statistical analyses using the particle control (cellulose) as the most adequate control group. 

To differentiate between the effects of plastic particles and plastic additives and compare their 

effects across different plastic types, we applied Gaussian-distributed linear regression models 

(Poisson distribution for offspring numbers). We used the particle type (i.e., cellulose, PBS, 

PDLLA, PET), particle occurrence (i.e., yes/no), and additive occurrence (i.e., yes/no) as 

fixed terms with a three-way interaction and the beaker as a random intercept to account for 

the nested design. For instance, PBS particles containing their additives have been declared as 

plastic type = PBS; particle occurrence = yes; additive occurrence = yes. In contrast, the 

extract of PBS particles (without the particles) was declared as plastic type = PBS; particle 

occurrence = no; additive occurrence = yes; and so on. Therefore, the ANOVA results were 

directly and easily interpretable, indicating whether particles and/or extracts affected the 

responses of the experimental animals. To compare results across plastic types, we used a 

Tukey HSD post hoc test with Holm-adjustment for multiple comparisons (Lenth et al. 2020).  
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All models have been validated by checking the residuals for normal distribution and 

homogeneity of variance. For the body length of the animals, we observed a violation of the 

homogeneity of the variance. Therefore, we applied a variance structure (varIdent) for the 

extract term using the package nlme (v. 3.1-160; Pinheiro et al. 2022). Plots were created with 

the package ggplot2 (Wickham et al. 2016). The significance level was set to 0.05. 

 

3. Results 

3.1 Particle characterisation  

SEM imaging of the particles before and after the extraction process did not reveal any visible 

changes in shape, size, or surface roughness in all particles except for PDLLA eMP. In case of 

PDLLA the eMP appeared to be smoother than the original MP (Figure 1, 2, 3 & 4, Figure SI 

1). The selected particles were also analysed using NMR. The NMR spectra of the polymers 

did not show any alteration after undergoing the solvent-based extraction protocol (Figure SI 

2). GC-MS analyses revealed 19 peaks: 4 for PET, 10 for PBS, 4 for PDLLA, and 1 for 

cellulose. Of these peaks, only 4 were uniquely identified via their literature Kovats indices 

(Kováts 1958). For details, see Table 1. 
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Figure 1: SEM images of cellulose particles. (A) pristine cellulose. (B) eCellulose. Left: 

Overview, scale bar = 10 µm; Right: Detail, scale bar = 2 µm. 
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Figure 2: SEM images of PET particles. (A) pristine PET. (B) ePET. Left: Overview, scale 

bar = 10 µm; Right: Detail, scale bar = 2 µm. 
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Figure 3: SEM images of PBS particles. (A) pristine PBS. (B) ePBS. Left: Overview, scale bar 

= 10 µm; Right: Detail, scale bar = 2 µm. 
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Figure 4: SEM images of PDLLA particles. (A) pristine PDLLA, scale bar = 5 µm. (B) 

ePDLLA, scale bar = 10 µm. Left: Overview; Right: Detail, scale bar = 2 µm. 

 

Table 1: Results of the GC/MS analyses conducted on the MP extracts. AC: associated 

chemical, RT: retention time, m/z: mass to charge ratio of base peak, Calculated Kovats: 

calculated Kovats index of measured peak (Kováts 1958). S/N: signal-to-noise ratio. 

Polymer AC CAS RT S/N m/z Calculated 

Kovats 

Literature 

Kovats 

PET Thiodiglycol 111-48-8 9.979 167.72 61.00 1184,73 1190.1  

Peak 1 NA 14.75
7 

109.63 163.0
0 

1507,34 1550.4  

Docosane 629-97-0 21.89
7 

15.28 57.00 2198,55 2200 

Peak 2 NA 26.10
9 

3.95 55.00 2731,44 NA 
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PBS Peak 3 NA 4.728 505.45 42.00 947,17 NA 

Butanedioic 

acid, 

dimethyl 

ester  

123-25-1 6.986 341.49 115.0
0 

1042,44 1035.5  

Thiodiglycol 111-48-8 9.970 98.88 61.00 1184,37 1190.1  
Peak 4 NA 12.64

9 
129.10 101.0

0 
1322,50 NA 

Peak 5 NA 15.51
0 

204.13 115.0
0 

1570,83 1705 

Peak 6 NA 21.19

0 

238.26 73.00 2120 NA 

Peak 7 NA 21.74
9 

132.37 115.0
0 

2124,35 NA 

Peak 8 NA 22.27
6 

9.74 43.00 2243,05 NA 

Peak 9 NA 24.97
6 

397.33 55.00 2578,70 NA 

Peak 10 NA 26.10
5 

139.63 115.0
0 

2730,92 NA 

PDLLA 2(5H)-
Furanone, 3-
methyl-  

22122-36-
7 

5.700 10.50 41.00 988,18 982 

Peak 11 NA 9.005 740.25 45.00 1134,11 NA 

Peak 12 NA 9.161 378.11 56.00 1142,23 NA 

Peak 13 NA 14.40
3 

96.91 45.00 1480,53 NA 

Cellulose Peak 14 NA 25.44
3 

9.73 43.00 2641,50 NA 

 

3.2 Control comparison 

The comparison of the body length at day 6 of the separate controls (Figure 5) showed that 

animals from the food level control were significantly larger than animals from the other 

control treatments (cellulose-food control t = -4.687, p < 0.0001; blank-food control t = -
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5.381, p < 0.0001; DMSO-food control t = -7.008, p < 0.0001). The other control treatments 

did not differ significantly from one another. 

 

Figure 5: D. magna body length control treatments after 6 days of exposure. The horizontal 

lines represent the respective treatment median, while the boxes represent the intermediate 

quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = 

p ≤ 0.001). N= 25 animals per treatment. 

 

The comparison of the reproductive success in the first clutch (Figure 6) showed that animals 

from the food control had a higher reproductive output compared to the ones from the other 

control treatments (cellulose-food control t = -6.689, p < 0.0001; blank-food control t = -

5.482, p < 0.0001; DMSO-food control t = -4.614, p < 0.0001). Animals from the DMSO 

control also had higher reproductive output than those from the cellulose treatment (p = 0.01). 

