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Preamble 

Overall, the still relatively young research field of MP is mainly restricted to monitoring analytics, 

quantitatively estimating environmental pollution, and identifying the relevant entry paths. In 

ecotoxicological analysis, mostly pristine polymers are used. A fundamental understanding of physical, 

chemical and biological mechanisms is still heavily lacking. Various perspectives furthermore influence 

others highly. Overarching, interdisciplinary research is of great value in advancing MP research. 

Therefore, the Collaborative Research Centre (CRC) 1357 Microplastics was applied at the University of 

Bayreuth in 2018. The main aim of the CRC is to investigate the MP load on organisms, the behaviour 

and migration of MP under different environmental compartments, as well as the ageing and change 

of MP under the influence of various environmental conditions. Another focus is the development of 

novel plastics that contribute to sustainable polymer chemistry. Central points of MP pollution are split 

into three superordinate project areas: 

Project area A: Biological Effects 

Project area B: Behaviour and migration 

Project area C: Degradation and development of novel plastics 

The individual project areas are divided into further sub-projects, whereby networked, 

intradisciplinary cooperation of the individual sub-projects is promoted. This project was integrated 

ƛƴǘƻ ǇǊƻƧŜŎǘ ŀǊŜŀ ά!έ ŀǎ ǎǳōǇǊƻƧŜŎǘ ά!лрέΦ ¢ƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ŎƻƻǇŜǊŀǘƛƻƴ ǇŀǊǘƴŜǊΣ ǘƘŜ ŎƘŀƛǊ 

ά.ƛƻƳŀǘŜǊƛŀƭǎέΣ ǘƘŜ άŜŦŦŜŎǘǎ ƻŦ ƳƛŎǊƻǇƭŀǎǘƛŎ ǇŀǊǘƛŎƭŜǎ ƻƴ ŀ ŎŜƭƭǳƭŀǊ ƭŜǾŜƭέ ǿŜǊŜ ŀƴŀƭȅǎŜŘΦ ¢ƘŜ Ŏƻ-PhD in 

the project, Julia Jasinski, born Rudolph, was mainly responsible for the interaction, uptake and 

intracellular distribution while the cytotoxic effects, primary cell isolation and testing, formation of 

micro tissue and the transfer to unicellular, environmentally relevant organisms were mainly focused 

on in this work. High interaction and cooperation were requested and promoted. Especially since 

various results are highly complementary, most projects were treated as cooperation. In the result 

paragraphs, the respective cooperation partners and their contributions to the results will be named 

individually. 
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Kurzfassung 

In dieser Arbeit wird das das potenzielle Risiko von Mikroplastik auf zellulärer Ebene in zunehmender 

Komplexität analysiert. Hierfür werden zunächst kritische Parameter von Mikroplastikpartikeln 

bezüglich der intrazellulärer Verteilung, Auslösung von Effekten und einer möglichen Ausscheidung in 

Standardzellkulturansätzen identifiziert. Ausgewählte Charakteristika von Mikropartikeln sind hierbei 

Oberflächenladung und chemische Modifikationen, Größe, Form, Polymerart oder Monomer-

Rückständen. Eine erste Konvergenz zu realistischeren Ansätzen wird durch eine künstliche 

Laboralterung dieser Partikel und die Verwendung von aus handelsüblichen Wandfarben extrahierten 

Partikelfraktionen erreicht. Anschließend wird die Komplexität des Zellkultursystems von 

herkömmlichen Standardsystemen auf 3D-Mikrogewebeansätze erhöht. Transwell-Systeme und die 

Kultivierung von Sphäroiden werden verwendet, um die Wirkung von Mikroplastik auf die Bildung 

dieser Mikrogewebe zu analysieren. Darüber hinaus wird das Penetrationsverhalten von Partikeln in 

vollständig gebildeten Mikrogeweben analysiert. Primärzellen von Eisenia fetida als Modellorganismus 

werden anschließend verwendet, um zelluläre Erkenntnisse leichter auf die organismische Ebene zu 

übertragen. Abschließend werden einzellige Organismen (Amoeba proteus und Tetrahymena 

pyriformis) als Repräsentanten der unteren Trophieebenen verwendet, um den Mechanismus des 

Aufnahmeverhalten von Mikropartikeln in diesen zu bestimmen und einen möglichen Transfer über 

eine vereinfachte Nahrungskette zu analysieren. 

Die Identifizierung der kritischen Parameter für Mikroplastikpartikel wurde mithilfe von Standard-

Zellkulturtests durchgeführt, um potenzielle zytotoxische, genotoxische und entzündliche Reaktionen 

sowie oxidativen Stress zu screenen. Neben der Abhängigkeit des Zellphänotyps erwiesen sich 

Parameter, die die Partikel-Zell-Interaktion beeinflussen, als besonders einflussreich. Dies wurde durch 

Verwendung von Partikeln mit hoher Oberflächenladung (hohe Partikel-Zell-Interaktion) und niedriger 

Oberflächenladung (niedrige Partikel-Zell-Interaktion), aber ansonsten gleichen Eigenschaften, 

verifiziert. Die gemessenen Effekte waren signifikant größer für die erhöhte Interaktionsrate. 

Insbesondere die Oberflächenladung, Protein-Oberflächen-Korona und Größenbereiche, die die 

Aufnahmewahrscheinlichkeit beeinflussen, erwiesen sich daher als kritisch für die nachfolgenden 

Effekte. Gemessene Effekte traten jedoch nur bei relativ hohen Partikelkonzentrationen (250 µg/mL) 

auf. 

Bei Verwendung künstlich gealterter Partikel (durch UV-Bestrahlung) oder Partikelfraktionen aus 

Wandfarben konnte eine Zytotoxizität bereits bei wesentlich niedrigeren Konzentrationen beobachtet 

werden (2 ς 20 µg/mL). Als Hauptfaktoren hierfür konnte die Morphologie der Partikel (z.B. schärfere 

Kanten) und eine erhöhte Reaktivität auf der Oberfläche der Partikel aufgrund der UV-Bestrahlung 
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während der künstlichen Alterung identifiziert werden. Im Gegensatz dazu, war das 

Entzündungsniveau bei Zellen, die mit fabrikneuen Partikeln behandelt wurden, höher. RNA-

Sequenzierungen konnten diese Ergebnisse verifizieren und einen Einblick in mögliche Mechanismen 

geben (Aufnahmewege, spezifischere Entzündungsreaktion für fabrikneue Partikel, akut-zytotoxische 

Reaktionswege für gealterte Partikel). 

Verteilungs- und Ausscheidungsstudien zeigten eine unspezifische Verteilung während der Zellteilung 

und keine aktive Ausscheidung in einer Kultivierungsdauer von 72 Stunden. Dies legt nahe, dass eine 

intrazelluläre Anreicherung der Partikel möglich ist.  

Der Einfluss von Mikroplastikpartikeln auf die Integrität einer epithelialen Membran wurde mittels 

Transwell-Inserts analysiert. Der Effekt der Partikel auf die Funktionalität der Membran war jedoch 

vernachlässigbar, was mutmaßlich mit der geringen Partikel-Zell Interaktion in den verwendeten 

Epithelzelllinen zusammenhängt. Die Etablierung eines Penetrations-Assays mit diesem System war 

aufgrund eines Mangels an Partikeln, die die Membran selbst ohne Zellen durchdringen konnten, nicht 

möglich.  

Die Analyse an Sphäroiden hingegen lieferte mehr Einblicke auf die Interaktion von Mikroplastik und 

Mikrogeweben. Die Bildung dieser Zellaggregate wurde signifikant gestört, wenn Partikel während der 

initialen Wachstumsphase hinzugefügt wurden. Hierbei zeigten erneut künstlich gealterte Partikel 

einen größeren Effekt im Vergleich zu unveränderten Partikeln. Partikel, die nach vollständiger 

Etablierung des Gewebes hinzugefügt wurden, konnten in die Sphäroide eindringen und mittels 

etablierten Analyse-Workflow nachgewiesen werden. Abschließend wurde eine Ko-

Kultivierungsmethode für Makrophagen und Sphäroide etabliert, um sich der natürlichen Umgebung 

weiter anzunähern. 

Primäre Darmzellen von E. fetida wurden verwendet, um Erkenntnisse aus der Zelllinienkultivierung 

auf primäre Zellen zu übertragen und Schlussfolgerungen für die organismische Ebene zu ziehen. Dabei 

stellte sich die Partikelgröße erneut als entscheidender Faktor für die Partikel-Zell Interaktion heraus. 

Es konnte jedoch keine akute Zytotoxizität in den primären Zellen als Reaktion auf Mikroplastikpartikel 

beobachtet werden, was wahrscheinlich mit der geringen Wechselwirkungsrate und dem epithelialen 

Phänotyp zusammenhängt, wie zuvor identifiziert. Die Möglichkeit langfristiger Auswirkungen oder 

einer Anhäufung auf Gewebeebene kann jedoch nicht ausgeschlossen werden, da gezeigt wurde, dass 

Partikel in Mikrogewebe eindringen können. Basierend auf den Ergebnissen dieser Studie war es 

allerdings nicht möglich, eine Verbindung zwischen den zellulären und organismischen Ebenen 

herzustellen. 
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Die Analyse von Einzellern lieferte weitere Einblicke in eine mögliche Bioakkumulation und 

Biomagnifikation. T. pyriformis zeigte eine schnelle und größenabhängige Aufnahme (Partikel < 6 µm). 

A. proteus ƴŀƘƳ tŀǊǘƛƪŜƭ Җ 6 µm auf. Während T. pyriformis als Filtrierer die Partikel unspezifisch 

aufnahm, konnte für die Amöbe als Aufnahmemechanismus die Pinocytose identifiziert werden. 

Darüber hinaus könnten Partikel indirekt von A. proteus aufgenommen werden, wenn sie Mikroplastik-

belastete Beute in einem vereinfachten Nahrungsnetzwerk fressen. Es wurde weiterhin festgestellt, 

dass der Aufnahmemechanismus den Verbleib der Partikel innerhalb der Amöbe signifikant 

beeinflusste. Direkt durch Pinocytose aufgenommene Partikel blieben bis zu 14 Tage in den 

Organismen erhalten, während durch belastete Beute phagozytisch aufgenommene Mikropartikel 

aktiv ausgeschieden wurden, was auf das Vorhandensein von selektiven intrazellulären Mechanismen 

hinweist. Daher ist eine mögliche Bioakkumulation auf den unteren trophischen Ebenen 

wahrscheinlich und hängt stark von der Partikelgröße und dem Aufnahmemechanismus ab. 

Als kritische Parameter für Laborpartikel wurden Eigenschaften identifiziert, welche die Partikel-Zell 

Interaktionen fördern. Für weitere Forschungsansätze zur Risikobewertung von Mikroplastik wird 

insbesondere die Verwendung von umweltrelevanten Mikroplastikpartikeln dringend empfohlen, da 

Reaktionen und Mechanismen stark von Laborpartikeln abweichen. Die Verwendung von komplexeren 

3D-Zellkultivierungen zeigte die Möglichkeit des Eindringens von Partikeln in Mikrogewebe auf. 

Darüber hinaus wurden keine Exkretionsmechanismen in Säugetierzellen gefunden, was eine 

Anreicherung von Partikeln in Organismen oder Geweben wahrscheinlich macht. Studien an 

Organismen auf den unteren trophischen Ebenen zeigten eine erhöhte Akkumulation von Partikeln in 

einer besonders kritischen Größe (< 6 µm) für Säugetierzellen. Da die Übertragung dieser Partikel 

entlang der Nahrungskette wahrscheinlich ist, könnte eine höhere Aufnahme kleiner Partikel möglich 

sein, was das Risiko einer Biomagnifaktion erhöht. Daher liefert diese Arbeit weitere Erkenntnisse zur 

Bewertung des Risikos von Mikroplastik auf zellulärer Ebene und ermöglicht Schlussfolgerungen für 

höhere Organismen. 
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Abstract 

This work evaluates the potential risk of hazardous effects of microplastic on a cellular level in 

increasing complexity. First, critical parameters of microplastic particles are identified in standard cell 

cultivation. In this process, the pathway of an ingested particle concerning its intracellular distribution, 

effect triggering, and excretion is analysed. Hereby, the multi-parameter characteristics of 

microparticles, like surface charge and modifications, size, shape, polymer type, or monomer residues, 

are considered. The first convergence towards a realistic approach is the usage of artificial weathered 

model particles and particles extracted from commercially available wall paints. Following this, the cell 

cultivation system complexity increases from standard systems to 3D microtissue approaches. 

Transwell systems and the cultivation of spheroids are used to analyse the effect of microplastic on 

the formation of these microtissues. Furthermore, the penetration behaviour of particles into fully 

formed microtissues is tracked. Primary cells from Eisenia fetida, as a model organism, are 

subsequently used to transfer cellular findings to the organismic level. Finally, unicellular organisms 

(Amoeba proteus and Tetrahymena pyriformis), as representatives of the lower trophic levels, are used 

to study the uptake behaviour of microparticles, their ingestion pathway and a possible transfer across 

a simplified food web. 

The identification of particular critical parameters for microplastic particles was performed by using 

standard cell culture assays to investigate potential cytotoxicity, oxidative stress, genotoxicity, and 

inflammatory responses. Next to the dependency of the cell phenotype, parameters influencing the 

particle-cell interaction proved notably important. This was verified using particles with a high surface 

charge (high particle-cell interaction) and a low surface charge (low particle-cell interaction) but 

otherwise with the same characteristics. Measured effects were significantly larger for the increased 

interaction rate. In particular, the surface charge, protein surface corona, and size range, as parameters 

affecting the uptake probability, proved critical for subsequent effects. Nevertheless, effects were only 

observed for relatively high concentrations (250 µg/mL).  

However, when using artificially aged particles (via UV-irradiation) or paint particle fractions, 

cytotoxicity could be observed for significantly lower concentrations (2 ς 20 µg/mL). The morphology 

of the particles (e.g. sharper edges) and an increased reactivity on the ǇŀǊǘƛŎƭŜΩǎ ǎǳǊŦŀŎŜ due to the UV 

irradiation could be identified as the main influencing factors. Interestingly though, the inflammation 

level was higher for cells treated with pristine particles. RNA sequencing could confirm these findings 

and provide a glimpse into possible mechanisms (uptake pathways, specific inflammation pathways 

for pristine particles, acute-cytotoxic reactions for aged particles).  
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Further distribution and excretion studies revealed an unspecific distribution during the cell division 

and no active excretion during 72 h of cultivation. These findings led to the assumption that an 

intracellular accumulation of particles is likely.  

Afterwards, the cell cultivation system was expanded from 2D to 3D systems. The influence of 

microplastic particles on the integrity of an epithelial membrane was hereby analysed using transwell 

inserts. However, the effect of the particles was negligible, which was likely connected to the low 

interaction rate between epithelial cells and particles. Due to a lack of particles penetrating the 

membrane even without cells, establishing a penetration assay with the same system was not possible. 

Contrarily, the usage of spheroids provided more insights. The formation of these microtissues was 

significantly disturbed when adding particles during the initial growth phase. Again, artificially aged 

particles showed a higher effect compared to pristine ones. Particles added after the full establishment 

penetrated the spheroid and could be detected by an established analysis workflow. Finally, a co-

cultivation method for macrophages and the spheroids was established to converge closer to the in 

vivo environment.  

Primary intestinal cells from Eisenia fetida were used to transfer previous findings from the cell 

cultivation to primary cells and to draw conclusions for the organismic level. Notably, particle size was 

again a crucial factor for the interaction. However, acute cytotoxicity could not be observed in the 

primary cells in response to particles, which can be associated with the comparable low interaction 

rate of the epithelial phenotype, as identified previously. The possibility of long-term effects or 

accumulation at a tissue level cannot be dismissed, as it was demonstrated that particles could 

penetrate microtissues. Nonetheless, based on this study's findings, it was not possible to establish a 

link between the cellular and organismic levels. 

The analysis of unicellular organisms revealed further insight into bioaccumulation and 

biomagnification on the lower trophic levels. Tetrahymena pyriformis showed a fast and size-

dependent uptake (particles < 6 µm). Amoeba proteus ingested particles Җ 6 µm. While T. pyriformis, 

as filter feeder, ingested particles unspecifically, pinocytosis was identified as the main uptake 

mechanism for the amoeba. Furthermore, particles could be indirectly ingested by A. proteus when 

feeding microplastic-burdened prey in a simplified food web. These uptake mechanisms, in return, 

significantly influenced the fate of the particles ingested by the amoeba. Directly ingested particles 

remained for up to 14 days, while phagocytic ingested MP through burdened prey was actively 

excreted, suggesting the presence of selective intracellular mechanisms. Either way, a possible 

bioaccumulation on lower trophic levels is likely and highly dependent on the particle size and the 

uptake mechanism.  