The remaining control treatments did not differ significantly from one another. 
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Figure 6: Number of produced offspring in each treatment beaker (N=10 per replicate) at the 

first clutch in the chosen control treatments. The horizontal lines represent the respective 

treatment median, while the boxes represent the intermediate quartiles of the data. Asterisks 

indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). 

 

Biochemical analyses of the control treatments showed no significant difference in ROS 

levels among treatments, despite the food control appearing to have lower ROS levels overall 

(Figure 7). When considering the LPO, animals of the food control treatment had significantly 

higher levels of LPO, compared to animals from the other control treatments (cellulose-food 

control t = -6.639, p < 0.0001; blank-food control t = -6.658, p < 0.0001; DMSO-food control 

t =-6.745, p < 0.0001; Figure 7). 
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Figure 7: Levels of ROS and LPO in the chosen control treatments. The horizontal lines 

represent the respective treatment median, while the boxes represent the intermediate 

quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = 

p ≤ 0.001). N= 10 animals per replicate. 

 

3.3 Body length at day 6 

Investigations on the body length showed significant effects determined particle type, type of 

extract, and the interactions of these parameters with themselves and the treatment (all p < 

0.0001; further details in the SI Table 1, 2 & 3). 

3.3.1 Within treatment 

The comparison of the different polymers within the same treatment type (Figure 8) 

highlighted significant differences only when considering the extracts. In particular, compared 

to cellulose, animals from the PDLLA treatment (t = 12.37, p < 0.0001) and the PET 

treatment (t = 5.62, p < 0.0001) were significantly smaller. Also, compared to animals in the 

PBS treatment, both groups were significantly smaller (PBS-PDLLA t = 10.49, p < 0.0001; 

PBS-PET t = 3.73, p = 0.0004). Comparing animals from the PDLLA treatment to the ones 

from the PET treatment, the first ones were significantly smaller (t = -6.75, p < 0.0001). 
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Figure 8: Body length in µm recorded at day 6 comparing MP, eMP, and extracts. The 

horizontal lines represent the respective treatment median, while the boxes represent the 

intermediate quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; ** = 

p ≤ 0.01; *** = p ≤ 0.001). N= 25 per treatment. 
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3.3.2 Within polymer  

When considering the pairwise comparisons of the different treatments within the same 

polymer type (Figure 9) we observed significant differences only in the PDLLA and PET 

treatments, where animals from the extract treatments were significantly smaller than the ones 

from the blank control (PDLLA t = 11.81, p < 0.0001, D = 3.3; PET t = 5.06, p < 0.0001) and 

the respective eMP treatments (PDLLA t = 12.54, p < 0.0001; PET t = 5.00, p < 0.0001) and 

MP (PDLLA t = -12.92, p < 0.0001; PET t = -5.91, p < 0.0001). 

 

Figure 9: Body length in µm recorded at day 6, divided by the different polymers, specifically 

cellulose, PDLLA, PET, and PBS. The horizontal lines represent the respective treatment 
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median, while the boxes represent the intermediate quartiles of the data. Asterisks indicate 

significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). N = 25 per treatment. 

 

3.4 Reproductive success at the first clutch  

Investigation of the reproductive success of the first clutch highlighted significant negative 

effects of the treatment, particle type, and the interactions of treatment and particle type, 

treatment and extracts, particle type and extracts, and treatment, particle type, and extracts 

(Table SI 1, 2, & 3). 

3.4.1 Within treatment  

The reproductive outcome of the first clutch of the different treatment types (Figure 10) was 

significantly different within the MP and extract treatments, but not within the eMP 

treatments. In particular, animals treated with PBS-MP had significantly fewer offspring than 

those in the cellulose treatment (p = 0.009). Moreover, animals in the PDLLA treatment 

appeared to have higher reproductive output than in the PBS (p = 0.0002) and PET (p = 0.01) 

treatments. Within the extract treatments, all animals from the MP treatments had 

significantly fewer neonates than those from the cellulose treatment (PBS p = 0.01, PDLLA p 

= 0.0001, PET p = 0.002). 
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Figure 10: Number of produced offspring in each treatment beaker (N=10 per replicate) at 

the first clutch comparing MP, eMP, and extracts. The horizontal lines represent the 

respective treatment median, while the boxes represent the intermediate quartiles of the data. 

Asterisks indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). 

 

3.4.2 Within polymer 

When considering the different treatments within the same polymer type (Figure 11), we 

observed several significant differences. Among cellulose treatments, animals in the cellulose 

eMP treatment had significantly fewer neonates than the blank (p = 0.0009) and the extract 
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treatments (p = 0.0001). Contrary to cellulose eMP, animals from the cellulose extract 

treatment had significantly more neonates than animals from the cellulose particle treatment 

(p = 0.003). Among the PBS treatments, animals in the PBS MP (p = 0.0001) and PBS eMP 

treatments (p = 0.003) had significantly fewer neonates than the blank animals. PBS MP also 

had fewer neonates than the extract treatment (p = 0.002). Among PDLLA treatments, 

animals from the blank had significantly more neonates than the PDLLA eMP (p = 0.002) and 

the extract PDLLA treatment (p = 0.009). Animals from the PDLLA MP treatment had a 

significantly higher reproductive output than the ones from the extract (p = 0.01) and PDLLA 

eMP treatments (p = 0.003). Among PET treatments, the PET eMP animals had significantly 

fewer neonates than the blank (p = 0.008) and the extract PET treatment (p = 0.008). The 

remaining pairwise comparisons revealed no further significant differences. 
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Figure 11: Number of produced offspring in each treatment beaker (N=10 per replicate) at 

the first clutch divided by the different polymers, specifically cellulose, PDLLA, PET, and 

PBS. The horizontal lines represent the respective treatment median, while the boxes 

represent the intermediate quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; 

** = p ≤ 0.01; *** = p ≤ 0.001). 

 

3.5 Biochemical analyses 

The analyses of ROS levels highlighted a significant effect of the treatment (c2 3,79 = 8.47, p = 

0.037). However, no significant differences were observed in the pairwise comparisons 
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among the treatments and polymers. When considering the levels of LPO, our analyses 

reported a significant effect of the treatment (c2 3,79 = 10.306, p = 0.016) and of the particle 

type (c2 3,79 = 4.075, p = 0.043). Here, pairwise comparisons between the treatments and 

polymers showed no significant differences (Figure SI 3-6, Table SI 1-3). 