6 
 

As especially critical parameters for pristine particles, particle-cell-interaction promoting properties 

could be identified. Further combining the results from this study, especially the usage of 

environmentally relevant microplastic particles, is highly recommended for research purposes due to 

their highly deviating effects compared to pristine ones. More complex 3D cell cultivation revealed the 

possibility of particles penetrating microtissues. Moreover, no excretion mechanisms in mammalian 

cells were found, making an accumulation of particles in organisms likely. Studies on organisms at the 

lower trophic levels revealed a further possible accumulation of particles in an especially critical size 

(< 6 µm) for mammalian cells. Since the transfer of these particles along the food web is likely, a higher 

uptake of small particles might be possible, increasing the risk of biomagnification. Therefore, this work 

could provide further insight to assess the risk of microplastic on a cellular level and draw conclusions 

for higher organisms.  
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1. Introduction 

For 70 years, plastic has been an indispensable part of everyday life as a mass product. Despite this 

lengthy time as a consumer product, there is still no widespread recycling of plastic. While only 9% of 

the plastic produced is reused, 79% ends up in landfills or the environment [1]. By 2050, the 

accumulation of waste in the environment is expected to increase from 6300 million tons in 2017 to 

12000 million tons [1]. In addition to macroplastics, known as, e.g. packaging material, environmental 

pollution with microplastics (MP) is also a converging problem. While the first scientific notation of MP 

was only in 2004 in the highly regarded ǇŀǇŜǊ ά[ƻǎǘ ŀǘ {ŜŀΥ ²ƘŜǊŜ ƛǎ ŀƭƭ ǘƘŜ ǇƭŀǎǘƛŎΚέ by Thompson et 

al. [2], the scientific, political and public attention has risen largely till today [3]. However, an all-inclusive 

definition of the term microplastic is still being discussed. Frias and Nash proposed in 2019 the 

ŦƻƭƭƻǿƛƴƎΥ άaƛŎǊƻǇƭŀǎǘƛŎǎ ŀǊŜ ŀƴȅ ǎȅƴǘƘŜǘƛŎ ǎƻƭƛŘ ǇŀǊǘƛŎƭŜ ƻǊ ǇƻƭȅƳŜǊƛŎ ƳŀǘǊƛȄΣ ǿƛǘƘ ǊŜƎǳƭŀǊ ƻǊ ƛǊǊŜƎǳƭŀǊ 

shape and with size ranging from 1 m˃ to 5 mm, of either primary or secondary manufacturing origin, 

ǿƘƛŎƘ ŀǊŜ ƛƴǎƻƭǳōƭŜ ƛƴ ǿŀǘŜǊέ [4]. The MP burden is hereby split into two main categories, primary and 

secondary MP. Primary MP is purposely produced by humans, e.g., plastic pellets, as an ingredient in 

personal care products or as matrix addition in wall paint, and others [5]. Secondary MP arises from the 

decomposition of macroplastic through UV radiation, abrasion or bacterial degradation [6]. MP 

accumulates in the environment and can nowadays be found in all environmental compartments like 

marine and freshwater systems, terrestrial, air and even in isolated areas like glaciers, the arctic sea or 

the highest mountains as described by various reviews [7ς9]. Consequently, organisms in the respective 

compartment must deal with this new environmental pollutant. Especially for the marine and aquatic 

environment, various studies regarding either small model organisms like the water flea 

Daphnia magna or the zebrafish Danio rerio or larger organisms like, e.g. marine fish or seals were 

analysed and summarised in various reviews [10ς13]. Evidence shows that the ingestion of MP by aquatic 

organisms has the potential to induce different adverse effects, such as impairment of food 

consumption or effects on growth as well as disordered reproduction in small organisms, using 

vertebrates and invertebrates [14ς19]. In larger animals, MP accumulation, the introduction of endocrine 

disruptor chemicals (EDC) and a possible vector function for pathogens and following infectious 

diseases are considered threads, as summarised in a recent review [20]. Recently, a new disease could 

be correlated explicitly to the MP burden in sea birds, the so-called plasticosis, a fibrosis type [21]. The 

accumulation in the food chain can further be observed for terrestrial organisms [22,23], and 

implementing this, the MP burden is also a relevant factor for human health[24]. According to a study 

by the World Wide Fund for Nature, a person consumes an average of up to 5 g MP per week by diet 

or respiration [25]. Other studies estimate about 200,000 particles/year as uptake of a typical human, 

noting that due to methodical limitations, an underestimation of smaller particles is likely [26]. MP has 
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already been found in the human placenta, faeces, lung tissue, and blood [27ς30]. These findings, 

therefore, advocate for an accurate analysis from scratch of MP pollution regarding distribution and 

degradation in the environment, uptake and accumulation throughout the food chain, toxicity 

assessment of MP for organisms and ultimately, the effect of MP on humans.  

1.1. Usage of cell cultivation in microplastic research 

One possibility to analyse the effect of contaminants is the usage of animal experiments, which are 

mostly conducted with mice. Various in vivo studies of the effect of MP on this model organism have 

been carried out in the last few years [31ς37]. Consistent findings included effects on the gut epithelium 

and the microbiota, immunotoxicity, the formation of reactive oxygen species (ROS) and hepatotoxic 

effects. Furthermore, a vector function of microplastic particles (MPP) for pathogens is often named. 

Analysing the impact of MP on mammals in vivo, though, is, on the one hand, more challenging to 

analyse due to higher legal restrictions and the dependency on more complex in vivo analysis. On the 

other hand, ethical and moral questions need to be asked when performing animal experiments. 

Therefore, animal and human cell cultivation have become very beneficial for diverse biotechnology, 

medicine and veterinary applications. Cell cultivation became an indispensable tool to study intra- or 

intercellular responses and to serve as in vitro model for research [38]. Due to its usage in risk 

assessment and toxicological research for the past 40 years, it is qualified for reliability and 

comparability, benefitting from a vast trove of experience [39,40]. Cell culture is, therefore, an obvious 

application for the analysis of the toxicity of MP, and publications have drastically increased in the last 

couple of years [41].  

1.2. Particle-cell interaction ς what is known from the literature 

Cytotoxic effects are often only triggered after the interaction of the pollutant and a cell. An interaction 

or ingestion of the particle inside a cell can be crucial for later analysis. Three principal uptake 

mechanisms exist for cells (Scheme 1). 

 

Scheme 1 Uptake mechanism of particles in mammalian cells 
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Phagocytosis is mainly observed in specialised cells like macrophages, describing the active ingestion 

of particular matter, bacteria, small cells or remains of, e.g. dead cells. This uptake pathway is critical 

for controlling and degrading infectious agents and senescent cells and is mainly restricted to particular 

matter > 0.5 µm [42ς44]. After ingestion via phagocytosis, a phagosome is formed, where the ingested 

matter is digested by an acidified compartment. Subsequently, it fuses with the lysosome to develop 

into phagolysosomes, eliminating the respective extracellular matter [45]. A second endocytotic uptake 

mechanism is via pinocytosis. Pinocytosis refers to the uptake of fluids or small particles (< 0.5 ˃ m) and 

can be performed by most cells [46ς48]. The engulfed fluid is encapsulated by a pinosome, which is 

formed by pinching the cell membrane inward. Receptor-mediated endocytosis is the third main 

method of endocytosis. Similar to pinocytosis, mainly solutes and small particular matter is engulfed. 

Additionally, specific receptors are involved in selecting molecules. It can be principally differentiated 

between clathrin-mediated, caveolin-mediated and clathrin- and caveolin-independent endocytosis, 

each specialised for different functions of the cells [48,49].  

Consequently, the uptake mechanism depends on the size of particles, their interaction with (specific) 

receptors to the cellular membrane, and the cell phenotype [42,49ς51]. Particle properties, e.g. 

hydrophobicity/hydrophilicity, surface charge or modification and physical properties (size and shape), 

are hereby essential for the interaction and uptake of cell particles [49].  

Therefore, the particle-cell interaction (PCI) for selected particle parameters has been investigated 

(Scheme 2).  

 

Scheme 2 Investigated parameters influencing the PCI and ingestion in cooperation projects 

[1] Investigated in Rudolph, Völkl et al. (2021); [2] Investigated in Ramsperger, Jasinski, Völkl et al. (2022); [3] Investigated in 
Jasinski et al. (2022) 
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These analyses were mainly done with and by cooperation partners and were published in the shared 

publications Rudolph and Völkl et al. (2021), Ramsperger, Jasinski and Völkl et al. (2022) and Jasinski 

et al. (2022). In the following, the main results of these papers regarding the PCI and uptake will be 

summarised. One main advantage of these cooperations was hereby the usage of the same particles 

and cell lines. Therefore, results from these ingestion studies can be easily viewed in context with 

results from this work. The abbreviation PCI will be used when ingestion was not verified by the applied 

method but only an interaction, which can be an ingested particle or an adherence to the cell 

membrane.  

In Rudolph, Völkl et al. (2021), Julia Jasinski, born Rudolph, analysed the influence of the particle size 

and cell phenotype on the PCI by flow cytometry (FC). Polystyrene (PS) particles in a size range between 

0.2 and 6 µm were used (0.2, 0.5, 1, 2, 3, 6 µm). Differences in the PCI could be observed between all 

used cell lines (J774A.1 and ImKC as macrophages, BNL CL.2 and STC-1 as epithelial cells) (Figure S1 

and Figure S2). Phenotype-specific differences were expected (macrophages >> epithelial cells), which 

can easily be explained by the natural purpose of the cells (macrophages as scavenger cells, epithelial 

cells with a barrier function).  

Interestingly, significant differences among the respective macrophages (Figure S1) and epithelial cell 

lines (Figure S2) were also found. While the J774A.1 cell line showed overall the highest PCI, the 

increased PCI compared to ImKC might be related to various reasons. One explanation is the size of 

both macrophages. J774A.1 cells proved to be around 1.5 times larger (20 ς 25 µm) compared to ImKC 

(Ғ 15 µm). Bigger cells have more volume to incorporate particles. Since, especially for particles 

between 1 ς 3 µm, cells were highly interacting with the particles, more volume corresponds to 

potentially more PCI. Another reason might be the phenotype of the J774A.1 cells. While this cell line 

was isolated from the ascites, which had the purpose of so-called wandering macrophages, ImKC cells 

are immortalised resident Kupffer cells. J774A.1 might be more active at moving around the plate and, 

therefore, might be in more contact with particles. Kupffer cells, on the other hand, are known to be 

more specialised in the clearance of small, particular matter on the nanometer scale [52,53]. This might 

influence the uptake rate in the here measured low micron-sized particle range. Next to the 

phenotype-specific differences, a size dependency of MP uptake was also found. While a high amount 

of 1 ς 3 µm particles showed interaction, 6 µm particles, as the largest particle size analysed, only 

showed a low interaction rate, which was true for both macrophage cell lines. The natural purpose of 

macrophages can again explain this observed size dependency. One of their main functions in vivo is 

the clearance of bacterial infection [54]. Most bacteria are in a size range of 1 ς 4 µm [55], which 

corresponds well to the high interaction with particles in this size range. Larger particles, on the other 

hand, are more difficult to ingest and exhibit a higher volume resulting again in fewer PCI possibilities 
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for the cells. As shown in the literature [44,56ς58], the uptake of larger particles often depends on special 

surface modifications, e.g. IgG-opsonisation, and only low ingestion rates were visible.  

Furthermore, a concentration-dependent PCI was observed. This was expected since more particles 

were available per cell, increasing the PCI probability. Interestingly, macrophages did not seem to stop 

ingesting particles after a certain amount of PCI, but most cells showed PCI > 20 if only enough particles 

were added.  

Both epithelial cell lines showed a significantly lower PCI compared to the macrophages. Nevertheless, 

significant differences between both epithelial cell lines were visible (Figure S2). While STC-1 only 

showed low PCI for all particle sizes, BNL CL.2 cells showed a size-depending pattern of PCI. Especially 

for the smaller particles, various PCI could be observed, while only sporadic 6 µm particles were 

interacted with. Although BNL CL.2 cells have been previously described as non-phagocytotic [56,57], 

ingestion via macropinocytosis is possible for particles up to 5 µm [47], which might explain the PCI 

found for BNL CL.2 cells. Especially for liver cells, macropinocytosis is essential for the clearance of 

apoptotic or necrotic cells [58], while for STC-1, comparative literature showed particle ingestion only 

for 0.12 µm [59,60].  

To further verify if particles were indeed fully ingested or only stuck to the cell membrane, confocal 

laser scanning microscopy (CLSM) was used to complement this information. This method captures 

fluorescent 2D images at different depths in a cell and subsequently enables the reconstruction of 

three-dimensional (3D) structures. The FC data findings could be confirmed (Figure S3). While both 

macrophage cell lines did seem to ingest most of the interacting particles, the epithelial cells showed 

less interaction and often no engulfment of interacting particles. Using these complementary methods, 

a quantitative (FC) and qualitative (CLSM) measurement of PCI and ingestion of particles in the four 

used cell lines, dependent on size, phenotype and concentration, could be accomplished. 

As an additional particle parameter, the surface charge is a known property from nanoparticle studies 

affecting the PCI and ingestion [51]. In Ramsperger, Jasinski and Völkl et al. (2022), the influence of 

particles with a different surface charge and distribution (MPpolyscience, -yPotential Ғ - 30 mV, 

homogeneously distributed; MPmicromod, y -Potential Ғ - 1.5 mV, heterogeneous distribution) on the PCI 

with the already established macrophage cell lines (ImKC and J774A.1) was investigated. PCI and the 

ingestion rate were significantly higher for MPpolyscience compared to MPmicromod. This was found for both 

cell lines. An increase of 150 (for J774A.1) to 260 (for ImKC) times higher PCI and an 80 (for J774A.1) 

to 360 times (for ImKC) higher internalisation rate of MPpolyscience could be found when compared to 

MPmicromod. This finding confirms the hypothesis that the surface charge is highly significant for the 

internalisation of MP, which was approved mainly for nanoparticles previously [51,61]. The pattern of a 
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more anionic surface getting internalised higher than non-ionic or positively charged ones is also 

comparable to the nanoparticle scale [61,62]. Again, the biological function of the used macrophages 

might be one of the influencing factors. The -ypotential of the cell wall of common bacteria was 

measured at - 22 mV at pH 7.0 [63]. This charge range is comparable to the surface charge of MPpolyscience 

in cell culture media. The non-charged particular matter might, therefore, not be recognised by 

macrophages. Additionally, the PCI and uptake depends on the formation of an eco or protein-corona 

[64], which in return depends on the surface properties and modifications [65ς69]. Relevant to this 

experimental setup, the formation of the protein corona in the cell culture media with fetal calf serum 

is also influenced by the initial surface charge of the particles [70]. This is shown by the significantly 

greater change in the y-potential for MPpolyscience after incubation in full growth media compared to 

MPmicromod (polyscience Ғ ɲ50 mV  ŎƻƳǇŀǊŜŘ ǘƻ ƳƛŎǊƻƳƻŘ Ғ ɲ0 mV ύ. A more pronounced 

formation of the protein corona is, therefore, likely. This, in return, could have impacted the uptake 

and PCI.  

A deeper analysis of the influence of the protein corona was done in the study ά¢ŀƛƭƻǊ-Made Protein 

/ƻǊƻƴŀ CƻǊƳŀǘƛƻƴ ƻƴ tƻƭȅǎǘȅǊŜƴŜ aƛŎǊƻǇŀǊǘƛŎƭŜǎ ŀƴŘ ƛǘǎ 9ŦŦŜŎǘ ƻƴ 9ǇƛǘƘŜƭƛŀƭ /Ŝƭƭ ¦ǇǘŀƪŜέ ōȅ Wŀǎƛƴǎƪƛ Ŝǘ 

al. (2022). It has to be noted that while in the previous studies, macrophages were used, the main 

interest in this study was on the effects on the epithelial cells (STC-1 and BNL CL2). PS particles (0.2 µm 

and 3 µm) were pre-coated with bovine serum albumin (BSA), myoglobin, -̡lactoglobulin, lysozyme, 

or fibrinogen before incubating the particles in full cell culture medium with 10 % (v/v) FCS. The pre-

coating step influenced the protein corona formation, and the primary protein layer could still be found 

by Liquid-Chromatography-Mass spectrometry/ Mass spectrometry. When incubated in full growth 

media, the surface charge converged to around - 25 mV for 0.2 µm particles and - 35 mV for 3 µm 

particles, no matter the coating. Nevertheless, the pre-coating significantly influenced the PCI and 

ingestion rate for four cell lines (ImKC, J774A.1, BNL CL.2, STC-1). While 0.2 µm particles coated with 

lysozyme or myoglobin were taken up at a higher rate than control particles, fibrinogen pre-coating 

reduced the interaction rate. Whereas the pre-coating highly influenced the 0.2 µm particles, 3 µm 

particles did not show high increases in PCI. Fibrinogen-coated 3 µm particles, though, were taken up 

less. In summary, it could be shown that the pre-coating of particles significantly affects the protein 

corona formation and the PCI and ingestion rate with the used cell lines, which in turn confirms the 

hypothesis of the PCI-affecting protein corona. 
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1.3. Biological effects of MP on a cellular level 

After the interaction or uptake of MPP with cells, particles might damage or disturb the normal 

metabolism of cells. Various studies worked with murine [71ς75] and human cell lines [76ς87] from different 

tissues, organs and phenotypes, analysing distinct biological effects of MP and review summarising the 

data [24,88ς92], are stretching the importance of cell culture application and further expansion of data. 

As recently reviewed, established effects of MP on mammalian cells involve mainly cytotoxicity, 

oxidative stress, genotoxicity and inflammatory response [93]. Most of these studies concluded that 

MPP are not as harmful as feared and exert effects only at concentrations above the current 

environmental ones. However, most prior in vitro studies used pristine PS beads due to their defined 

size distribution and easily accessible surface chemistry (i.e., functionalisation) [94,95]. Both parameters 

have further been demonstrated to be highly important for PCI [64,96,97]. Considerably less is known 

about other petroleum-based polymer microparticles such as polyethene (PE), polyvinyl chloride 

(PVC), and the biologically degradable polylactic acid (PLA) [89,91,98]. Previously published works indeed 

used different polymer microparticles like PVC, polyethylene terephthalate (PET), polypropylene (PP), 

and PE, [73,79,98,99] but the particles were comparably large and polydisperse (between 1 ς 100 µm), 

making a comparison to smaller, monodisperse PS particles difficult. However, different polymers 

might trigger different results due to different surface chemistry and composition of the particles. As 

a result, the influence of the MP material has not yet been sufficiently researched. 

Furthermore, environmentally found particles differ greatly from the pristine test particles [100]. 

Particles exposed to the environment are degraded by mechanical stress or photo- and biotic-

degradation [6,101,102]Φ ¢Ƙƛǎ ŘƛǎǊǳǇǘƛǾŜ ǇǊƻŎŜǎǎΣ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŀƎŜƛƴƎέ ƻǊ άǿŜŀǘƘŜǊƛƴƎάΣ ǇǊƻŘǳŎŜǎ 

secondary microplastic with heterogeneous morphological structures and complex surface 

characteristics (physical and chemical) [94,103,104]. It has been shown that these weathered MP are more 

harmful than laboratory ones to a range of model organisms (e.g., bacteria, algae, fish) [77,105ς109]. 

However, for mammalian cells, only a few reports are available. Increased toxicity of photo-oxidised 

particles compared to pristine ones was shown for human intestinal epithelial (Caco-2) and lung 

epithelial (A549) cells [110,111]. In both reports, a correlation between the weathering time and the 

oxidative potential of the particles was shown, which in turn correlates with their increased 

cytotoxicity. On the other hand, a decreased cytotoxicity for weathered MP compared to milled ones 

was shown for large PS and PP fragments (100 µm) [112]. This leaves a distinct lack of reports in the 

highly important area of environmental particles.  

Overall the research of MP with cell cultures proves as a multi-parametrical problem (Scheme 3), with 

a lack of a systematic, well-characterised in-depth analysis of comparable and environmentally 

relevant MPP. 
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Scheme 3 Multiparametric problem situation of MP on mammalian cells 

1.4. Relevant fundamentals for cell culture assays used in this work 

Various standardised and well-established assays exist to analyse the impact of potentially hazardous 

materials in cell culture systems. By using such assays, the comparison and reproducibility of results is 

easier and more expressive due to a comprehensive existing data set in the literature. The following 

paragraphs will explain the principles of the most common assays used in this work.  

Metabolic activity assay for cells 

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) assay is a colourimetric assay 

based on the reduction of a yellow solution of MTT to violet formazan crystals via active metabolic 

cells. The more active the cells are, the higher the conversion rate and, in return, the viability of the 

cells (Scheme 4).  

 

Scheme 4 Principle of the MTT assay 
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The reduction is mediated by oxidoreductases, dehydrogenases and electron donors during the 

glycolytic pathway [113,114]. Next to the mitochondria, other intracellular organelles like the 

Endoplasmatic Reticulum, cytosolic lipid droplets and others contribute to the MTT reduction [114]. The 

MTT assay is, therefore, more than a mere representation of the mitochondrial activity but allows a 

good overview of the overall cell viability [114]. The MTT assay is a recognised method to assess the 

effect of MPP and was used in various publications for this work [71,115ς118] and by other groups 

[73,79,80,119]. 

H2DCFDA conversion assay to detect ROS 

Oxidative stress is induced by reactive species derived from oxygen and nitrogen. Prominent 

representatives of the ROS family are superoxides (O2
ωҍ), hydrogen peroxide (H2O2), hydroxyl radicals 

όωhIύΣ ƻȊƻƴŜ όh3) and singlet oxygen (1O2) [120]. Reactive species are usually a byproduct of the 

metabolism and derive at different stages in the respiratory chain through leakages of electrons [120,121]. 

While a basal level of ROS is necessary for cell signalling and homeostasis [122,123], an unbalanced 

amount might lead to oxidative stress causing severe damage to organelles and proteins [124ς127]. In the 

case of MPP, ROS are among the highlighted potential stresses [87,128]. Reactive groups on the surface 

of the particles, either added intentionally for functionalisation purposes or by ageing of the particle 

[6], might induce an uncontrolled overproduction of intracellular ROS.  

Intracellular ROS is often labelled with the non-fluorescent membrane-permeable dye 

dichlorofluorescein diacetate (H2DCFDA) [129]Σ ǿƘƛŎƘ ƛǎ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ŦƭǳƻǊŜǎŎŜƴǘ н Σт-

dichlorofluorescein (DCF) upon oxidation by intracellular ROS (Scheme 5). 

 

Scheme 5 Priciple of the H2DCFDA conversion assay  
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Proliferation tracking 

Proliferation is one of the fundamental processes in cells. Therefore, tracking the proliferation is an 

important marker in drug screening or cytotoxicity assessment [130]. It can be measured by dye dilution 

assays or by counting the cell number manually. 

Cell trace violet (CTV) is a cell-permeable staining dye to track cell division without interfering with cell 

viability or well-being [131,132]. The staining dye contains a non-fluorescent succinimidyl ester molecule, 

which binds to amine groups inside the cells, resulting in long-term dye retention. Cellular esterases 

convert this non-fluorescent molecule to a fluorescent derivate upon cell entry. After cell division, 

daughter cells contain roughly half of the fluorescent labelling (Scheme 6), allowing to trace cell 

division with the FC.  

 

Scheme 6 Function of the CTV dye for tracking cell proliferation 

Carboxyfluorescein succinimidyl ester (CFSE) labelling works by the same principle as CTV [131]. The 

membrane-permeable CFSE binds covalently to the amine groups of intracellular proteins to form 

fluorescent conjugates. When labelled cells divide, their progeny contain half the number of tagged 

proteins. Hence each cell division can be assessed by measuring the corresponding decrease in cell 

fluorescence using FC.  

LDH Assay for measuring membrane integrity 

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different cell types and is a well-

defined and reliable indicator of cytotoxicity [133]. When the plasma membrane of a cell is damaged, 

LDH is released into the surrounding culture medium. To measure the amount of LDH released, a 

coupled enzymatic reaction can be performed, in which LDH catalyzes the conversion of lactate to 

pyruvate via NAD+ reduction to NADH. The resulting NADH is then oxidised by diaphorase, causing a 

reduction of a tetrazolium salt to a red formazan product which can be detected spectroscopically 
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(Scheme 7). The degree of formazan formation is directly proportional to the quantity of LDH released 

into the medium, serving as an indicator of cytotoxicity. 

 

Scheme 7 Priciple of the LDH assay 

COMET assay to evaluate the genotoxic potential 

The COMET assay was first developed by Ostling and Johanson [134]. It is an established method to 

detect DNA damage in single cells using denaturing electrophoresis [135]. The assay measures strand 

breaks in the DNA, estimating the following genotoxic potential (Scheme 8).  

 

Scheme 8 Priciple of the COMET assay 
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In this method, cells are embedded in agarose on a microscopic slide and lysed by a detergent to form 

nucleoids containing the supercoiled DNA. Via electrophoresis, comet structures arise in the case of 

ŦǊŀƎƳŜƴǘŜŘ 5b! ŘǳŜ ǘƻ ŀƴ ŜŀǎƛŜǊ άƳƻǾŜƳŜƴǘέ ƛƴ ǘƘŜ ŀƎŀǊƻǎŜ ƎŜƭ ŘǳǊƛƴƎ ŜƭŜŎǘǊƻǇƘƻǊŜǎis. These 

structures are subsequently stained with a DNA dye (e.g. 4',6-Diamidino-2-phenylindol (DAPI) or 

HOECHST). The DNA damage can be determined by calculating the COMET tail percentage, either 

manually scoring or automatically by imaging software.  

Enzyme-linked immunosorbent assay  

The enzyme-linked immunosorbent assay (ELISA) is an antibody-based assay that identifies and 

quantifies biological molecules (e.g. proteins or cytokines). The benefits of ELISA are its high specificity, 

high resolution, and low detection limit [136]. The system used is a so-called sandwich ELISA (Scheme 

9). In this assay, the plate is first coated by a capture antibody to specifically bind the desired molecule 

(in this case, TNF- )h. Afterwards, the addition of a TNF-  hdetection antibody forms the eponymous 

antibody-antigen-ŀƴǘƛōƻŘȅ άǎŀƴŘǿƛŎƘέ ǎǘǊǳŎǘǳǊŜΦ !ŘŘƛƴƎ ŀǾƛŘƛƴ-horseradish peroxidase, which binds 

ǎǇŜŎƛŦƛŎŀƭƭȅ ǘƻ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ŀƴǘƛōƻŘȅΣ оΣо ΣрΣр-tetramethylbenzidine (TMB) substrate produces a blue 

colour in the concentration of TNF-  h in the sample. Finally, the stop solution ends the enzymatic 

conversion and changes the colour from purple to yellow. The sample concentration can be measured 

using spectroscopical methods. The TNF-  h cytokine response to the treatment with MPP was 

measured since MPP are assumed to provoke an inflammatory response [137]. TNF-  his hereby one of 

the main cytokines in the cell-mediated inflammatory response [138].  

 

 

Scheme 9 Priciple of the ELISA sandwich assay 
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1.5. Polarisation of macrophages 

The cell phenotype is an important parameter when using cell lines in vitro. In the case of 

macrophages, their high plasticity and reactivity are some of their main characteristics. In vivo and in 

vitro, undifferentiated macrophages (M0) are able to exhibit two different functional phenotypes, the 

classical proinflammatory M1 state and the alternative, anti-inflammatory M2 state [139]. These states 

are activated by environmental clues or the excretion of stimulating factors [140,141]. In vivo, M1 

macrophages usually form the first immune response at the beginning of an infection and recruit and 

maintain inflammation as a response [142]. M2 macrophages are recruited to diminish inflammation 

and contribute to tissue regeneration [143]. In the case of M2 activation, 4 sub-types with different 

specifications exist (M2a ς wound healing, M2b ς immunoregulation, M2c ς immunosuppression and 

phagocytosis of apoptotic cells, M2d ς tumour-associated macrophage). In vivo as well as in vitro, M1 

macrophages are stimulated by, e.g. interferon (IFN)- ,ɹ tumour necrosis factor (TNF)-  h or 

lipopolysaccharides (LPS). M2 activation is mainly driven by Interleukin (IL)-4, IL-10 and IL-13 [139ς141]. 

After activation, a signal pathway is activated, and various specific surface markers are expressed 

(Scheme 10), accompanied by an overproduction of ROS (especially for M1 polarisation) [144ς146]. 

 

Scheme 10 Model for the polarisation of macrophages and expression of selected, polarisation-specific surface markers 

TGF = Transforming growth factor; CD = cluster of differentiation, iNOS = inducible nitric oxide synthase, CCL = chemokine 
ligand, FIZZ1 = Resistin-like molecule alpha, ARG1 = Arginase 1, VEGF = Vascular endothelial growth factor 

1.6. Primary cells in microplastic research 

Primary cells are one common approach to increase the nativeness of used cells further. Primary cells 

are usually freshly isolated from the tissue of a multicellular organism. They can be obtained from a 

specific tissue, better representing the respective physiological and characteristic biological and 

cellular functions than immortalised cell lines [147ς150]. Especially for transferring results from cell 

culture experiments to in vivo studies and understanding possible mechanisms, the functionality of 
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primary cells shines. Besides, using primary cells also has disadvantages. Compared to cell lines, they 

are harder to assess since they need to be freshly isolated, and their cultivation stability is lower. Assay 

reproducibility is often challenging due to batch-to-batch variation, and obtaining sufficient cells per 

batch highly depends on the used organism and tissue [151]. Nevertheless, using primary cells would be 

an excellent, complementary method in the MPP research field, especially when analysing critical 

parameters or gaining knowledge on a more mechanistic level. Despite that, only few researchers have 

used primary cells for MP research. Some analyses with primary mouse cells were conducted [152,153], 

as well as with fish [154,155] and human cells [155,156]. All studies confirmed the uptake of micro- and 

nanoplastic in the respective primary cells. Especially the phenotype-specific mechanisms were 

affected. E.g. human Leydig cells showed reduced testosterone production [152], Jung et al. found a cell 

type-dependent cytotoxicity for three different human brain cells [153], and trout B cells showed less 

development potential after treatment with MPP [154]. However, compared to the growing amount of 

produced data on model organisms or cell lines, results generated with primary cells are still heavily 

lacking.  

1.7. Usage of more complex three-dimensional cell cultivation in microplastic research 

Another common approach to converge laboratory studies to more realistic conclusions is 3D cell 

cultivation. While cell lines are handy for generating an overview and analysing numerous parameters 

quickly [41], there are still limitations (cell sources might be cancerogenic or tumour-derived, 

nonhomeostatic and nonphysiological culture conditions) [40]. It requires high effort when comparing 

in vitro and in vivo data, mainly due to the lack of a 3D microenvironment [157]. This 3D environment is 

highly important when estimating toxic effects since it converges experiments into a more realistic 

approach. To tackle this significant drawback, establishing 3D in vitro cultivation systems have become 

more important for risk assessment studies in the last couple of years [158,159]. 

One approach to realise 3D cell culture is the usage of so-called transwell systems (Scheme 11A). 

Transwell assays are usually permeable membrane inserts with pore sizes between 0.4 ς 8 µm, used 

for cell migration or invasion and permeability assays of mostly endothelial cells [160ς162]. Some studies 

using transwell insert for the research of MP have been conducted [163ς170]. Especially the impact of MP 

on the intestinal barrier and endothelial dysfunctions was analysed. The main findings included 

inflammation and enervated membrane integrity, with no acute toxicity. Most studies, though, found 

a translocation across the membrane, depending on size (smaller size Ą more translocation) and 

concentration (higher concentration Ą more translocation). One commonly used approach in the 

permeability analysis of epithelial barriers is the lucifer yellow (LY) assay [171ς173]. LY is a non-membrane 

permeable, fluorescent molecule used to analyse the permeability and, thereby, the formation of a 

closed epithelial layer in the transwell assay (Scheme 11B).  
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Scheme 11 Principle of the transwell system and the lucifer yellow assay 

Another approach in 3D cell cultivation is the usage of spheroids. Spheroids are spherical, 3D 

aggregations of cells with low structural complexity but can be established relatively quickly due to the 

relative simplicity of the cultivation [174]. They typically reach a diameter between 100 ς 500 µm 

connecting several thousand cells. Spheroids can be grown either by the addition of scaffolds or with 

scaffold-free techniques, e.g. the hanging drop method (Scheme 12) [175]. 

 

Scheme 12 Model for the spheroid cultivation in the hanging drop model 

Hereby, gravity is harnessed to promote the formation of cell aggregates in hanging droplets of the 

medium. Simple adaptations of standard cell culture materials and highly specialised plates can be 

used for the initial formation [176ς178]. In biomedical research, spheroids are often used to provide 

tumour models for the analysis of cell-cell interaction or as a simplified model for tissue engineering 

[174,179,180]. Despite the great possibilities, spheroids or similarly constructed organoids have not been 

used often in MP research, with only a few studies available. Hua et al. found a negative impact on 

human forebrain organoid development when exposed to 1 and 10 µm PS particles [181]. For liver 

organoids (slightly more complex microtissues than spheroids), induced hepatoxicity was found when 

exposed to 1 µm PS particles [84,182,183]. Lipid metabolism, increased ROS generation and inflammation, 
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as well as transcriptomic changes, were found, with all studies stressing the importance of the novel 

3D approach. Despite the first efforts of implementing the 3D cell cultivation in the MP research, a 

high development potential exists, with the perspective of new, more reliable and physiologically 

relevant data.  