 
4. Discussion 

This study aimed to elucidate the drivers of MP toxicity in D. magna by comparing MP, eMP, 

and their extracts. The experimental work was conducted in a setup with environmentally 

realistic low food availability. Our results indicate that the chemicals in the extracts exert a 

generally stronger negative effect than the pristine and extracted MP.  

Qualitative SEM particle characterization analyses show that eMP did not undergo visible 

surface alterations before and after the extraction process, except for PDLLA. Micrographs 

reveal that the particles before and after extraction maintain a similar size, shape, and surface 

roughness, except for PDLLA, whose eMP appears to have a smoother surface compared to 

the original MP. Therefore, any variation in the biological response of the organisms exposed 

to either MP or eMP may probably not be attributed to the surface morphology of the said 

particles. In the case of PDLLA, however, this may be different. MP surface characteristics, 

like their surface roughness, could influence their potential toxicity (Burrows et al. 2020). 

Rough and sharp particle edges, for instance, can be associated with damage to cellular 

membranes, leading to cytolysis and death by necrosis (Choi et al. 2020). Rougher particle 

surfaces have also been associated with enhanced physical interaction and inflammatory 

responses, whereas smoother particles may be taken up by organisms more frequently than 

rougher ones (Khan and Jia 2023; Kim et al. 2021). Consequently, differences between the 

effects of PDLLA MP and PDLLA eMP (Figure 4) could also be attributed to changes in 

surface properties of the particles after the extraction procedure. Furthermore, surface 



   
 

 203 

roughness could be associated with the particle's capacity to absorb various chemicals and 

biological factors, which might affect MP toxicity and organisms’ interactions, particularly in 

the environment where plastic particles coexist with a wide range of substances (Hu et al. 

2024; Burrows et al. 2020). 

NMR analyses were conducted to investigate potential differences in the basic chemical 

structure and confirmed that the extraction process did not alter the polymers’ chemical 

profile. Despite the absence of substantial surface or chemical modifications, the experiment 

revealed significant negative effects on both body length and offspring production. These 

differences may be associated with chemicals linked to the polymers. 

GC/MS analyses of the employed extracts showed several plastic-associated chemicals. We 

were able to confirm the identity of four of them when the calculated Kovats indices matched 

those reported in the literature. Exposure to mixtures of plastic chemicals, such as those found 

in our extracts, could significantly affect organisms, since these chemicals may interact in 

antagonistic, additive, or synergistic ways, even if they are not individually identified as 

potentially harmful. This is due to the complex interactions among the chemicals present in 

the mixtures (Silva et al. 2022b), which make it difficult to predict outcomes solely from their 

chemical composition. These complex interactions should be better assessed in future 

investigations. In total, 19 chemicals were detected inside the employed extracts. PBS 

contained the most chemicals, with 10, followed by PET and PDLLA (4 each), and cellulose, 

which contained only 1. It is essential to note that the materials used in this study were 

derived from pre-production pellets, which do not contain the same amount of chemicals that 

are eventually incorporated into the final plastic products, which tend to have higher amounts 

of intentionally and unintentionally added compounds (UNEP, 2023). We chose to use pre-

production pellets rather than fragments obtained from ground plastic materials to better 

compare and interpret the results in relation to a previous study conducted on D. magna using 
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the same materials (Mondellini et al. 2026), for which increased negative effects were 

observed for all MP, particularly from those derived from BB- plastics (i.e., PDLLA and 

PBS). Nevertheless, several chemicals are already employed in the production of these pellets, 

particularly for BB-plastics, where mixtures of chemicals are often used to achieve properties 

comparable to those of PB-plastics (Savva et al. 2023a). Accordingly, even though PDLLA 

had the same amounts of associated chemicals as PET, the BB-MP PBS had the highest 

number of associated chemicals in our study. The employed extraction protocol should ensure 

that the majority of extractable chemicals are obtained from the original material using an 

organic solvent (i.e., methanol; Zimmermann et al. 2020). Therefore, the obtained peaks 

should be representative of the chemicals incorporated into these pre-production pellets. One 

of these chemicals was Thiodiglycol, which was detected in both PET and PBS. This 

compound is commonly used in plastic manufacturing, particularly to manipulate the 

microstructures of polyesters (Fuoco and Finne-Wistrand 2020), such as PET and PBS. It is 

considered to exhibit low toxicity, with a reported EC50 on D. magna above 500 mg/L (OECD 

2004). In PET, we also identified docosane. This compound is an n-alkane commonly 

detected in plastic debris. Like other alkanes, docosane is used either as an external lubricant, 

to help polymers slide over one another, or as a solvent and starting compound for diverse 

additives and polymers, particularly during olefin polymerization (Espinosa, Esteban, and 

Cuesta 2016). This compound is generally regarded as of low acute hazard (ECHA, 2018). 

The GC/MS analyses of PBS extracts also highlighted the presence of dimethyl ester of 

butanedioic acid. This compound is used as a monomer in the synthesis of polyesters (Miller, 

Nguyen, and Short 2021; Nikolic and Djonlagic 2001) and is generally considered to be of 

low toxicity. According to ECHA (2021), no effect was observed in a 48-hour acute toxicity 

test conducted in accordance with OECD Guideline 202 (2004). Nevertheless, it is classified 

as an eye irritant and potentially harmful to the upper respiratory tract in humans (NCBI).  
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In PDLLA, four peaks were identified, but the identity of only one of them, 3-methyl-2(5H)-

furanone, could be confirmed. While this compound is commonly employed in the flavor and 

fragrance industry (Effenberger et al. 2019), there is no evidence that it is used in the process 

of plastic manufacturing. Data on its potential effects are very limited, and no data are 

available for aquatic organisms, but it is reported to be a skin, eye, and respiratory tract 

irritant in humans (Sigma Aldrich, 2026).  