1.8. Model organisms in microplastic research 

Finally, despite in vitro analysis having shown benefits, it misses the holism of an organism and the 

overarching, ƻŦǘŜƴ ƘƛƎƘƭȅ ŎƻƳǇƭŜȄ ǊŜŀŎǘƛƻƴ ǘƻ ǇƻƭƭǳǘŀƴǘǎΦ Lǘ ƛǎ ŦŜƭǘ ǘƘŀǘ άŀǎ ƳǳŎƘ ŀǎ in vitro can obviate 

in vivo ǘƻ ŀ ƎǊŜŀǘ ŜȄǘŜƴǘΣ ǎǘƛƭƭ ŀƴ ŜƭŜƳŜƴǘ ƻŦ ǿƘƻƭŜ ŀƴƛƳŀƭ ǎǘǳŘȅ ƛǎ ŜǎǎŜƴǘƛŀƭέ [184]. Various model 

organisms exist, from terrestrial to aquatic environments and vertebrates as well as invertebrates [185]. 

In microplastic research, the most used organisms stem from marine environments [186]Φ tǊƻƪƛŏ Ŝǘ ŀƭΦ 

ǎǘŀǘŜŘ ƛƴ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǊŜǾƛŜǿ ǘƘŀǘ ŀ άŘŜǾŜƭƻǇώƳŜƴǘϐ ƻŦ ƴŜǿ ƳƻŘŜƭ ƻǊƎŀƴƛǎƳǎ ŀƴŘ ƴƻƴ-invasive 

methods for MPs ǎǘǳŘƛŜǎ ŀǊŜ ƴŜŎŜǎǎŀǊȅέΦ 9ǎǇŜŎƛŀƭƭȅ ŦƻǊ ǘƘŜ ǘŜǊǊŜǎǘǊƛŀƭ ǎŜŎǘƻǊΣ ƻƴƭȅ ŀ ŦŜǿ ƳƻŘŜƭ 

organisms are considered [186], with some of the most frequently used terrestrial model organisms 

being different earthworm species. 

1.8.1. Unicellular organisms in microplastic research 

Unicellular organisms, e.g. bacteria, algae or fungi, might act as a conjunction between the organismic 

and cell culture levels. They play an essential role in the low trophic levels of the food chain, are present 

in every compartment of the earth and interact in various ways with most higher organisms. Unicellular 

organisms demonstrate key features like locomotion, feeding and reproduction, connecting larger and 

more complex systems with cellular mechanisms. Larger unicellular organisms are essential in aquatic 

ecosystems as primary bacterial consumers [187]. Hence, they link bacterial production with higher 

trophic levels [188]. An imbalance in their population could, therefore, possibly alter entire communities. 

Investigating the possible effects of MP exposure on eukaryotic unicellular organisms, like, e.g. protists, 

should therefore be nearby, though they are still only scarcely researched. Recent investigations 

confirmed size-dependent uptake and toxicity of MP in, e.g. microzooplankton, like rotifers. It was 

shown that MP ingestion adversely affects their feeding activity, oxidative status and gene expression 

[189ς191]. Athey et al. [192] also showed that the tintinnid Favella spp. quickly ingests MP, and those 

particles are transferred via predation to estuarine fish larvae (Menidia beryllina). Some studies used 

protists feeding unspecific and therefore are likely interacting with MP[193ς196].  

Another often non-selective, unicellular predator is the group of protozoa. They feed on particulate 

matter, algae, bacteria or other smaller protists, though food choice highly depends on availability [197]. 

Given MP abundance in virtually all compartments, these particles are available for a wide range of 

these suspensive- and filter feeders [194]. Since various protozoa display this feeding behaviour and 
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since a large amount of MP in a smaller size range (< 50 µm) is available [198,199], they likely ingest MP. 

Therefore, research on the foot of the food webs is quite important since it gains knowledge about 

possible bioaccumulation or transfers to predators (for instance, amoeba), and hence to higher trophic 

levels [188]. Amoeba proteus is a predator that feeds on other protists slow enough to be engulfed by 

its pseudopods or via pinocytosis. Due to their capability of different ingestion methods and relatively 

large size (200 ς 800 µm), the likeliness of interaction with MP and a following transfer to higher 

trophic levels is elevated. Nevertheless, no literature is available on the interaction of microplastic and 

amoeba, representing a huge lack of knowledge in these trophic levels. 

1.8.2. Terrestrial model organisms 

Earthworms compose about 80 % of the terrestrial biomass, playing an essential role in the 

decomposition of organic matter, form a vital link in the food chain and improve soil quality through 

their feeding, burrowing and casting activities [200]. Due to their significant influence on the soil and in 

return, the soil composition influencing the organism highly, earthworms have been extensively used 

in ecotoxicological studies [200ς202]. Consequently, earthworms were also used in the research with MP, 

as pictured by various reviews in the last years [203ς207]. The used earthworms were affected by various 

standard ecotoxicological markers (e.g. the growth rate, behaviour, oxidative response, gene 

expression and gut microbiota). In, e.g. Eisenia fetida, MP exposure led mainly to an increase in the 

ƻǊƎŀƴƛǎƳǎΩ ƻȄƛŘŀǘƛǾŜ ǎǘǊŜǎǎ levels, while other tests, like effects on survival or reproducibility, did not 

show significant results [208ς212]. However, the endpoint analysis of various ecotoxicological assays does 

not consider the mechanisms behind the observed effects. Highly complementary in vitro and in vivo 

assays might be used to tackle this downfall. Despite this, no literature considers primary earthworm 

cells and the effect of MP. Though, possibilities for E. fetdia in vitro assays exist. One possibility is the 

isolation of coelomocytes, the immune cells of earthworms. Various protocols exist for isolating 

coelomocytes, e.g. mechanically, by ultrasound or electrically [213ς215]. The relatively easy assessability 

and established method make coelomocytes an often-used analysis tool for ecotoxicological studies. 

MP effects, though, are possibly more directed to the intestinal tissue, where the particles initially 

encounter the earthworm after uptake via soil. Just recently, an isolation and cultivation protocol for 

primary cells of the intestinal tissue of E.fetida was established, allowing the cultivation of primary cells 

for up to six days and providing a tool for ecotoxicological assays, which might be applied to MP as well 

[118].  
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1.9. Objective of this work  

The above-mentioned increasing distribution of MP in all environmental compartments faces the 

inevitable consequences of interaction, accumulation, or even toxic effects in uni- and multicellular 

organisms. Via ingestion by, e.g. diet or inhalation, organisms and their tissue or epithelial layer get in 

contact with the intruding particles. Via cellular uptake or piercing through tissue, particles can be 

distributed in the whole organism causing numerous hazardous effects. Therefore, this work tries to 

investigate some of these concerns (Scheme 13).  

c 

 

Scheme 13 Objectives of this work 

In the first step, the multi-parametric problem of MP should be dealt with. Thus, the influence of key 

parameters of MPP, like size, shape, material, surface charge and modifications, or monomer residues, 

are investigated with standard cytotoxicity assays to identify critical parameters on a cellular level. 

Macrophages and epithelial cell lines are used to cover the key cell phenotypes that might encounter 

MPP in vivo. Intracellular localisation, the distribution during mitosis and the excretion of MPP are 

considered to investigate a possible accumulation in specific tissues or cells. After answering these key 

questions with pristine, well-characterised particles and the basic model cell systems, results are 

transferred to more complex systems. First, environmentally more relevant MPP will be used. Particles 

will be artificially aged to simulate the impact of the environment on particles. Effects triggered by 

these aged particles will then be compared to the impact of the pristine particle. Using particles 

extracted from commercially available wall paints further increases environmental relevance. 

Subsequently, the cell systems will be constructed more complexly to establish epithelial layers or 
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micro-tissue formation. Based on these more complex cellular systems, penetration of particles 

through epithelial layers or into tissues might be analysed. After using murine cell lines, primary cells 

from environmentally relevant model organisms will be used to verify if investigated effects on a 

cellular level can be transferred to effects on an organismic level. Therefore, primary intestinal cells 

from E. fetida will be isolated and used to compare found results on an organismic level with potential 

effects on a cellular level. Finally, unicellular organisms will be taken into the equation, and the 

ingestion and possible transfer across a simplified food web will be analysed. In summary, the multi-

parametric problem of MP burden on a cellular level should be investigated in increasing complexity 

to unravel critical key parameters step by step and transfer findings from a cellular level to more 

complex layers. 
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2. Methods 

This chapter illustrates the methods used in this work. Detailed material information is added in 

Chapter 10. 

2.1. Flow cytometry  

Standard flow cytometry analysis was performed using a Cytomics FC500 equipped with a 405 and 

488 nm laser. For each sample, at least 30,000 events were measured. If more cells were analysed, it 

would be specially noted. For standard analysis, seeded cells were washed twice with DPBS, detached 

by trypsinisation or citric acid treatment as described in 2.3 and suspended in 1 mL culture medium. 

Cells were then recovered by centrifugation (200 x gravity (g), 5 minutes (min)), the supernatant was 

discarded, and the cell pellet was resuspended in 0.5 ς 1 mL DPBS. Cells were initially evaluated by 

ǎŎŀǘǘŜǊ ǇǊƻǇŜǊǘƛŜǎ όC{/κ{{/ύ ǘƻ ǎŜƭŜŎǘ ŀ ǊŜƎƛƻƴ όάƴƻƴŀǇƻǇǘƻǘƛŎ ŎŜƭƭέ ƎŀǘŜύ ǊŜǇǊŜǎŜƴǘƛƴƎ ǎƛƴƎƭŜΣ 

nonapoptotic cells while disregarding debris and cellular aggregates. In the case of other gating 

strategies, the respective strategy will be noted in the experiment. The fluorescence intensity of the 

microparticles was determined in the absence of cells, and this value was assumed to be the 

fluorescence intensity of one MPP on average. It should be noted that differentiation between particle 

uptake and mere particle adhesion to the cells is not possible using flow cytometry.  

2.2. Characterisation of the used particles in this study 

Since particle parameters such as size and surface charge are highly important, the used particles were 

characterised prior to experiments. Particle characterisation is hereby summed up in Table 1. The 

characterisation was done by Julia Jasinski if not stated otherwise. All relevant characterisation 

parameters are additionally added in the respective chapters. -ypotential was measured in KCl and the 

respective growth medium of the cells. Particles used with the primary cells of E. fetida were 

additionally characterised in the E. fetida growth medium. Particle size was measured by dynamic light 

scattering (DLS). Panels without measurements were either not done or not applicable (columns 

marked with *) due to restrictions in the Zetasizer used. Fluorescent particles used in this work are 

shown by their particle name with the addition of the respective fluorescence colour (e.g. PS0.2µm, green 

for green fluorescent 0.2 µm PS particles ). If no other noted, fluorescence wavelengths were Ex/Em: 

441/486 nm for green fluorescent particles and Ex/Em: 491/554 nm for red fluorescent particles. 
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Table 1 Characterisation of the used particles  

Particle -ypotential (mV) Size [µm] 

 KCl Growth medium E. fetida Medium  

PS0.2µm - 47.4 ± 0.3 - 26.3 ± 0.1 - 25.3 ± 0.0 0.2 ± 0.006 

PS0.5µm - 52.8 ± 0.2 - 26.2 ± 0.1 - 27.6 ± 0.0 0.5 ± 0.008 

PS1µm - 66.1 ± 0.1 - 29.2 ± 0.5 - 28.8 ± 0.0  

PS2µm - 76.7 ± 0.3 - 30.7 ± 0.1  2.25 ± 0.15 

PS3µm / PSpolyscience - 78.4 ± 0.4 - 28.6 ± 0.1 - 29.3 ± 0.2 3.1 ± 0.08 

PS6µm - 85.4 ± 1.4 - 11.7 ± 0.2   

PS43h - 67.1 ± 0.7 - 33.-9 ± 0.2  1.88 ± 0.05 

PS86h - 67.8 ± 0.4 - 29.5 ± 0.1  1.49 ± 0.10 

PS130h - 64.6 ± 1.6 - 26.4 ± 0.2  1.63 ± 0.22 

PSmicromod - 1.6 ± 0.1 - 1.5 ± 0.0   

PS0.5µm in Prescottref  - 53.4 ± 0.2   

PS0.5µm in PrescottNaCl  - 30.7 ± 0.2   

PS0.5µm in BSA  - 24.8 ± 0.4   

PS0.5µm in FCS  - 49.8 ± 0.3   

PS0.5µm in Prescottref  - 44.7 ± 0.5   

PS0.5µm in PrescottNaCl  - 12.2 ± 1.2   

PS0.5µm in BSA  - 14.2 ± 1.1   

PS0.5µm in FCS  - 49.3 ± 5.7   

PE1-4µm - 48.2 ± 0.6 - 27.7 ± 0.6  1.80 ± 0.35 

PVC1.4µm - 41.1 ± 2.3 - 26.1 ± 0.2  1.40 ± 0.15 

PLA0.5µm - 1.1 ± 0.0  - 1.3 ± 0.4  

PLA2µm - 3.0 ± 0.4 - 21.9 ± 1.3 - 11.2 ± 1.1 1.75 ± 0.85 

CA1.5µm - 9.8 ± 0.5 - 6.9 ± 0.2  1.50 ± 0.40 

PS<20µm *  *   16.1 ± 4.7 

PS20-40µm *  *   33.0 ± 9.8 

PS40-75µm *  *   49.9 ± 12.5 

PS0.2µm, lysozyme + 8.0 - 27.2   

PS0.2µm, fibrinogen - 0.6 - 18.2   

PS0.2µm, myoglobin - 13 - 25.2   

PS3µm, fibrinogen - 2.5 - 36.3   

PS3µm, lysozyme + 17.4 - 36.4   

PS3µm, myoglobin - 16.1 - 37.1   

PSSHPA # - 26 mV   0.515 ± 0.017 

PSMIPA # - 26 mV   0.507 ± 0.007 

Paint 1 Supernatant ## *  *   0.242 ± 0.059 

Paint 2 Supernatant ## *  *   Dissolved co-
polymer 

Paint 1 Solid Phase ## - 37 mV   6.8  ±  1.1 

Paint 2 Solid Phase ## - 30 mV   150 nm to 10 µm 
# Characterisation was done by Zhang and is published in the submitted paper Zhang et al. (2022) 
## Characterisation was done by Müller and is published in Müller et al. (2022)  
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2.3. Cell lines used in this work 

Cell culture shows the above-explained advantages of an established, quick and relatively 

straightforward approach to generating data. This is highly interesting in the not yet extensively 

analysed MP field. Overview experiments in this work were, therefore, mainly restricted to cell lines 

to identify critical parameters and possible biological effects. For the experiments in this work, five cell 

lines were used (Table 2) 

Table 2 Cell lines used in the cell cultivation experiments 

Cell line Lot Number Strain Tissue Cell phenotype Growth 

properties 

Doubling 

time [h] * 

ImKC SCC119 H-2Kb-tsA58 Liver resident 

macrophages 

adherent 24 

BNL CL.2 ATCC® TIB-

73ϰ 

BALB/c Liver epithelial adherent 40 

J774A.1 ATCC® TIB-

67ϰ 

BALB/cN ascites macrophage mostly 

adherent 

17 

STC-1 ATCC® CRL-

3254ϰ 

C57B1/6J intestine epithelial-like adherent 54 

NCTC L - 929 !¢//ϯ //[мϰ C3H/An subcutaneous 

connective 

tissue˟ areolar 

and adipose 

fibroblast adherent 21 ς 24 

*according to supplier information 

These cell lines were chosen for various reasons. Different tissues and phenotypes were used to cover 

a broad spectrum of tissue or phenotype-specific behaviour. A nearby conclusion is selecting cells 

(ImKC, BNL CL.2) from the liver as the central detoxification organ. The epithelial layer from the 

intestine (STC-1) is another likely interaction tissue due to the predominant uptake of MP via food 

consumption. J774A.1 as macrophage from the ascites was chosen due to high comparability to other 

literature as a widely used cell line. Furthermore, J774A.1 was derived from wandering macrophages, 

while ImKC cells are immortalised Kupffer cells, the resident liver macrophages, again covering 

different specifications. L-929 was additionally used in some experiments as a commonly used 

reference cell line. Different cell phenotypes are also expected to show different behaviour and 

analysis methods. While macrophages are more likely to interact and ingest particles as natural killer 

cells, penetration experiments are more reasonable with the epithelial cells. 