One peak was also found in the cellulose extracts. However, we were unable to identify this 

compound with certainty. Nevertheless, this treatment had no adverse effects on the exposed 

daphnids.  

Although all identified substances are typically described as non-toxic or of low toxicity, no 

data are available on their potential hazard in the context of MP and environmental samples, 

where they appear as mixtures with uncertain combined toxicity. Plastics represent a complex 

class of synthetic pollutants, and many of the toxic effects reported in the scientific literature 

may be due to plastic-associated chemicals rather than plastic particles per se (Gao, Huang, 

and Han 2025). Although few studies have investigated plastic chemical extracts, several 

reports have documented effects of MP leachates (e.g., Qiu et al. 2023; Jang et al. 2024; 

Schiavo et al. 2020). For instance, Qiu et al. (2023) investigated the endocrine-disrupting 

effects of leachates from 15 plastic products, both virgin and aged using a xenon lamp, on 

larvae of Oryzias melastigma, showing that leachates, particularly from aged plastics, pose 

endocrine disruption risks in marine environments. Another study from Laranjeiro et al. 

(2024) investigated the acute toxicity of PLA, PHBv, and PP leachates on marine plankton. 

The results of this study showed that leachates from the bio-based polymer PHBv contained 

higher concentrations of chemicals and exhibited the highest toxicity, compared with those 

from PP and PLA, which exhibited minimal toxicity. Another study conducted on D. magna 

(Schrank et al. 2019) compared the effects of leachates obtained from both rigid and flexible 
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PVC. Schrank and co-authors demonstrated that flexible PVC caused significant negative 

effects, whereas its rigid counterpart had minimal effects, indicating that not only the polymer 

but also the chemicals within pose a risk to aquatic life. Our results on growth and 

reproduction after exposure to plastic extracts align with those from the studies, 

demonstrating that plastic-associated chemicals play a major role in determining the particles’ 

effects. Nevertheless, the effect of the particles alone cannot be excluded, especially when 

considering the observed impairment of reproduction caused by all treatments in our study. 

Notably, while body length was exclusively affected by the extract treatment across all plastic 

types, the number of offspring was negatively affected by the extracts (particularly from PET 

and PDLLA), the particles, and the extracted particles. Extracted particles from cellulose also 

adversely affected offspring numbers, whereas cellulose particles and extracts did not. While 

an effect of MP on Daphnia reproduction is unsurprising and widely reported in the scientific 

literature (e.g., Brehm et al. 2023; Schwarzer et al. 2022; Funke, Webb, and Wolinska 2024), 

the negative effect of eMP was partly unexpected. Nevertheless, high concentrations of 

suspended particles, not necessarily MP, combined with reduced food availability, can impair 

feeding efficiency, alter energy allocation, and ultimately decrease population growth rate in 

D. magna (Zhang et al. 2013). Accordingly, particle presence alone might account for the 

observed effects on reproduction, acting in conjunction with the effects of the associated 

chemicals when considering the untreated MP.  

Overall, the results presented in this study are consistent with those reported for the same 

materials in a previous investigation (Mondellini et al. 2026), in which significant negative 

effects of all MP (both PB- and BB-) were observed across all investigated endpoints. 

Specifically, although all plastic particles significantly impaired the assessed parameters, 

PBS-MP exerted the strongest negative effects on survival and reproduction, which was also 

observed for reproduction in the present study.  



   
 

 207 

Contrary to our hypothesis, the investigated biochemical parameters, ROS and LPO levels, 

were not affected by any of the plastic treatments. MP are known to cause oxidative stress in 

several organisms (e.g., Liu et al. 2019; Silva et al. 2021; Roy et al. 2023; Oduro et al. 2025). 

The stable ROS levels, together with the lack of lipid-related oxidative damage found in our 

study, might be connected to the concentration tested, which could be too low to elicit an 

alteration of the daphnids’ oxidative status (e.g., De Felice et al. 2022; Esterhuizen et al. 

2024). Previous investigations that report an alteration of this endpoint often use higher MP 

concentrations, compared to the one used in this study (e.g., Zhu et al. 2022; Jeyavani et al. 

2022). It is important to note that the concentration tested (500 MP mL-1) is already elevated 

compared to those currently found in the environment (Gupta et al. 2023), representing a 

possible worst-case scenario. Another possible explanation for the lack of significant ROS 

and LPO responses is the reallocation of energy toward detoxification and antioxidant defense 

systems. Such compensatory mechanisms may prevent measurable oxidative damage while 

diverting energetic resources away from growth and reproduction (De Coen and Janssen 

2003; Barata et al. 2005), which aligns with the observed results regarding body length and 

number of offspring in our study. Further studies investigating the levels of the main 

antioxidants and detoxifying enzymes should be carried out to shed light on this aspect. 

To investigate the impact of reduced food availability, a food control was included in our 

experiment. In line with our initial hypothesis, the control fed ad libitum grew larger and had 

a higher number of offspring compared to the other control treatments (i.e., blank, DMSO, 

and cellulose). Regarding ROS and LPO levels, we observed no significant differences in 

ROS, although pro-oxidant levels appeared lower in the food control than in the others. 

However, we recorded a significant increase in lipid damage (LPO), which could be attributed 

to higher lipid content in animals in the food control treatment, as they had more resources 

available to store as lipid droplets. The limited food supply probably depleted the fatty acid 



   
 

 208 

reservoirs in the organisms subjected to such a feeding regime (Yang et al. 2021), thereby 

lowering their pool of peroxidable substrate. These differences among the control groups 

suggest that the limited amount of food provided in this study might have exacerbated the 

negative effects of our particle treatments (Mondellini et al. 2026).  

 

5. Conclusion 

This study compared the effects of MP, eMP, and extracts from PET (PB-MP), PBS, and 

PDLLA (BB-MP), and cellulose on D. magna. The experiment was conducted under food-

limited conditions to enhance environmental relevance. The study had multiple aims: (i) to 

investigate whether the associated chemicals (extracts), the MP, or just the particle presence 

(eMP) are responsible for MP toxicity, (ii) to evaluate these drivers of MP toxicity under 

environmentally relevant conditions, and (iii) to assess whether BB-MP are less harmful than 

PB-MP under these scenarios. Our findings demonstrate that BB-MP cannot be considered a 

safer alternative to PB-MP, as they exert comparable negative effects on daphnids. 

Furthermore, our results underscore the importance of incorporating environmentally realistic 

scenarios in future assessments like a reduced food availability, which may exacerbate plastic-

related effects that could otherwise remain overlooked under standardized testing protocols. 

Finally, the data highlight the critical role of associated chemicals in plastic toxicity, 

indicating that, for certain endpoints, the observed toxic effects can be attributed primarily to 

these chemical components rather than to the particles themselves. Taken together, these 

findings call for a reassessment of current hazard evaluation frameworks, emphasizing the 

need to account for chemical co-exposure and environmental realism when determining the 

ecological safety of MP derived from both conventional and biodegradable bio-based plastics. 
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Figure SI 1: Overview SEM micrographs of cellulose and MP particles. Left column: pristine 

particles; right column: particles that went through the extraction process. Scale bars = 50 

µm. 
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Figure SI 2: NMR spectra in CDCl 3 before (blue spectra) and after (red spectra) the 

methanol extraction process of A) PET, B) PBS and C) PDLLA. Not identified peaked are 

indicated with x. 

 

Table SI 1: parameters from the linear regression analyses of D. magna’s life history 

parameters obtained during the 10-day exposure. Bold values represent significance (p < 

0.05). 

Response Fixed effects DF c2 /F p-value 
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value 

Body length (day 6) Treatment  3 4.07 0.253 

 Particle type 1 13.63 0.0002 

 Extracts 1 30.6 <0.0001 

 Treatment:particle type 3 22.0 <0.0001 

 Treatment:extracts 3 45.5 <0.0001 

 Particle type:extracts 1 48.2 <0.0001 

 Treatment:particle 

type:extracts 

3 44.7 <0.0001 

Num. of offspring Treatment  3 9.8 0.019 

 Particle type 1 52.9 <0.0001 

 Extracts 1 0.06 0.801 

 Treatment:particle type 3 16.0 0.001 

 Treatment:extracts 3 13.9 0.002 

 Particle type:extracts 1 12.0 0.0005 

 Treatment:particle 

type:extracts 

3 16.2 0.0001 

ROS Treatment  3 8.4 0.037 

 Particle type 1 2.0 0.147 

 Extracts 1 1.0 0.315 

 Treatment:particle type 3 2.7 0.428 

 Treatment:extracts 3 0.4 0.928 

 Particle type:extracts 1 1.2 0.260 

 Treatment:particle 

type:extracts 

3 1.5 0.669 
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LPO Treatment  3 10.3 0.016 

 Particle type 1 4.1 0.043 

 Extracts 1 0.5 0.471 

 Treatment:particle type 3 2.5 0.472 

 Treatment:extracts 3 1.4 0.694 

 Particle type:extracts 1 0.4 0.551 

 Treatment:particle 

type:extracts 

3 0.8 0.853 
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Table SI 2: pairwise comparison between the separate polymers divided by treatment of the 

D. magna’s life history parameters obtained during the 10-day exposure. Bold values 

represent significance (p < 0.05) and a detectable effect (D > 0.3). 

 

Contrasts Cohen’D t/z value p value 

Body length (day 6) 

MP 

Cellulose-PBS 0.211 0.747 1.000 

Cellulose-

PDLLA 

-0.165 -0.586 1.000 

Cellulose-PET -0.094 -0.336 1.000 

PBS-PDLLA -0.376 -1.333 1.000 

PBS-PET -0.306 -1.083 1.000 

PDLLA-PET 0.070 0.250 1.000 

eMP 

Cellulose-PBS -0.072 -0.256 1.000 

Cellulose-

PDLLA 

-0.300 -1.061 1.000 

Cellulose-PET -0.078 -0.276 1.000 

PBS-PDLLA -0.227 -0.805 1.000 

PBS-PET -0.005 -0.020 1.000 

PDLLA-PET 0.222 0.785 1.000 

Extracts 

Cellulose-PBS 0.533 1.885 0.060 
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Cellulose-

PDLLA 

3.500 12.377 <0.0001 

Cellulose-PET 1.590 5.624 <0.0001 

PBS-PDLLA 2.967 10.492 <0.0001 

PBS-PET 1.057 3.739 0.0004 

PDLLA-PET -1.910 -6.753 <0.0001 

Num. of offspring 

MP 

Cellulose-PBS 0.618 3.093 0.009 

Cellulose-

PDLLA 

-0.181 -1.678 0.186 

Cellulose-PET 0.201 1.465 0.186 

PBS-PDLLA -0.799 -4.136 0.0002 

PBS-PET -0.417 -1.976 0.144 

PDLLA-PET 0.382 2.999 0.010 

eMP 

Cellulose-PBS -0.106 -0.624 1.000 

Cellulose-

PDLLA 

-0.038 -0.218 1.000 

Cellulose-PET -0.136 -0.813 1.000 

PBS-PDLLA -0.067 0.408 1.000 

PBS-PET -0.030 -0.192 1.000 

PDLLA-PET -0.097 -0.599 1.000 

Extracts 

Cellulose-PBS 0.533 2.853 0.017 
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Cellulose-

PDLLA 

3.500 4.316 0.0001 

Cellulose-PET 1.590 3.467 0.003 

PBS-PDLLA 2.967 1.825 0.203 

PBS-PET 1.057 0.713 0.505 

PDLLA-PET -1.910 -1.144 0.505 

ROS 

MP 

Cellulose-PBS -0.744 -1.105 1.000 

Cellulose-

PDLLA 

-1.407 -2.325 0.141 

Cellulose-PET -0.169 -0.269 1.000 

PBS-PDLLA -0.726 -1.079 1.000 

PBS-PET 0.575 0.854 1.000 

PDLLA-PET 1.301 2.057 0.220 

eMP 

Cellulose-PBS -0.808 -0.256 0.826 

Cellulose-

PDLLA 

-1.250 -1.061 0.316 

Cellulose-PET -0.355 -0.276 1.000 

PBS-PDLLA -0.443 -0.805 1.000 

PBS-PET 0.453 -0.020 1.000 

PDLLA-PET 0.896 0.785 0.809 

Extracts 

Cellulose-PBS -0.998 -1.577 0.720 
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Cellulose-