ImKC cells were cultivated in RPMI1640 supplemented with 2 mM glutamine. STC-1, BNL CL.2, and 

J774A.1 cells were cultivated in DMEM (DMEMATCC for STC-1 and BNL CL.2; DMEMLonza for J774A.1 and 

L929). For J774A.1 cells, the medium was supplemented with 4 mM glutamine, 24 mM HEPES, and 0.1 
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mM sodium pyruvate. For L929 cells, the medium was supplemented with 2 mM glutamine. All media 

compositions were supplemented with 10% (v/v) FCS and 100 Units (U)/mL penicillin/streptomycin 

ŀƴŘ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƎǊƻǿǘƘ ƳŜŘƛŀέ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƳŀƴǳǎŎǊƛǇǘΦ !ŘƧǳǎǘƳŜƴǘǎ ǘƻ ǘƘŜ ƳŜŘƛŀ ŀǊŜ 

specifically mentioned for the respective experiment. All cells were cultivated in a standard cell culture 

incubator (5% CO2/ 95% humidity) at 37°C. For cell maintenance, all cell lines were passaged three 

times a week at a starting concentration of about 100,000 cells/mL in a 10 cm cell culture dish. For 

detaching, cells were washed twice with Dulbecco´s Phosphate Buffered Saline (DPBS) and either 

1 mL/dish at 37°C pre-warmed citric saline buffer (135 mM potassium chloride + 15 mM sodium 

citrate, 5 and 10 min incubation at 37°C for J774A.1 and ImKC, respectively) or 1 × Trypsin/ 

Ethylenediaminetetraacetic acid (EDTA) (for STC-1, BNL CL.2 and L929) was used. Cells were regularly 

observed by an inverse light microscope. ¢Ƙƛǎ ŎǳƭǘƛǾŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǎǘŀƴŘŀǊŘ 

ŎǳƭǘƛǾŀǘƛƻƴέ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƳŀƴǳǎŎǊƛǇǘΣ ŀƴŘ ŎƘŀƴƎŜǎ ŀǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅ ƴŀƳŜŘ ŦƻǊ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ 

experiment.  

For all seeding processes, cells were incubated for at least one week after thawing. Afterwards, the 

whole cultivation dish was washed twice with DPBS, detached and harvested in fresh growth media. 

The cell number was then determined by trypan blue exclusion (2.5), the needed cell concentration 

was adjusted and the cells were seeded according to the respective experimental setup. All seeding 

processes in this manuscript were done accordingly, if not else stated. 

2.4. Cryopreservation and thawing of cells 

For cryopreservation, cells were washed twice with DPBS, harvested as previously described, and a cell 

concentration of 3 ς 5 x 106 cells/mL was adjusted. Cells were then centrifuged (200 x g, 5 min), the 

supernatant was aspirated, and the cells were resuspended in the same volume of cryomedium (for 

ImKC and STC-1: 90 % growth medium, 10 % DMSO; For BNL CL.2, L929 and J774A.1: 95 % growth 

medium, 5 % DMSO). 1 mL of this suspension was transferred to special cryopreservation tubes. 

Subsequently, the cells wŜǊŜ ǇƭŀŎŜŘ ƛƴ ŀ aǊΦ CǊƻǎǘȅϰ ŀƴŘ ǇǊŜ-cooled in a freezer at - 80°C for 24 hours 

(h). The cryovials were transferred to a cryogenic storage tank and stored at - 195°C in liquid nitrogen 

for long-term storage.  

For thawing, a single cryovial was put in a water bath at 37°C to defrost slowly until only a little ice 

drop was left. The vial was then transferred into 9 mL of the growth medium, and cells were 

centrifuged (200 x g, 5 min). The supernatant was discarded, and cells were resuspended in 10 mL of 

fresh growth medium. The whole suspension was then transferred to a cell culture dish, and standard 

cell cultivation was performed for at least 7 days before using freshly thawed cells in an experiment.  
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2.5. Estimation of the cell count and viability 

A trypan blue staining was performed to determine the cell count and viability. Trypanblue is non-

membrane permeable for healthy cells, resulting in dark blue staining of dead cells with a damaged 

membrane. The cell count was analysed using a hemocytometer. Therefore, 10 µL of the cell 

suspension was mixed with 10 µL trypan blue. 10 µL of this suspension was transferred to one chamber 

of a hemocytometer, and the cell count of live and dead cells in the four large chambers was counted 

by light microscopy. Cell count was afterwards calculated by Equation 1. 

Equation 1 Living cell count calculation when using a hemocytometer 

ὒὭὺὭὲὫ ὧὩὰὰ ὧέόὲὸ 
ὧὩὰὰί

άὒ
 ὧὩὰὰ ὧέόὲὸ ὰὭὺὭὲὫ ὧὩὰὰί ὼ ὨὭὰόὸὭέὲ Ὢὥὧὸέὶ  ὼ 

ρπ

άὒ
 

Where: dilution factor in most cases was 2 due to the 1:1 dilution of trypan blue to cell suspension.  

Cell viability was afterwards calculated by the ratio of living cells to the total cell count multiplicated 

by 100 for the percentage. 

2.6. Polarisation of macrophages 

Macrophages were polarised to analyse whether MP uptake depends on the respective polarisation. 

In this work, common stimuli (LPS for M1 and IL-4 for M2) from the literature [216ς220] were used to 

polarise macrophages to their respective state. The used concentrations were adapted from literature 

sources, where concentrations between 10 ς 1000 ng/mL LPS and 1 ς 100 ng/mL IL-4 were used [216ς

220]. The overproduction of ROS and the development of specific surface markers were analysed to 

verify the polarisation. 

For the ROS approach, 150,00 cells (ImKC and J774A.1) were seeded in a 12-well plate and incubated 

for 24 h at standard cell culture conditions. Afterwards, the respective amount of polarisation agent 

(10, 20, 50, 100 ng/mL LPS and 10, 20, 50 ng/mL IL-4) was added for the given experimental time (3, 6, 

24 h). For J774A.1, the incubation with the polarisation agent was prolonged to 48 h, since this cell line 

did not react as quickly as the ImKC cells. After the respective polarisation time, 37.5 µm DCFDA was 

added and incubated for 1 h. The ROS amount was then measured as described in 2.12.3. In the case 

of the polarisation kinetic, the respective polarisation agent was added for 24 h. Afterwards, the 

supernatant was aspirated, each well was washed twice with DPBS, and 1 mL growth medium was 

added per well. After 3, 6 or 24 h, 37.5 µm DCFDA was added and incubated for 1 h, and the ROS 

amount was measured as described in 2.12.3.  

Analysis by antibody staining of the surface markers was performed as follows. 150,000 cells/well 

(J774A.1, ImKC) were seeded in a 12-well plate and incubated for 24 h. Afterwards, the respective 
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polarisation agent was added for 24 h in the respective concentration (20 and 100 ng/mL LPS and 

20 ng/mL IL-4). M1 cell polarisation was analysed by antibody staining of the CD68, CD80 and CD86 

surface markers. M2 polarisation was analysed by the CD206 surface marker. Cells were collected after 

24 or 48 h incubation with the polarising substance, centrifuged (200 x g, 5 min), washed with DPBS, 

resuspended in 100 µL DPBS and afterwards counted. For every 106 cells, the respective amount of 

antibody (CD68: 0,25 ˃ g/100 ˃ L; CD80: 0,5 ˃ g/100 ˃ L; CD86: 1 ˃ g/100 ˃ L; CD163: 0,125 ˃ g/100 ˃ L). 

was added and incubated for 20 min in the dark at room temperature. Afterwards, 900 µL DPBS was 

added, and cells were centrifuged (200 x g, 5 min), washed with DPBS and resuspended in 750 µL 

DPBS. The staining was measured by FC (Ex/Em: CD68 488/690 nm; CD80 488/578 nm, CD86 

488/520 nm; CD163 488/785 nm). 

To analyse the PCI of polarised macrophages, cells were polarised with the respective stimuli (24 h for 

ImKC, 48 for J774A.1), 15 µg/mL PS2µm, red were added per well and incubated for 6 h with the polarised 

cells. Afterwards, cells were detached, washed twice with DPBS, and the PCI was analysed by flow 

cytometry with the established method (2.1). 

2.7. Isolation and cultivation of primary E.fetida cells 

The isolation and cultivation of primary intestinal cells from E.fetdia was done according to Riedl et al. 

(2022) [118]. Briefly, the intestine was freshly extracted from an organism and treated with 10 µg/mL 

Collagenase II at 37°C in 500 µL M-HBSS supplemented with 100 U/mL penicillin, 100 ˃ g/mL 

streptomycin, 60 ˃ g/mL tetracyclin, 50 ˃ g/mL gentamicin and 2,5 ˃ g/mL amphotericin B (PSTGA) 

under agitation in an Eppendorf Thermomixer (500 rpm) to start digesting the intestine. After 90 min 

of incubation, the supernatant with the isolated cells was centrifuged (200 x g, 5 min), washed in M-

HBSS/PSTGA and filtered with a 20 µm cell strainer. Cells were again centrifuged, and the pelleted cells 

were transferred in a specialised media (60% (v/v) L-15 medium, 20% (v/v) ddH20, 10% (v/v) FCS and 

10% (v/v) worm filtrate, 4 mM L-glutamine, 25 mM HEPES and PSTGA), to ensure high viability for six 

days. Cells were seeded in 48 well plates (0.1 ς 0.15 x 106 cells/well) and incubated in an airtight box 

containing a reservoir of sterile ultrapure water at room temperature (20 to 22°C). 

2.8. Transwell seeding 

For the initial seeding, 100,000 cells (BNL CL.2 and L929) per transwell insert were seeded in 200 µL of 

growth medium in the upper well. 800 µL growth medium was added subsequently in the lower well. 

The cells were cultivated at standard cell culture conditions. Every 48 h, the medium was changed. 

Therefore, the medium was carefully aspirated, with special care not to touch the membrane of the 

insert. Afterwards, fresh medium was carefully added, again with particular care not to damage the 

membrane. Particles were added freshly according to the respective experiments.  
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2.9. Spheroid formation  

For spheroid formation in Petri dishes, BNL CL.2 cells were washed twice with DPBS and collected by 

trypsinisation. 50 µL drops of media containing 10,000 cells were placed on the lid of a Petri dish, the 

bottom of the dish was filled with 5 mL PBS to prevent drying out, and the lid was carefully placed back 

(Scheme 19). Medium change was conducted every 48 h by carefully removing 20 µL of deplenished 

medium with the pipette and adding the same amount of fresh medium. Spheroid formation was 

checked by tracking the growth microscopically.  

CƻǊ ǎǇƘŜǊƻƛŘ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƛƴ ǘƘŜ DǊŀǾƛǘȅt[¦{ϰ Ǉƭŀǘe, BNL CL.2 cells were washed twice with DPBS 

and collected by trypsinisation. 10,000 cells per well of the hanging drop plate were seeded in 40 µL 

of growth medium. As recommended by the manufacturer, a gauze wetted with sterile DPBS was 

placed at the bottom plate to ensure high humidity and prevent the drops from drying out. The seeded 

plates were incubated at standard cell culture conditions. Medium change was conducted every 48 h 

by carefully removing 10 µL of deplenished medium and adding the same amount of fresh medium. 

Spheroid formation was checked by tracking the growth microscopically.  

¢ƘŜ ǎǇƘŜǊƻƛŘǎ ǿŜǊŜ ŎŀǇǘǳǊŜŘ ōȅ ǇƭŀŎƛƴƎ ǘƘŜ ŎǳƭǘƛǾŀǘƛƻƴ ǇƭŀǘŜ ƻƴ ǘƻǇ ƻŦ ǘƘŜ DǊŀǾƛǘȅ ¢ǊŀǇϰ ǇƭŀǘŜΣ ŀƴŘ 

70 µL fresh media was added to the respective well. Due to the increased volume, the spheroid drop 

Ŧŀƭƭǎ ƛƴǘƻ ƻƴŜ ƻŦ ǘƘŜ DǊŀǾƛǘȅ ¢ǊŀǇϰ ǿŜƭƭΣ ǿƘŜǊŜ ƛǘ ŎƻǳƭŘ ōŜ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎŜŘ (see 4.2.1).  

A personalised plate for capturing the spheroids was designed by 3D printing (Table 3).  

Table 3 3D printing parameters for the personalised capture plate 

Factor Value 

Printer Creality Ender-3 

Material tƛƳŀ ±ŀƭǳŜϰ t[! όмΦтр ƳƳ ŘƛŀƳŜǘŜǊ ς grey colour) 

CAD software Solidworks 2021 

Slicing software Cura Ultimaker 4.8.0. 

Nozzle temperature 220°C 

Bed temperature 60°C 

Printing speed 40 mm/sec 

Layer height 0.2 mm 

Infill density 100 % 

Infill pattern Lines 

 

When using the personalised plate, 200 µL Eppendorf reaction tubes were placed in the respective 

well. Each reaction tube was filled with 40 µL of the growth medium to prevent a bubble formation in 

the tube. Afterwards, 70 µL fresh media was added to the respective well of the cultivation plate, and 

the spheroids were transferred into one reaction tube for further processing.  
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For fixation, spheroids were harvested as described. The media was then carefully aspirated from the 

Eppendorf tube, and the spheroid was washed with 80 µL DPBS. Afterwards, the DPBS was removed, 

and 100 µL 3.7 % (w/v) paraformaldehyde (PFA) was added. The spheroid was incubated for 30 min at 

37°C and, for further processing, washed thrice in 100 µL DPBS. For longer preservation, the fixed 

spheroids were kept in PFA and stored at 4°C for further analysis. 

For the penetration analysis of the particles into the spheroids, spheroids were seeded as described 

above for 5 days to ensure a full formation. Afterwards, freshly prepared particle suspension was 

added by pipetting 1 x 105 particles/well in 10 µL per well and carefully resuspending the droplet. 

Particles were afterwards incubated for 24 h, and spheroids were subsequently analysed.  

To establish a suitable co-cultivation medium, 150,000 cells per well were seeded in 12-well plates. 

The respective media composition was added for 48 h. Afterwards, cells were harvested, and the cell 

count and viability were determined via trypan blue exclusion. 

In the case of co-cultivation, spheroids were grown, and particles were added on day 5, as described 

above. ImKC cells were detached and stained with CTV for better determination in the following 

analysis. The macrophages were added by pipetting 10 µL with 500 macrophages per spheroid in the 

hanging drop 24 h after particle incubation and incubated for further 24 h. Spheroids were afterwards 

harvested, fixed, stained and analysed by confocal microscopy.  

2.10. Agarose micro-array embedding 

The agarose microarray embedding was performed as proposed by Ivanov and Grabowska (2018) [221]. 

First, the microarray compartments (bottom and top) were 3D printed by using an SLA printer (Table 

4). Once printed, both moulds were washed in isopropanol, cured under UV light, and polished to 

improve geometrical accuracy. 

Table 4 3D printing parameters for the microarray compartments 

Factor Value 

Printer Formlabs Form 2 

Material Formlabs clear resin FLGPCL04 

CAD software Solidworks 2021 

Slicing software Cura Ultimaker 4.8.0. 

Cleaning agent Isopropanol 

Curing temperature 60°C 

Curing time 60 min 

To create the agarose mould, the bottom of the microarray was filled with 1.9 mL liquidised, warm 

agarose (2 %, 5 %, 10 % in deionised water, low melting and high melting agarose). Immediately after, 

the top of the microarray was placed in the agarose, and the compartment was placed in the freezer 
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for 3 min to enable a hardening of the agarose. Afterwards, the mould with wells was formed by 

carefully removing the top. The moulds were kept at 4°C for further processing.  

For embedding spheroids, one fixed spheroid was carefully pipetted into a well of the prepared 

moulds. The mould was carefully sealed by pipetting 1.2 mL of the same agarose as used for the mould 

on top. The gel was afterwards frozen at - 20°C. Finally, the spheroid containing agarose block was 

removed from the mould by gently applying pressure with a laboratory spatula, transferred into a 

histological cassette, and stored in the fridge until slicing (at 3°C).  

2.11. Gelatine Capsules Embedding 

Gelatine capsules were placed in a 48-well plate used as a holder. The bottom of each capsule was 

filled with 200 µL of Tissue Tek optimum cutting temperature (O.C.T.) compound. To prevent the 

capsules from melting, they were immediately placed in dry ice to harden the bottom half, as the 

capsules had a melting temperature of around 30°C. To facilitate the localisation of the spheroid, a 

small aluminium foil ball (approximately 1 mm diameter) was added as a tracer. Fixed or unfixed 

spheroids were transferred directly from the medium to the capsule using a pipette. The spheroids 

were slowly and carefully covered with O.C.T. compound to fill half the capsule while remaining on dry 

ice. The prepared capsule was stored at - 80°C until further processing. 