PDLLA 

-0.804 -1.273 0.833 

Cellulose-PET -0.027 -0.043 1.000 

PBS-PDLLA 0.193 0.305 1.000 

PBS-PET 0.971 1.535 0.720 

PDLLA-PET 0.777 1.230 0.833 

LPO 

MP 

Cellulose-PBS -0.744 -1.105 1.000 

Cellulose-

PDLLA 

-1.470 -2.325 0.141 

Cellulose-PET -0.169 -0.268 1.000 

PBS-PDLLA -0.726 -1.079 1.000 

PBS-PET 0.574 0.854 1.000 

PDLLA-PET 1.301 2.057 0.220 

eMP 

Cellulose-PBS -0.808 -1.577 0.826 

Cellulose-

PDLLA 

-1.250 -1.977 0.316 

Cellulose-PET -0.355 -0.561 1.000 

PBS-PDLLA -0.443 -0.700 1.000 

PBS-PET 0.453 0.716 1.000 

PDLLA-PET 0.896 1.416 0.809 

Extracts 

Cellulose-PBS -0.998 1.885 0.720 
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Cellulose-

PDLLA 

-0.805 12.377 0.833 

Cellulose-PET -0.027 5.624 1.000 

PBS-PDLLA 0.193 10.429 1.000 

PBS-PET 0.971 3.739 0.720 

PDLLA-PET 0.778 -5.753 0.833 
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Table SI 3: pairwise comparison between the treatments divided by polymer of the D. 

magna’s life history parameters obtained during the 10-day exposure. Bold values represent 

significance (p < 0.05) and a detectable effect (D > 0.3). 

 

contrasts Cohen’D t/z value p-value 

Body length (day 6) 

Cellulose 

Blank-MP -0.146 -0.516 1.000 

Blank-eMP 0.095 0.337 1.000 

Blank-Extracts -0.154 -0.559 1.000 

eMP-Extracts -0.253 -0.896 1.000 

eMP-MP -0.241 -0.853 1.000 

Extracts-MP 0.012 0.042 1.000 

PBS 

Blank-MP 0.065 0.231 1.000 

Blank-eMP 0.023 0.081 1.000 

Blank-Extracts 0.375 1.326 1.000 

eMP-Extracts 0.352 1.245 1.000 

eMP-MP 0.042 0.150 1.000 

Extracts-MP -0.310 -1.095 1.000 

PDLLA 

Blank-MP -0.312 -1.102 0.813 

Blank-eMP -0.205 -0.724 0.939 

Blank-Extracts 3.342 11.818 <0.0001 
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eMP-Extracts 3.548 12.542 <0.0001 

eMP-MP -0.107 -0.378 0.938 

Extracts-MP -3.310 -12.920 <0.0001 

PET 

Blank-MP -0.241 -0.852 1.000 

Blank-eMP 0.017 0.061 1.000 

Blank-Extracts 1.433 5.065 <0.0001 

eMP-Extracts 1.416 5.004 <0.0001 

eMP-MP -0.256 -0.913 1.000 

Extracts-MP -1.673 -5.917 <0.0001 

Num. of offspring 

Cellulose 

Blank-MP 0.203 1.901 0.115 

Blank-eMP 0.540 3.756 0.0009 

Blank-Extracts -0.135 -1.565 0.117 

eMP-Extracst -0.675 -4.837 <0.0001 

eMP-MP -0.337 -2.199 0.083 

Extracts-MP 0.338 3.343 0.003 

PBS 

Blank-MP 0.821 4.263 0.001 

Blank-eMP 0.434 3.338 0.003 

Blank-Extracts 0.138 1.358 0.175 

eMP-Extracts -0.256 -2.165 0.091 

eMP-MP 0.387 1.816 0.139 

Extracst-MP 0.682 3.464 0.003 
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PDLLA 

Blank-MP 0.022 0.232 0.869 

Blank-eMP 0.502 3.621 0.002 

Blank-Extracts 0.376 3.048 0.009 

eMP-Extracts -0.126 -0.781 0.869 

eMP-MP -0.480 -3.441 0.003 

Extracts-MP -0.354 -2.849 0.013 

PET 

Blank-MP 0.404 3.194 0.008 

Blank-eMP 0.404 2.040 0.008 

Blank-Extracts 0.221 3.194 0.165 

eMP-Extracts -0.183 -1.322 0.558 

eMP-MP 0.000 0.000 1.000 

Extracts-MP 0.183 1.322 0.558 

ROS 

Cellulose 

Blank-MP 0.071 0.112 1.000 

Blank-eMP -0.776 -1.227 1.000 

Blank-Extracts -0.233 -0.368 1.000 

eMP-Extracts 0.543 0.859 1.000 

eMP-MP 0.847 1.340 1.000 

Extracts-MP 0.304 0.481 1.000 

PBS 

Blank-MP 0.867 1.288 1.000 

Blank-eMP 0.589 0.932 1.000 
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Blank-Extracts 0.510 0.807 1.000 

eMP-Extracts -0.078 -0.125 1.000 

eMP-MP 0.277 0.412 1.000 

Extracts-MP 0.356 0.529 1.000 

PDLLA 

Blank-MP 0.288 0.457 1.000 

Blank-eMP -0.219 -0.347 1.000 

Blank-Extracts -0.503 -0.796 1.000 

eMP-Extracts -0.284 -0.449 1.000 

eMP-MP 0.508 0.803 1.000 

Extracts-MP 0.792 1.253 1.000 

PET 

Blank-MP 0.987 1.560 0.744 

Blank-eMP 0.722 1.142 1.000 

Blank-Extracts 0.142 0.225 1.000 

eMP-Extracts -0.580 -0.917 1.000 

eMP-MP 0.265 0.418 1.000 

Extracts-MP 0.845 1.336 0.934 

LPO 

Cellulose 

Blank-MP -0.018 -0.029 1.000 

Blank-eMP 0.282 0.446 1.000 

Blank-

Extracts 

0.424 0.670 1.000 

eMP-Extracts 0.142 0.224 1.000 
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eMP-MP -0.300 -0.475 1.000 