2.12. Cell Assays 

2.12.1. MTT Assay 

For the procedure, 10.000 cells/well (J774A.1, ImKC, BNL CL2) were seeded per well in 100 µL of their 

respective growth medium (25.000 cells per well for STC-1 to accommodate for their slower growth 

rate). In the case of the experiments with 72 h particle incubation time, the seeding density was 

ǊŜŘǳŎŜŘΣ ƛΦŜΦ ŀŘŀǇǘŜŘ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŎŜƭƭǳƭŀǊ ƎǊƻǿǘƘ ǊŀǘŜǎΣ ŀƴŘ ŀ άŎƻƴŘƛǘƛƻƴŜŘ ƳŜŘƛǳƳέ ǿŀǎ ǳǎŜŘΦ 

The seeding densities, in this case, were 2000 cells/ well (ImKC and BNL CL.2), 4000 cells/well (J774A.1), 

and 6000 cells/well (STC-1). Conditioned media was fully growth media, which was already used for 

incubation with cells to enrich growth factors. Therefore, media was aspirated after 24 h of incubation 

with cells, collected, sterile-filtrated and 2mM L-glutamine was added. Conditioned media was used to 

ensure optimal growth conditions despite the relatively low cell densities. Cells were then incubated 

for 24 h at standard cell culture conditions (95 % humidity, 5 % CO2, 37°C). The particle solution was 

freshly prepared by diluting the particle stock solution in full growth media to the desired 

concentration. Afterwards, the medium was aspirated, and 100 µL of the freshly prepared particle 

solution in the respective concentration was added. Cells were again incubated for 24 h (other 

incubation times are added in the text). After the respective particle incubation time, the medium was 

aspirated, and cells were washed twice with DPBS and 50 µL freshly prepared MTT solution (1 mg/mL 
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MTT in phenol-red free minimum essential media (MEM), sterile-filtrated with 0.2 µm cellulose acetate 

filters) was added per well. MTT solution was incubated for 2 h to allow a sufficient conversion of MTT 

but not surpass the plate reader's linear dependency, which might occur after a longer incubation. In 

the case of primary intestinal cells from E. fetida, the incubation time was prolonged to 24 h [118] due 

to a lower baseline metabolic activity for these cells. After the respective incubation time, the 

supernatant was aspirated, and 100 µL Isopropanol was added per well to dissolve the formazan 

crystals. Again, the procedure had to be adjusted for E. fetida cells since these cells were not adherent. 

The entire well was collected and transferred to reaction tubes, then centrifuged at 400 × g for 5 min. 

After centrifugation, the supernatant was carefully removed and discarded. The cells containing the 

formazan crystals were then mixed with 250 ˃ L isopropanol. This cell suspension was then divided 

equally and transferred to two wells of a 96-well plate. After 5 min of shaking to homogenise the 

suspension, the absorbance at 570 nm (reference wavelength 650 nm) was measured using a TECAN 

GENios Pro plate reader. For all assays, cells incubated without particles or with 0.3% Triton X - 100 in 

the respective cell culture medium, under otherwise identical conditions, were used as negative and 

positive controls, respectively. The metabolic activity was calculated according to Equation 2. 

Equation 2 Calculation of the metabolic activity 

άὩὸὥὦέὰὭὧ ὥὧὸὭὺὭὸώ Ϸ  
ὃὦίυχπ

ὃὦίυχπ
 ὼ ρππ 

where: Abs570sample is the mean value of the measured absorption of the test sample; Abs570blank is 

the mean value of the measured absorption of the negative control. 

2.12.2. Proliferation assay by cell count 

100,000 cells (J774A.1, ImKC, BNL, CL.2 STC-1) were seeded in 1 mL growth medium per well in a 12-

well plate and left to settle for 3 h at standard cell culture conditions. Afterwards, the cells were 

treated with 37.5, 150 and 1500 ˃ g/mL of PSpolyscience and PSmicromod. Cells were collected after the 

respective incubation time (0, 24, 48 and 72 h) and resuspended in 1 mL cell growth medium. Special 

care was taken with the voluminal used for this experiment to estimate the cell number precisely. Cell 

number was evaluated using an automated fluorescence cell counter. Therefore, a 2 ˃ L cell suspension 

sample was mixed with 18 ˃ L Staining-Mix (Acridine Orange and Propidium iodide, proprietary 

concentrations from Logos Biosystems) and loaded into the chamber of a PhotonSlide. Every sample 

was determined threefold, and the mean value was taken. Cells incubated without particles at 

otherwise identical conditions were used as references. 

2.12.3. ROS Assay  

For all experiments, 150,000 cells/well (J774A.1, ImKC, BNL CL.2, STC-1) were seeded in 12-well plates 

in 1 mL of growth medium. Cells were incubated for 24 h at standard cell culture conditions. 
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Afterwards, the respective, freshly prepared particle suspension was added. As control wells, cells 

incubated without particles or in the presence of 50 ˃ M (5 ˃ M for STC-1) antimycin A, a ROS-promoting 

antibiotic, were used as negative and positive controls under otherwise identical conditions. After 

60 min incubation, 37.5 ˃ M DCFDA was added per well (5 ˃ M for STC-1), followed by another 24 h 

incubation in the cell incubator. For STC-1 cells, the DCFDA concentration was reduced because of 

concerns regarding the cytotoxicity of the dye, which had manifested itself during the establishment 

of the assay. Afterwards, cells were detached, and the DCF fluorescence intensity was measured using 

FC. ROS amount was calculated according to Equation 3. 

Equation 3 Calculation of ROS amount by FC 

ὙὕὛ ὥάέόὲὸ Ϸ   ὼ ρππ   

where: MFIsample is the mean fluorescence intensity of the green fluorescence of the test sample; MFINC 

is the mean fluorescence intensity of the green fluorescence of the negative control (i.e., cells 

incubated without MP). 

2.12.4. CFSE staining 

For staining, cells (J774A.1, ImKC, BNL CL.2, STC-1) were detached, counted, and adjusted to 5 x 106 

cells/mL. Cells were centrifuged (200 x g, 5 min), washed twice with DPBS, and resuspended in 1 mL 

DPBS. 1 mL of freshly prepared CFSE solution (10 µM in DPBS) was added for a working concentration 

of 5 µM/5 x 106 cells. Cells were then incubated for 5 min at room temperature and protected from 

light. Afterwards, 12 mL of the respective growth medium was added to bind free staining dye. Cells 

were centrifuged (200 x g, 5 min), the supernatant was discarded, and another 10 mL of growth 

medium was added. After 5 min of incubation, cells were again centrifuged (200 x g, 5 min), 

resuspended in 5 mL growth medium and seeded in the respective volume or well plate, depending 

on the experiment. 

For analysing the size-dependent influence of MPP on proliferation (3.3.2), 150,000 CFSE-stained cells 

were seeded per well in 12-well plates (cultivation volume 1 mL). After 24 h of incubation, a freshly 

prepared particle suspension was added, and the cells were incubated for another 72 h. Cells 

incubated without particles under otherwise identical conditions were used as the negative control. 

After incubation, cells were harvested, washed with DPBS and measured by FC (Ex/Em CFSE: 

492/517 nm). 

2.12.5. CTV staining 

Cells were stained using a CTV Proliferation Kit (Ex/Em CTV: 405/450 nm) according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ŎŜƭƭǎ (J774A.1, ImKC) were detached, counted, and adjusted to 

106 cells/mL. Cells were centrifuged (200 x g, 5 min), washed twice with DPBS, and resuspended in 
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1 mL DPBS. Afterwards, 1 µL of CTV stock solution per 1 mL cell suspension was added for a working 

concentration of 5 µM CTV. Cells were then incubated for 20 minutes at room temperature and 

protected from light. Afterwards, cells were centrifuged (200 x g, 5 min), the supernatant was 

discarded, and the pellet was resuspended in a volume of complete growth medium corresponding to 

five times the original staining volume to remove free staining dye. After 5 min incubation, cells were 

centrifuged (200 x g, 5 min), resuspended in growth medium and seeded in the respective volume or 

well plate, depending on the experiment.  

2.12.6. LDH assay  

¢ƘŜ /ȅv¦!b¢ϰ [5I /ȅǘƻǘƻȄƛŎƛǘȅ !ǎǎŀȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Initially, 10,000 cells (ImKC) were seeded in 100 ˃ L of complete growth medium in a 96-well plate and 

incubated for 24 h under standard cell culture conditions. Then, the medium was aspirated, and freshly 

prepared particle suspension was added at the respective concentration. Cells incubated under 

identical conditions but without particles served as a negative control to determine the spontaneous 

release of LDH. Subsequently, the cells were incubated for an additional 24 h in the cell culture 

incubator. To determine the maximum LDH release, 10 ˃ L of diluted lysis buffer (proprietary mixture, 

incubation time 45 min) was added to cells without MPP. Following this, 50 ˃ L of supernatant from 

each well was transferred to a fresh 96-well plate, after which 50 ˃ L of a freshly prepared reaction 

mixture was added and incubated for another 30 min in the cell culture incubator. Lastly, 50 ˃ L of stop 

solution was added to each well, and the absorbance was measured at 490 nm (reference wavelength 

680 nm). The LDH release was calculated according to Equation 4. 

Equation 4 Calculation of the LDH release  

ὒὈὌ ὶὩὰὩὥίὩ Ϸ  
ὃὦί ὃὦί

ὃὦί ὃὦί
 ὼ ρππ 

Where: Abssample is the mean value of the measured absorption of the test sample; Absspontaneous is the 

mean value of the measured absorption of the negative control; Absmax is the mean value of the 

measured absorption of the positive control. 

2.12.7. COMET Assay  

The here used experimental setup is described in the following. 150,000 cells (ImKC) were seeded on 

a 12-well plate and incubated for 24 h at standard cell culture conditions. Afterwards, the freshly 

prepared particles at the respective concentration were added in the respective concentration, 

followed by another 24 h incubation. For the embedding process, microscope slides were pre-coated 

with electrophoresis agarose. The slides were cleaned with Milli-Q water and rinsed with absolute 

ethanol and air-drying. The slides were then dipped in a container filled with melted 1 % 
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electrophoresis agarose in H2O. After removing any excess agarose, the back of the slides was wiped 

off to ensure cleanliness. Finally, the coated slides were dried on a heating plate at 55°C.  

Cells were then harvested, the cell density was set at 60,000 cells in 1 mL ice-cold DPBS, and the cell 

suspension was centrifuged (200 x g, 5 min). The supernatant was discarded, and the cell pellet was 

resuspended in melted 0.1 mL of 1 % low melting point agarose in DPBS heated to 40°C in a water 

bath. The suspension was carefully pipetted onto an agarose pre-coated slide, and a cover glass 

(24 x 50 mm) was placed on top of the agarose to spread the suspension evenly. The slide was then 

placed for 5 min on ice to harden the agarose, and the cover glass was carefully removed afterwards. 

The slides were stored in a wet chamber at 4°C overnight. After that, 2 mL of lysis buffer (1 % v/v Triton-

X-100, 2 M NaCl, 0.1 M EDTA at 8.0 pH, 10 mM Tris-HCl at pH 9.0) was pipetted on top of the slide and 

the slide incubated for 1 h at 4°C in the dark. The lysis buffer was removed carefully, and 2 mL of 

electrophoresis solution (0.3 M NaOH, 1 mM EDTA at pH 8.0) were added for a 20 min incubation. This 

step was repeated twice. Slides were then placed in an electrophoresis tank filled with electrophoresis 

solution and incubated for 40 min at 4°C. Then, the electrophoresis was conducted at 20 V (0.6 V/cm) 

and 200 mA for 30 min, conditions which had been determined in pre-experiments. Slides were 

washed thrice (5 min each) in neutralisation buffer (0.4 M Tris, pH 7.5). The DNA on the slides was 

stained using 1 mL of a 2 µg/mL DAPI suspension, which was incubated for 20 min in the dark. Slides 

were rinsed with 5 mL of DPBS and then analysed using a fluorescence microscope. Pictures were 

subsequently analysed with the COMETSCORETM software (version 2.0.0.38). As a positive control, non-

treated cells were incubated in 170 µM H2O2 for 5 min before the agarose-adding step. As a negative 

control, the procedure was identical except for the treatment with particles. 

2.12.8. Enzyme-Linked Immunosorbent-Assay 

The TNF-  h9[L{! a!·ϰ 5ŜƭǳȄŜ {Ŝǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ CƛǊǎǘΣ 

10,000 cells/well (ImKC) were seeded in 100 ˃ L of growth medium in a 96-well plate and incubated for 

24 h in the cell culture incubator. Particles in their respective concentration were added and incubated 

for another 24 h (5 % CO2, 95 % humidity, 37°C). To estimate the baseline TNF-  hsecretion (negative 

control), cells were incubated without MPP, while cells in the positive control were stimulated with 

2.5 ˃ g LPS. Regarding the TNF-  hrelease in spheroids, spheroids were grown for 5 days, challenged 

with particles for 24 h and co-cultivated with 500 macrophages for further 24 h. Positive and negative 

control were comparable to the previous analysis. 16 ς 18 h prior to running the ELISA, the plate was 

coated with 100 µL of the capture antibody solution. The plate was washed (4 x with 300 µL wash 

buffer, same for consecutive washing steps), and non-specific antibody binding was blocked by 1 h 

incubation with a coating agent. For both methods, samples were extracted from the supernatant, and 

the sample was diluted (1:10; 1:100; 1:1000; 1:10000) to cover the detection range of the ELISA kit. A 
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TNF-  hstandard curve dilution was prepared according to the provided kit. All samples were used for 

at least two times repeated determination. After washing, 100 µL of the appropriate sample dilutions 

and standards were added and incubated for 2 h. The plate was washed, and 100 µL of the detection 

antibody was added (incubation time 1 h). After further washing, 100 ˃ L of diluted Avidin-HRP solution 

was added to each well for 30 min. After the final washing step, 100 ˃ L of freshly mixed TMB Substrate 

Solution was added for 15 min, and the reaction was stopped by adding 100 µL of the stop solution. 

The absorbance was measured within 15 min at 450 nm (reference wavelength 570nm). With the help 

of the standard curve, calculated by the added standard, the TNF-  hconcentration in the supernatant 

could be calculated, considering the dilution factors.  

2.12.9. Lucifer Yellow Assay 

BNL CL.2 cells were seeded as described in (2.8). After 4 days of incubation (standard cell cultivation), 

particles were added in the respective concentration and incubated for 24 h. Afterwards, the medium 

in the upper and lower well was aspirated, and 200 µL of 1 mM LY in DPBS was added to the upper 

well, while the lower well was filled with 800 µL DPBS. As a negative control, a transwell with no cells 

seeded was used to estimate the blocking of the membrane itself. After 2 h of incubation, the bottom 

well was thoroughly mixed by pipetting, and 100 µL of the bottom well was pipetted in a 96-well plate 

(5-fold determination, the mean of the five technical replicates was used). Afterwards, the 

fluorescence of the wells was measured by using the plate reader (Ex: 485 nm, Em: 530 nm). The 

fluorescence intensity of the negative control was treated as 100 % permeable, and the permeability 

of the wells was calculated according to Equation 5. 

Equation 5 Calculation of the relative LY fluorescence 

ὶὩὰὥὸὭὺὩ ὒὣ ὪὰόέὶὩίὧὩὲὧὩ Ϸ   ὼ ρππ   

where: MFIsample is the mean fluorescence intensity of the fivefold determination of the test sample in 

the lower well; MFINC is the mean fluorescence intensity of the fivefold determination of the negative 

control (i.e., well seeded without cells). 

2.13. Ribonucleic acid Sequencing 

Ribonucleic acid (RNA) sequencing (RNAseq) can gain information about gene expression by analysing 

the up and down-regulation of specific genes. Usually, the ratio of a treated sample (in this case, with 

MPP) is set to an untreated sample to compare the reaction of the cell on the transcriptional level to 

an active substance. Here, RNAseq was used to unravel the different reactions to pristine and weather 

MPP. 
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Samples for the RNAseq were prepared as follows: 300,000 cells/well (ImKC) were seeded in 2 mL 

growth medium in a 6-well plate and incubated for 24 h at standard cell culture conditions. Afterwards, 

150 µg/mL PS2µm and PS130 were added and incubated for another 24 h. The supernatant was 

discarded, and the cells were washed twice with DPBS. 350 L˃ lysis buffer RLT© was added to each well 

and incubated for 1 min. The lysate was immediately transferred to an RNAse-free Eppendorf tube and 

frozen at - 20°C. After that, the preparation and data processing of the RNAseq samples was done by 

AG Weig, according to Völkl et al. (2022).  

2.14. Particle distribution during cell division 

To track a possible, specific distribution of engulfed MP during cell division, cells were initially stained 

with CTV, and 150,000 stained cells/ well were seeded in 1 mL in a 12-well plate and incubated for 24 h 

at standard cell culture condition. Afterwards, cells were loaded with particles (1.68 x 106 PS2µm, red 

particles/well) for 24 h to ensure enough ingestion time. All wells were washed thoroughly several 

times with DPBS to remove unbound particles, and fresh growth medium was added. Then, cells in one 

well were detached, and the particle distribution in the cells was analysed by FC with the established 

method 3.1.1 (data corresponding to day 0). With this data set, the approximation of a perfect 

homogeneous distribution was calculated (see Equation 6). Cells were subsequently analysed on day 1 

and day 2 by FC to track the distribution of the PCI and to compare the approximation with the 

measured data (ɲ).  

2.15. Analysis of particle excretion after ingestion 

A possible particle excreting and re-ingesting of MPP was analysed with the following experimental 

procedure. 150,000 cells/well (J774A.1, ImKC) were seeded in a 12-well and incubated for 24 h at 

standard cell culture conditions. Afterwards, cells were incubated with 1.68 x 106 particles/well 

PS2µm, green or PS2µm, red for 24 h. All wells were washed thoroughly several times with DPBS to remove 

unbound particles, and fresh growth medium was added. Cells were detached, and the cell count was 

determined. A mixture containing 75,000 PS2µm, green loaded cells with 75,000 PS2µm, red loaded cells was 

seeded in 12 well plates. Control wells only contained cells pre-loaded with either PS2µm, green or PS2µm, red 

(150,000 cells/well each). Cells were washed, detached, and analysed every other day by FC 

(Ex/Em: PS2µm, green: 441/486 nm; PS2µm, red: 512/565 nm).  

2.16. Single-cell sorting 

The single-cell sorting of cells was conducted for the COMET assays to sort cells with a high PCI. Briefly, 

300,000 ImKC cells were seeded in 2 cm cell culture dishes and incubated for 24 h at standard cell 

culture conditions. Afterwards, 150 ˃ g/mL particles were added, and cells were incubated for further 

24 h at standard cell culture conditions. The plate was then washed with DPBS twice and detached by 
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treatment with citric buffer. Cells were collected and centrifuged (200 x g, 5 min), the supernatant was 

removed, and the cells were reseeded in a 2 cm cell culture dish. After 15 min incubation, to allow low 

attachment for the cells, the plate was placed in the SingleCell sorter at the AG Weig. It has to be noted 

that a longer attachment time would result in difficult harvesting of the cells since the SingleCell sorter 

sucks up cells via a capillary, while a too-short incubation would result in floating cells, making them 

hard to catch. Cells with a specific fluorescence threshold (133) were picked up as individuals with a 

high PCI. 100 cells were sorted and transferred into an Eppendorf reaction tube, and the COMET assay 

was conducted as described in 2.12.7. 

 

Scheme 14 Principle of the SingleCell sorter 

2.17. Protist cultivation 

Cultivation of T. pyriformis and Amoeba proteus  

T. pyriformis was cultivated in 20 mL of a 2 % (w/w) protease-peptone broth at room temperature 

(20 ς 25°C) in a 10 cm petri dish. Thrice a week, 1 mL of the culture was transferred into a fresh medium 

for maintenance, and the rest of the suspension was discarded.  

A. proteus was cultivated as proposed by Prescott and James [222], in the following referred to as 

PrescottRef (KCl 12.4 mM, CaHPO4 2.9 mM, MgSO4 1.7 mM, pH 6.4). Briefly, amoebae were cultured in 

a 10 cm glass Petri dish at room temperature in Prescottref medium and were fed twice a week with 

approximately 10 ς 20 T. pyriformis per amoeba. The amount of tetrahymena added was high enough 

to ensure a close vicinity between prey and predator. For passaging amoebae from dish to dish or 

seeding in case of experiments, individuals were pipetted with an 1 mL Eppendorf pipette while 

observing them under the microscope. Amoeba seeded for experiments were kept for 24 h without 

prey organisms to ensure a high uptake demand. 
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Induction of pinocytosis 

Induction of pinocytosis was conducted to analyse the uptake mechanism of MP particles. Pinocytosis 

was induced by adjusting the pH of the PrescottRef medium to pH 4.3 with HCl. Additionally, 125 mM 

NaCl was added to the medium (PrescottNaCl medium). For the uptake experiments, the amoebae were 

incubated for 45 min in the PrescottNaCl medium. Afterwards, organisms were transferred back to the 

standard PrescottRef medium for longer incubation or analysis. 

Uptake of MP in amoeba and ciliates 

To analyse the uptake of different-sized MPP or fragments, 50 ς 100 amoebae were first starved for 

24 h by transferring them to 35 mm glass dishes containing 2 mL PrescottRef medium without any prey 

organisms provided to stimulate the need for food uptake. 10 ς 15 amoeba were afterwards 

transferred to one well of a 12-well glass plate. 1 µL of the respective MP suspension was added to the 

starved amoeba in PrescottRef corresponding to the following MP end concentrations: PS0.5µm: 3.6 x 107 

beads/mL; PS6µm: 2.1 x 104 beads/mL; PS<20µm, PS20-40µm and PS40-75µm: 5 x 103 fragments/mL. After the 

respective incubation time specific to the experiment, amoebae were washed by transferring them 

twice to fresh wells in 1 mL Prescott Ref medium to remove leftover MPP. Afterwards, several amoebae 

were transferred to a microscopic glass slide. To not squash the amoeba, the cover glass was placed 

on fragments of a second cover glass to slightly increase the space between the slide and the cover 

glass. Subsequently, amoeba were analysed under the fluorescent microscope, and particles were 

counted manually (magnification x400 for PS0.5µm ōŜŀŘǎ ŀƴŘ Ȅмлл ŦƻǊ җ 6 µm beads/ fragments).  

To investigate if phagocytosis induction increases the uptake of MPP, A. proteus was seeded as 

described above. The organisms were additionally incubated with a mixture of T. pyriformis (5 x 104 

cells/mL) and PS20-40µm or PS40-75µm (5 x 102 fragments/mL) simultaneously, and uptake analysis was 

done as described above. 

To assess the uptake of particles in T. pyriformis, 10 µL of a densely grown culture were exposed to 

PS0.5µm, red (end concentration: 3.6 x 107 beads/mL) for 24 h in a 35 mm glass dish containing 2 mL 

PrescottRef medium. For observations, 10 µl of MPP-exposed individuals were transferred onto a 

microscopy slide and analysed by a fluorescence microscope.  

Particle coating with proteins 

For protein coating, MPP (1 µL of the 2.5 % (w/v) aqueous suspension) were incubated overnight at 

37°C in 1 mL of a 2 % (w/v) bovine serum albumin (BSA) solution or 1 mL of a 10 % (v/v) fetal calf serum 

(FCS) solution in Prescottref medium. Afterwards, the particles were centrifuged (13,000 x g, 5 min). 

The supernatant was carefully discarded, the resulting pellet was once resuspended in bi-distilled 
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water to wash leftover protein solution, again centrifuged (13,000 x g, 5 min), resuspended in 

Prescottref and used immediately for the experiments as described above. 

Trophic transfer of MP particles 

T. pyriformis was incubated with the respective amount of MPP (PS0.5µm: 3.6 x 107 beads/mL; 

PS6µm: 2.1 x 104 beads/mL; PS<20µm: 5 x 103 fragments/mL) for 24 h as described above. Afterwards, the 

individuals were washed to remove leftover MP and resuspended in Prescottref medium. The organisms 

were then offered to starved amoebae in a prey : predator ratio of approximately 10 : 1. After the 

indicated incubation time, several amoebae were washed and observed under the microscope for 

uptake experiments (as described above). The remaining amoebae were incubated for the respective 

time for retention experiments. 

Fixation and staining of amoeba  

Amoebae were stained to visualise ingested prey organisms inside the food vacuole. Therefore, 

individuals were transferred on a glass slide and fixed by incubation in 1 mL 3.7 % (v/v) PFA in DPBS for 

15 min at room temperature. Afterwards, the PFA was aspirated, the slide was carefully washed with 

DPBS, and 1 mL of 25 µg/mL Hoechst 33342 dye in DPBS was added to the fixed amoeba for 15 min in 

the dark to stain genomic DNA in prey and predator. The stained amoebae were washed with DPBS 

and observed by fluorescence microscopy. 

2.18. Statistics  

If not otherwise stated, data are reported as mean ± standard deviation. n represents the number of 

biological replicates. OriginPro software was used for ANOVA with Holm-Bonferroni multiple 

comparison test and Tukey-Post-hoc-analysis to determine whether data groups differed significantly. 

The p-value indicates the significance of the analysis 

2.19. Licence agreements 

Parts of the schemes and figures were drawn by using pictures from Servier Medical Art. Servier 

Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 

(https://creativecommons.org/licenses/by/3.0/).  
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3. Biological interactions and effects of microplastic on a cellular 

level 

Potential damage due to MP on the cellular level can occur at different stages in the pathway of a 

particle through a cell (Scheme 15). The first encounter of the MP and the cell is probably of high 

relevance. Without interaction between the particle and the cell or an intracellular uptake, it is unlikely 

that effects will occur. Following this, the intracellular distribution of the particles and the subsequent 

intracellular effects need to be addressed. These effects likely vary on various particle parameters and 

can arise on different biological levels, making the analysis highly complex and multi-parametrical. 

Lastly, a possible excretion of the particles needs to be analysed to estimate the fate of ingested 

particles. In the following, these fundamental questions are addressed to explore the complexity of 

microplastic toxicity on a cellular level. 

 

Scheme 15 Possible pathway and interaction sites of a MPP with a mammalian cells 

3.1. Quantitative PCI analysis and the dependency of macrophages' polarisation state 

As mentioned in the introduction, PCI is highly important when assessing microplastic toxicity. The 

fundamentals and more in-depth analysis was there mainly done in cooperation (see 1.2). 

Nevertheless, for this work, methods were established to quickly and quantitatively analyse PCI. The 

influence of the polarisation state on the PCI as a further factor was complementary analysed. 
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3.1.1. Quantification of PCI with the flow cytometry 

A method for measuring the PCI via FC was established since a high amount of cells can be measured 

in a relatively short amount of time. Furthermore, this method has the advantage that the PCI can be 

put in relation to parallel analysis methods in the FC and interpret data on a more complex level, e.g. 

relate measured effects with the number of particles that interacted with an individual cell. This 

method was established in cooperation with Julia Jasinski and was ǇǳōƭƛǎƘŜŘ ƛƴ άbƻȄƛŎ ŜŦŦŜŎǘǎ ƻŦ 

ǇƻƭȅǎǘȅǊŜƴŜ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ ƻƴ ƳǳǊƛƴŜ ƳŀŎǊƻǇƘŀƎŜǎ ŀƴŘ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎέ by Rudolph, Völkl et al. (2021). 

As the first approach, green fluorescent particles (PS0.2µm, PS0.5µm, PS1µm, PS2µm ,PS3µm and PS6µm) were 

used. For particles > 1 µm, the fluorescence of the particles attached or ingested to the cells could be 

measured well, and a quantitative PCI could be determined (Figure 1).  

 

Figure 1 Representative PCI analysis via FC using ImKC cells  

Shown is the fluorescence of ImKC cells interacting with PS2µm and PS6µm. Gates represent fluorescence for the respective PCI. 
Particle fluorescence (Ex/Em: 441/486 nm) was measured with the FITC filter. 25 µg/mL particles were added per 150,000 cells 
in a 12-well plate and incubated for 24 h. 

While a distinct fluorescence signal could be measured for the smaller particles (PS0.2µm and PS0.5µm), 

the difference between single PCI was too small to differentiate (Figure S5).  

A highly linear dependency could be measured when gating the respective populations and applying 

the median fluorescence intensity to the gates (Figure 2). This, on the one hand, verifies the gating 

strategy. On the other hand, it also opens the possibility to discriminate higher particle counts (> 6) by 

placing the gates according to Figure 2. This way, despite the difficulty of visual discrimination between 

populations with more than 6 particles per cell, higher PCI can be calculated and accordingly gated.  
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Figure 2 Linearity of PCI and the respective median fluorescence measured by FC  

Data are extracted from the respective cell populations from Figure 1 and show the representative method for 2 µm. Black 
colour represents measured data points, red colour exemplarily calculated gate borders. 

The analysis by FC could be expanded further. A linear relationship between the side scatter and the 

number of interacting particles was additionally observed (Figure 3).  

 

Figure 3 Relationship of the side scatter measurement and the PCI  

Shown are ImKC cells, gated after the respective amount of PCI after the established strategy in Figure 1 for A: PS2µm and B: 
PS6µm.  

Although the selectivity between the respective populations decreased, a differentiation between cell 

populations was still possible. This method of analysis furthermore opens the possibility to work with 

non-fluorescent particles, enabling the usage of staining and analysis methods which otherwise might 

overlap with the fluorescence of the particles. It has to be noted, though, that this method only detects 

PCI and can not discriminate between interaction or full particle ingestion.  
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3.1.2. Influence of polarisation state of macrophages on the PCI 

In addition to the previously mentioned particle parameters, cell-specific states, e.g. different 

polarisation states of the macrophages, can influence the PCI. Therefore, the influence of M1 and M2 

polarisation on PCI in both macrophage cell lines (J774A.1, ImKC) was investigated. To preliminarily 

verify a successful polarisation, two approaches were used. First, the ROS amount was measured via 

FC.  

 

Figure 4 Determination of the polarisation by measuring the ROS amount  

A: Different concentrations of the respective polarisationstimuli were tested in ImKC with an incubation time of 24 h. B: 
Polarisationkinetic was analysed by testing the time-dependent polarisation (with polarisationstimuli) as well as the recovery 
afterwards (without polarisationstimuli) for 100 ng/mL LPS and 20 ng/mL IL-4. C: Different concentrations and incubation 
times with respective polarisationstimuli were tested in J774A.1 by measuring the ROS amount by FC. 

In the case of ImKC cells, the ROS amount increased significantly after polarising for 24 h, with a slight 

concentration-dependent trend for LPS (Figure 4A). For IL-4, an increase in ROS could be observed as 

well. The trend showed a lower ROS production compared to LPS, and no concentration dependency 

was observed. A kinetic was furthermore recorded to analyse how quickly the polarisation is 

assembled (Figure 4B). Here, an explicit time dependency could be observed for LPS. The ROS amount 

started to increase after 3 h, with a significant increase up to 24 h. In the case of IL-4, a maximum of 

ROS was already reached after 6 h. For both polarisation states, when incubating the polarised cells 
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with fresh growth medium, the ROS amount quickly decreased and, after 6 h, was almost comparable 

to the negative control.  

For J774A.1, the ROS amount did not increase significantly after 24 h incubation with LPS or IL-4 (Figure 

4C). Incubation time with the polarisationstimuli was therefore increased to 48 h, where a significant 

ROS increase could be measured, indicating a slower reaction of the J774A.1 cells compared to ImKC. 

This could also be observed in the literature, where incubation times between 12 ς 72 h of the 

polarisationstimuli were used by different groups for J774A.1 cells [223ς225].  

Additionally, an antibody staining of polarisation-specific surface markers was used. Commonly used 

markers in the literature are, e.g. CD68, CD80 and CD86 for M1 polarisation, while CD163 is 

predominantly utilised for M2 analysis (see 1.5). For ImKC, the used antibody stains did not significantly 

increase to any treatments except for CD80 and the highest used LPS concentration (Figure 5A). For 

J774A.1, in contrast, CD80 and CD86 showed the expected significant increase when treated with LPS 

(Figure 5B). CD68 showed, comparable to ImKC cells, no increase at any treatment. Surprisingly, CD163 

showed a significant increase when treated with LPS but only a slight increase for IL-4 after 24 h.  

 

 

Figure 5 Determination of the polarisation state by antibody staining of polarisation-specific surface markers  

Fluorescence was measured in the flow cytometer and is given in relation to the non-polarised cells (100). NC represent non-
polarised cells as mock control. A: ImKC cells were incubated for 24h with the respective stimuli, harvested and stained with 
the antibodies. B: J774A.1 cells were seeded in a 12-well plate, incubated for 24h or 48h with the respective stimuli, harvested 
and stained with the antibodies.  

The low reaction of both cell lines regarding CD68 production could be explained by the structure of 

the surface marker, where most of the protein is located intracellularly. Despite being one of the 

primary markers for hepatic macrophages, it can therefore be complicated to use as a surface 

marker [226]. The high increase in CD163 for J774A.1 can be related to an unspecific expression that is 
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a side effect of the LPS treatment [219]. However, the only moderate increase in CD163 and the following 

M2 verification needs to be analysed further. On the one hand, another polarisation stimulus, e.g. IL-

10, might induce a higher marker expression. On the other hand, CD204 or CD206, as other surface 

markers, might as well be beneficial to analyse. However, the M2 polarisation is a complex mechanism 

with various pathways. Due to the complementary results of ROS measurement and antibody staining, 

the polarisation of the macrophages can be regarded as successful for the following interaction 

experiments.  

Subsequently, the PCI's dependency on the respective polarisation state was analysed. Therefore, cells 

were first polarised (24 h for ImKC, 48 h for J7774A.1) and afterwards challenged with PS2µm, red. Since 

the polarisation state was already diminishing after 6 h without stimuli, the particles were added to 

the medium with the polarisation agent and then incubated for 6 h with the cells. PCI was afterwards 

measured by the established method in 3.1.1 (Figure 6). Cell populations were divided into no particle 

uptake (0 particles), low PCI (1 ς 4 particles) and high PCI (> 4 particles).  