Extracts-MP -0.442 -0.699 1.000 

PBS 

Blank-MP -0.762 -1.132 1.000 

Blank-eMP -0.526 -0.831 1.000 

Blank-

Extracts 

-0.574 -0.907 1.000 

eMP-Extracts -0.048 -0.076 1.000 

eMP-MP -0.237 -0.352 1.000 

Extracts-MP -0.189 -0.280 1.000 

PDLLA 

Blank-MP -0.188 -0.297 1.000 

Blank-eMP -0.073 -0.115 1.000 

Blank-

Extracts 

0.397 0.628 1.000 

eMP-Extracts 0.469 0.724 1.000 

eMP-MP -0.115 -0.182 1.000 

Extracts-MP -0.585 -0.924 1.000 

PET 

Blank-MP -1.488 -2.354 0.132 

Blank-eMP -0.381 -1.531 0.524 

Blank-

Extracts 

-0.381 -0.602 1.000 

eMP-

Extracts 

0.587 0.929 1.000 
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eMP-MP -0.520 -0.823 1.000 

Extracts-MP -1.108 -1.751 0.424 

 

 

Figure SI 3: Levels of ROS measured at the end of the exposure expressed in DCFH/µg of 

proteins comparing MP, eMP, and extracts. The horizontal lines represent the respective 

treatment median, while the boxes represent the intermediate quartiles of the data. Asterisks 

indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). N= 10 per replicate. 
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Figure SI 4: Levels of ROS measured at the end of the exposure expressed in DCFH/µg of 

proteins, divided by the different polymers, specifically cellulose, PDLLA, PET, and PBS. The 

horizontal lines represent the respective treatment median, while the boxes represent the 

intermediate quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; ** = 

p ≤ 0.01; *** = p ≤ 0.001). N = 10 per replicate. 
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Figure SI 5: Levels of LPO measured at the end of the exposure expressed in TBARS/µg of 

proteins comparing MP, eMP, and extracts. The horizontal lines represent the respective 

treatment median, while the boxes represent the intermediate quartiles of the data. Asterisks 

indicate significance (* = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001). N= 10 per replicate. 
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Figure SI 6: Levels of LPO measured at the end of the exposure expressed in TBARS/µg of 

proteins, divided by the different polymers, specifically cellulose, PDLLA, PET, and PBS. The 

horizontal lines represent the respective treatment median, while the boxes represent the 

intermediate quartiles of the data. Asterisks indicate significance (* = p ≤ 0.05; ** = 

p ≤ 0.01; *** = p ≤ 0.001). N = 10 per replicate. 
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Supplemental information 

 

Figure SI 1: Repeat unit structures of A) PEG and PEO, B) PVP, C) PVOH, and D) PAA. 

 

 
Figure SI 2: Picture of a D. magna specimen measured with cellSens Dimension. The red 

lines represent the measures of the body parameters. 
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Figure SI 3: change heartrate (bpm) as a result of the heartrate acute assay. The boxplots 

represents the heartrate pre and after exposure (x-axis) to each polymer. Labels on the x-axis 

indicate treatment, points indicate data of one animal.  

 
(A) Treatment with PVOH. 

 
(B) Treatement with PEO 
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(C) Treatment with PEG 

 
(D) Treatment with PAA 
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(E) Treatment with PVP 

 
 

Details of the heartrate assay 

Every cuvette used for the test was inserted in a 3D printed (Prusa i-3 MK-8, YOTINO, 

Guangdong, CN) non-transparent cuvette holder (made with Ø 1.75 mm white PLA filament, 

Form Futura, Nijimegen, Netherlands), with a dent specially designed to hold a red led light 

as light source in a 45 ° angle towards the animal and a window to record the heartbeat. 

The acclimatization time was determined by pre-experiments and ensured that the test 

organisms recovered from the stress caused by the transfer to the cuvette (data not shown). 

The videos were then cut to 300 frames  and heartbeat movements were amplified by means 

of eulerian video magnification 1. The heart beats were automatically counted from full 

extension of the heart as one beat with a self-coded Python3 program. If the standard 

deviation of the beat to beat duration exceeded 0.5 bpm, this was an indication of an unstable 

algorithm output. These videos were additionally manually counted in slow motion (1/3 of the 

original speed) to verify the heartrate.  
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Table SI 1: summarised statistical analyses of the heartrate acute assay. Each treatment is 

compared to its own control group (BH-method used for p-value adjustment). 

 

Treatment  df t-value Pr( > |t| ) 

PVOH 1 mg/L 17 -0.247 0.808 

PVOH 5 mg/L 17 -0.322 0.808 

PVOH 10 mg/L 17 0.806 0.808 

PEO 1 mg/L 20 0.000 1.000 

PEO 5 mg/L 20 0.000 1.000 

PEO 10 mg/L 20 0.092 1.000 

PEG 1 mg/L 20 -0.371 0.815 

PEG 5 mg/L 20 -0.303 0.815 

PEG 10 mg/L 20 0.238 0.815 

PAA 1 mg/L 23 -0.733 0.930 

PAA 5 mg/L 23 -0.089 0.930 

PAA 10 mg/L 23 0.125 0.930 

PVP 1 mg/L 29 -0.388 0.701 

PVP 5 mg/L 29 0.436 0.701 

PVP 10 mg/L 29 0.388 0.701 

 



   
 

 260 

Table SI 2: summarized statistical information of the number of offspring recorded during the 

21-day chronic toxicity test (Holm method used for p-value adjustment). Each polymer group 

is compared to its control (C). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 128 -0.153 1.0000 

PVOH 5 mg/L – C1 128 -4.415 0.0001 

PVOH 10 mg/L – C1 128 -4.585 0.0001 

PEO 1 mg/L – C1 128 -0.642 1.0000 

PEO 5 mg/L – C1 128 -2.140 0.1372 

PEO 10 mg/L – C1 128 -2.827 0.0237 

PEG 1 mg/L – C1 128 0.271 1.0000 

PEG 5 mg/L – C1 128 -3.580 0.0029 

PEG 10 mg/L – C1 128 -5.103 <.0001 

PAA 1 mg/L – C2 89 0.401 1.0000 

PAA 5 mg/L – C2 89 -0.126 1.0000 

PAA 10 mg/L – C2 89 0.113 1.0000 

PVP 1 mg/L – C2 89 -0.692 1.0000 

PVP 5 mg/L – C2 89 -1.749 0.5025 

PVP 10 mg/L – C2 89 -0.169 1.0000 
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Table SI 3: summarized statistical information of the number of reproductive cycles during 

the 21-day chronic toxicity test (Holm method used for p-value adjustment). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 128 0.720 1.0000 

PVOH 5 mg/L – C1 128 -0.667 1.0000 

PVOH 10 mg/L – C1 128 -3.120 0.0179 

PEO 1 mg/L – C1 128 0.833 1.0000 

PEO 5 mg/L – C1 128 -0.240 1.0000 

PEO 10 mg/L – C1 128 -0.240 1.0000 

PEG 1 mg/L – C1 128 -0.272 1.0000 

PEG 5 mg/L – C1 128 -2.034 0.3080 

PEG 10 mg/L – C1 128 -3.629 0.0037 

PAA 1 mg/L – C2 89 -0.437 0.6632 

PAA 5 mg/L – C2 89 -2.409 0.0723 

PAA 10 mg/L – C2 89 -2.862 0.0262 

PVP 1 mg/L – C2 89 -1.873 0.1286 

PVP 5 mg/L – C2 89 -3.103 0.0154 

PVP 10 mg/L – C2 89 -2.142 0.1047 
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Table SI 4: summarized statistical information of body length at primiparity registered during 

the 21-day chronic toxicity test (Holm method used for p-value adjustment). Each polymer 

group is compared to its control (C). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 126 0.319 1.0000 

PVOH 5 mg/L – C1 126 -0.336 1.0000 

PVOH 10 mg/L – C1 126 0.982 1.0000 

PEO 1 mg/L – C1 126 -1.921 0.5128 

PEO 5 mg/L – C1 126 0.963 1.0000 

PEO 10 mg/L – C1 126 -0.176 1.0000 

PEG 1 mg/L – C1 126 1.147 1.0000 

PEG 5 mg/L – C1 126 -0.711 1.0000 

PEG 10 mg/L – C1 126 1.311 1.0000 

PAA 1 mg/L – C2 89 -1.075 1.0000 

PAA 5 mg/L – C2 89 -0.823 1.0000 

PAA 10 mg/L – C2 89 -1.997 0.2932 

PVP 1 mg/L – C2 89 1.120 1.0000 

PVP 5 mg/L – C2 89 0.796 1.0000 

PVP 10 mg/L – C2 89 0.636 1.0000 
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Table SI 5: summarized statistical information of body width at primiparity registered during 

the 21-day chronic toxicity test (Holm method used for p-value adjustment). Each polymer 

group is compared to its control (C). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 126 -0.286 1.0000 

PVOH 5 mg/L – C1 126 -0.641 1.0000 

PVOH 10 mg/L – C1 126 0.951 1.0000 

PEO 1 mg/L – C1 126 -1.061 1.0000 

PEO 5 mg/L – C1 126 0.194 1.0000 

PEO 10 mg/L – C1 126 -0.649 1.0000 

PEG 1 mg/L – C1 126 0.343 1.0000 

PEG 5 mg/L – C1 126 -1.212 1.0000 

PEG 10 mg/L – C1 126 0.321 1.0000 

PAA 1 mg/L – C2 89 -1.291 1.0000 

PAA 5 mg/L – C2 89 -0.790 1.0000 

PAA 10 mg/L – C2 89 -2.184 0.1897 

PVP 1 mg/L – C2 89 0.231 1.0000 

PVP 5 mg/L – C2 89 0.371 1.0000 

PVP 10 mg/L – C2 89 0.731 1.0000 
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Table SI 6: summarized statistical information of body length registered at the end of the 21-

day chronic toxicity test (Holm method used for p-value adjustment). Each polymer group is 

compared to its control (C). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 129 0.443 1.0000 

PVOH 5 mg/L – C1 129 -2.656 0.0712 

PVOH 10 mg/L – C1 129 -3.459 0.0059 

PEO 1 mg/L – C1 129 -0.011 1.0000 

PEO 5 mg/L – C1 129 -0.918 1.0000 

PEO 10 mg/L – C1 129 -1.206 0.9195 

PEG 1 mg/L – C1 129 -1.387 0.8391 

PEG 5 mg/L – C1 129 -2.180 0.2175 

PEG 10 mg/L – C1 129 -2.051 0.2536 

PAA 1 mg/L – C2 89 0.431 1.0000 

PAA 5 mg/L – C2 89 0.305 1.0000 

PAA 10 mg/L – C2 89 0.079 1.0000 

PVP 1 mg/L – C2 89 1.281 0.8145 

PVP 5 mg/L – C2 89 1.159 0.6743 

PVP 10 mg/L – C2 89 3.284 0.0088 
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Table SI 7: summarized statistical information of body width registered at the end of the 21-

day chronic toxicity test (Holm method used for p-value adjustment). Each polymer group is 

compared to its control (C). 

 

Treatment df t-ratio p-value 

PVOH 1 mg/L – C1 129 0.377 0.9577 

PVOH 5 mg/L – C1 129 -3.073 0.0232 

PVOH 10 mg/L – C1 129 -2.649 0.0727 

PEO 1 mg/L – C1 129 -1.313 0.9577 

PEO 5 mg/L – C1 129 -1.284 0.9577 

PEO 10 mg/L – C1 129 -0.981 0.9577 

PEG 1 mg/L – C1 129 -1.924 0.3935 

PEG 5 mg/L – C1 129 -1.168 0.9577 

PEG 10 mg/L – C1 129 -1.927 0.3935 

PAA 1 mg/L – C2 89 -0.240 1.0000 

PAA 5 mg/L – C2 89 -0.229 1.0000 

PAA 10 mg/L – C2 89 -0.169 1.0000 

PVP 1 mg/L – C2 89 0.0689 1.0000 

PVP 5 mg/L – C2 89 0.291 1.0000 

PVP 10 mg/L – C2 89 2.112 0.2250 
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