 

Figure 6 PCI dependency of polarised macrophages 

The polarisation stimuli was added for 24 h (ImKC) and 48 h (J774A.1). NC represent non-polarised cells as mock control. 
Afterwards, 15 µg/mL PS2µm, red particles were added for 6 h to the medium with the respective polarisation stimuli. Cells were 
detached, and PCI was measured in the FC with the established method (3.1.1). significance level: * = p Җ 0.05 

In the case of ImKC cells, a significant dependency of the polarisation state to the PCI could be 

observed. For treatment with 100 ng/mL LPS, fewer cells with no or low PCI were observed, while the 

cell population with > 4 particles was significantly increased. When polarised with IL-4, the distribution 

shifted contrastively. The distribution shift was similar in the case of the J774A.1 cells, but LPS 

treatment showed a non-significant change to more PCI, while the treatment with IL-4 resulted in a 

more significant change, especially for cells without PCI. This points out the cell-specific reactions of 

cells to MPP. The purpose of the M1 polarisation can explain the increase in the PCI for this state. Next 

to the high excretion of cytokines, M1 polarisation is characterised by a high phagocytic activity due to 
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its role in microbial defence [139,142]. Activated macrophages wander around more actively on the plate 

and can therefore interact with particles more efficiently. M2 polarisation, on the other hand, is a 

complex process with subtypes that all have different functions in vivo. IL-4 mainly recruits M2a and 

M2d polarisation, primarily responsible for wound-healing and angiogenesis, translating into less 

effective phagocytosis activity. M2c polarisation, on the other hand, mostly induced by IL-10, is 

responsible for the phagocytosis of necrotic cells. This shows that the stimulus might already be 

responsible for the interaction with cells and that these cells react differently. This establishes a more 

complex mechanism, which could also explain the contradictory literature results. While Stock et al. 

found no polarisation effect in the PCI for THP-1 cells polarised with LPS and IFN-  ɹ(M1) or IL-4 and IL-

13 (M2) [80], other studies found increased uptake of nanoparticles in M1 polarised (by LPS) J774A.1 

cells [225], while others showed an increase in uptake for M2 macrophages (IL-4 and IL-10 stimulated) 

[218,227]. Binnemars-Postma et al. furthermore showed an influence of the protein corona on the particle 

interaction of polarised cells [220]. M1 macrophages ingested more particles when incubated without 

serum, while M2 macrophages had the upper hand for particles preincubated in serum. Finally, 

Akilbekova et al. investigated the influence of the polarisation (LPS and IL-4 stimulated) on the uptake 

of various particles (e.g. polystyrene, PMMA, various functional groups like Sulfonate, Amino, Amidine 

and more) and found different results for all particles [228]. Overall, it can be concluded that the 

polarisation state and the PCI are indeed connected, though various parameters like cells, particle 

properties and polarisationstimuli affect the uptake probability.  

3.1.3. Summary and conclusion  

The established method for the quantitative interaction rate with particles via FC proved reliable and 

quick. It opens the analysis of PCI via FC, which in return helps for analysis methods using the FC to 

dedicate effects to particular cell populations with a specific PCI amount.  

Macrophage polarisation proved to have a significant influence on the PCI in the here-used 

experimental setup. The classically activated M1 macrophages showed an increased uptake 

attendance, while alternatively activated M2 macrophages rather decreased the interaction. 

As shown in Scheme 15, the first encounter of the cell with the particle should be a crucial moment for 

the later fate and effect on the cells. This investigation, especially in cooperation with the expertise of 

others (see 1.2), therefore, was an important setup for later experiments about understanding the 

possible effects of MP on the cells. It is likely that without interaction, no measurable impact will be 

observed. Therefore, establishing analysis via FC and polarisation dependency of the PCI mainly served 

to understand and interpret later data with the here-used cells and particles.   
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3.2. Particle distribution after ingestion of MPP 

A further important factor for effect triggering concerns the particle distribution inside the cell 

(Scheme 15). Two main questions were hereby asked: Do particles accumulate at specific organelles? 

How are particles distributed during cell division? These findings are summarised in the submitted 

ƳŀƴǳǎŎǊƛǇǘ άPolystyrene microparticle distribution after ingestion by murine macrophagesέ by 

Jasinski, Völkl et al. 

A possible accumulation or co-localisation of the particles at specific organelles was hereby analysed 

by Julia Jasinski [229]. By antibody staining of specific organelles (mitochondria, ER, Golgi apparatus, and 

lysosomes, nuclei, cytoplasm, early and late endosome), co-localisation of particles was analysed with 

PS0.2µm, PS0.5µm and PS3µm. Experiments were conducted with both macrophage cell lines (ImKC and 

J774A.1) since these specialised scavenger cells were more likely to ingest particles. After an incubation 

of 24 h with the particles, the respective organelles were stained, and the localisation of particles was 

analysed. Ingested particles were mainly located in the cytoplasm, no matter the size. Only the smaller 

particles (PS0.2µm and PS0.5µm) were additionally found in the ER, but no co-localisation was seen with 

the nuclei, mitochondria, Golgi apparatus, or the lysosome. A co-localisation in the endosome could 

only be observed in the case of PS0.5µm. 

The next step was to analyse the distribution of the particles during cell division. Various publications 

about the distribution of nanoparticles during cell division exist [230ς233], and it has been established 

that these particles are randomly distributed. However, for the magnitudes larger microparticles, no 

data exist. Particles might either be distributed randomly to the respective daughter cells or split 

symmetrically. To analyse this, the particle count was related to the number of cell divisions for one 

cell. Therefore, cells were initially stained with CTV. After staining the cells, 25 µg/mL PS2µm, green were 

added, and the number of particles per cell was traced for various days. Using the FC, the fluorescence 

intensity of the CTV and the respective particle number could be brought in proportion due to the 

parallel measurement (Figure 7).  
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Figure 7 Particle distribution during the cell division measured by FC 

Shown is a representative dot plot of the time-dependent distribution of 25 µg/mL PS2µm, green in 150,000 ImKC on the y-axis 
and the corresponding dilution of the CVT dye on the x-axis for ImKC cells after 2 days 

PCI were counted up to 15 PCI/cell, using the established method in 3.1.1. For the following calculation, 

populations of up to 15 PCI were used. The figures and tables combine these populations in > 4 PCI for 

a more straightforward representation. By measuring the number of particles on the first day and 

tracking the CTV intensity, an approximation of how the particle number per cell should look in case 

of a symmetrical distribution was calculated.  

This approximation was calculated as follows (see also Scheme 16 and Equation 6):  

- The number of particles per cell at day 0 (ὖȟ ) was measured for the respective cell 

populations 

- Cell division was calculated by measuring the CTV fluorescence every other day 

- In the case of ImKC, the CTV intensity was only 1/3 on day 1 compared to day 0, indicating 

three times the amount of cells or approximately 3 cells out of 1 (for J774A.1. 1/2 CTV intensity 

was measured, indicating twice the amount of cells or approximately 2 cells out of 1) 

- A symmetrical distribution was assumed 

- Particles per cell on the assumed Day 1 were calculated, counted, summarised (ὖ ȟ ) and 

normalised to 100% (ὖȟ ) 

- Same procedure for the following days (ὖȟ ) 
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- The calculated numbers were used as an approximation for a symmetrical distribution and 

compared to the measured data 

 

Scheme 16 Exemplary process scheme for the calculation of the approximation considering a symmetrical distribution for 
ImKC cells 

Equation 6 Mathematical equation for the calculation of the approximation 
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The measured cell populations and the calculated approximation are shown in Table 5. These results 

were then compared to the calculated approximation, and the difference (ɲ) was calculated. 

Table 5 Measured cell populations for particle distribution and the respective value of the calculated approximation 

 J774A.1  

 Day 0 Day 1 Day2 

Particles 

per cell 

Measured 

[%]  

Measured 

[%]  

Approximation 

[%] 

ɲ 

[%] 

Measured  

[%] 

Approximation 

[%] 

ɲ 

[%] 

0 47.70 73.69 65.68 8.01 79.21 84.89 - 5.69 

1 22.62 16.43 26.20 - 9.78 14.62 14.42 0.20 

2 12.19 5.44 5.23 0.21 3.39 0.69 2.70 

3 6.595 1.92 1.39 0.53 0.91 - 0.91 

4 3.625 0.78 0.93 - 0.15 0.31 - 0.31 

> 4 6.77 0.91 0.57 0.34 0.16 - 0.16 

  

ImKC 

 

 Day 0 Day 1 Day2 

Particles 

per cell 

Measured 

[%]  

Measured 

[%]  

Approximation 

[%] 

ɲ 

[%] 

Measured  

[%] 

Approximation 

[%] 

ɲ 

[%] 

0 15.86 37.29 29.79 7.50 59.20 56.52 2.67 

1 13.78 19.60 31.08 - 11.49 18.54 38.26 - 19.72 

2 11.81 12.82 18.04 - 5.23 9.055 5.21 3.84 

3 9.91 8.68 9.58 - 0.91 4.91 - 4.91 

4 8.06 5.74 7.37 7.50 2.635 - 2.64 

> 4 37.86 16.77 4.14 10.99 5.01 - 5.97 

Results indicated that the distribution was more similar to the approximation for J774A.1 cells, while 

a more random distribution for the ImKC cells was observed. For cells with low PCI, the difference 

between approximation and the measured distribution proved to be the highest for both cell lines. 

Furthermore, a fraction of cells (10 %) with > 4 particles per cell remained after 2 days for ImKC cells, 

which should not be the case when considering the approximation. It can be excluded that these cells 

are loaded with more particles due to less cell division since the CTV dye showed no specific 

dependence for fewer cell divisions with higher particle numbers in this range of particle numbers (see 

Figure 7).  
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The distribution of intracellular material can be symmetrical, ordered or random during cell division. 

Organelles are hereby often distributed symmetrically, and the distribution of cellular material is often 

carefully choreographed to ensure viable cells after cell division [234,235]. On the other hand, the 

distribution of cell-foreign material is a more complex problem. Zhao et al. showed that particular 

proteins trigger the distribution of ingested bacteria from random to symmetrical distribution or even 

a one-sided distribution of all bacteria to one daughter cell with the other cell remaining without 

bacteria [236]. The bacteria can manipulate this distribution by expressing proteins to either increase 

bacterial spreading by a more symmetrical distribution or direct the distribution to an unbalanced 

distribution. The distribution is controlled by the formation of intercellular tubules, which connect the 

bacterial-loaded phagolysosomes during cell division. Without the formation of these tubules, no 

directed distribution is possible, and a more or less symmetrical distribution is more likely [236]. 

Interestingly, when comparing the uptake behaviour of the two cell lines, particles seem aligned in a 

distinct, round-shaped, tube-like pattern for the ImKC cells, while J774A.1 seems to distribute the 

particles more randomly over the whole cells (Figure 8).  

 

Figure 8 Particle distribution of PS2µm, green in ImKC and J774A.1 cells 

White circles illustrate the clumped distribution of PS2µm,green in the J774A.1 and the tube-like formation for ImKC cells. Confocal 
microscopy pictures were done by Julia Jasinski. 

This might indicate a formation of tubules for ImKC while J774A.1 spread the particles mostly in the 

cytoplasms. ImKC cells seem to interact with the particles more, treating them as some intruding 

foreign matter that needs to be deposited. This fits with the distribution data, where J774A.1 seemed 

to distribute the particles more symmetrically, while ImKC showed a higher deviation to the 

approximation, arguing for specific storage of particles. Naturally, possible staining of the tubules and 

more experiments regarding the formation of these tubules are necessary for a more precise 

statement.  

To summarise, co-localisation with specific organelles was only found in the cytoplasm and, in the case 

of smaller particles in the ER or endosome. This, and especially the not-observed co-localisation in the 

lysosomes, argues for unspecific ingestion by macrophages or at least no misrecognition as bacteria. 
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On the other hand, the distribution pattern of the particles during the cell division argues for a, at least 

cell-specific, handling of the particles after ingestion. Significant differences between J774A.1 and 

ImKC were observed, and for the distribution in ImKC cells, one can assume a bacteria-like handling of 

the particles. A cell-specific reaction was observable despite no clear conclusion for a systematical 

distribution of the particles.  

In vivo, some cells might handle the particles as a stowaway, while others misrecognize them as 

bacterial intruders, alerting an immune response. Both options affect the organism since either 

accumulation or a debilitated organism might be the consequence, showing the high relevance of the 

fate of particles after a cellular uptake.  
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3.3. Cellular effects induced by MPP 

The previous paragraphs analysed relevant fundamentals for possible effects on the cells. The critical 

parameters for the PCI and ingestion were identified, and the intracellular distribution to specific 

organelles as well as the distribution during the cellular division was determined. Results indicated that 

the particles might be ingested by specific cells and remain intracellular for at least various days. This 

allows numerous reactions between the cells and the MP, possibly resulting in different biological 

impacts and outcomes (Scheme 15). The following passage addresses the central part of this work, the 

cellular responses to different MPP parameters.  

According to the literature, various critical particle parameters were identified which might induce 

toxic effects (see Scheme 3). As summarised in four recent reviews [90,93,94,96], size, concentration, 

surface charge, leachables or additives, adsorbed pollutants or microorganisms, and the ageing status 

of MP were identified to affect the following toxicity. Cytotoxicity, oxidative stress, immune response, 

genotoxicity, viability, membrane integrity, proliferation and polarisation were named as possible 

biological effects. Carcinogenicity and mutagenicity due to additives or leachables were further added. 

Despite efforts being put into microplastic research in the last years, these reviews stressed the 

importance of multi-parametrical, comparable studies using well-characterised particles with 

environmental relevance and concentrations closer to environmental ones. Therefore, in this work, a 

systematical approach was chosen. First, the biological response in dependency on the PCI or ingestion 

using particles with different surface charges was investigated. Afterwards, the influence of narrow 

size differences on the toxicity was determined. For both parameters, solely pristine PS beads were 

used due to their availability in narrow, monodisperse size ranges and easy surface chemistry. Specially 

prepared particles were subsequently used to assess the influence of monomer residues on toxicity. 

Afterwards, experiments were expanded to other petroleum-based polymer types like PE or PVC, as 

well as biological-based polymers PLA and cellulose acetate (CA). Particles with a pre-defined protein-

corona were subsequently used to transfer observed effects to the particles' surface layer. Finally, 

environmentally more relevant particle compositions were used. Artificial weathering was applied to 

the particles, comparing the effects to pristine ones. Lastly, particles extracted from commercially 

available wall paints were used in a final attempt to converge to realistic models. Complementary 

assays were used to analyse the distinct cellular effects to determine which particle properties 

implicate which biological outcome.  

3.3.1. Influence of the PCI 

As described previously, the surface charge of MPP influences the PCI and ingestion strongly. In return, 

interactions between particles and cells are probably highly important for cellular effects. This was 
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investigated and published in the cooperational ǇŀǇŜǊ ά{ǳǇǇƻǎŜŘƭȅ ƛŘŜƴǘƛŎŀƭ ƳƛŎǊƻǇƭŀǎǘƛŎ ǇŀǊǘƛŎƭŜǎ 

substantially differ in their material properties influencing particle-cell interactions and cellular 

ǊŜǎǇƻƴǎŜǎέ ōȅ wŀƳǎǇŜǊƎŜǊΣ Wŀǎƛƴǎƪƛ, Völkl et al. (2022). Well-characterised particles from this study 

(PSpolyscience: high PCI; PSmicromod: low PCI; both 3 µm in size; surface charge PSpolyscience: - 28.6 ± 0.1 mV 

PSmicromod: - 1.5 ± 0.0 mV) with known PCI were applied to analyse subsequent effects on the 

macrophage cell lines ImKC and J774A.1. First, an MTT assay was used to determine the metabolic 

activity of the cells and, in return, conclude the overall viability of the cells (Figure 9).  

 

Figure 9 MTT analysis of ImKC and J774A.1 macrophage cell lines in dependency of the surface charge of the particles 

Data represent the percentage of the respective experiment to the metabolic activity of the negative control (cells without 
particles). Blue colour represents PSpolyscience, red colour PSmicromod. Dark shaded codes for J774A.1, lightly shaded for ImKC. 
significance level: *= p Җ 0.05. Data points represent mean + SD, n = 3 ς 6. Figure is adapted from Ramsperger, Jasinski, Völkl 
et al. (2022) and modified 

Significant differences could be observed between PSpolyscience and PSmicromod, as well as between both 

cell lines. For PSmicromod, no effect could be observed, no matter the concentration or the cell line. Cells 

treated with PSpolyscience showed decreased metabolic activity for concentrations > 150 µg/mL. As 

shown in Ramsperger, Jasinski and Völkl (2022), PSpolyscience showed significantly higher PCI and 

ingestion rates for both cell lines, while cells seemed to ignore PSmicromod. Since other particle 

parameters are supposed to be identical, the PCI results, combined with the results of the MTT assay, 

indicate an interaction-dependent cytotoxicity. It was further shown that an increase in particle 

internalisation leads to induced oxidative stress [73,99], which in turn might damage the DNA [237] or lead 
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to bioenergetic failure [238]. Since the MTT assay, as described above, represents an overview of the 

metabolic activity, these side effects might also influence the results. Furthermore, phagocytic 

ingestion of particles is energy-dependent [42]. Due to the high amount of ingested particles in the case 

of PSpoylscience, and subsequently a higher energy consumption, less energy could be available for cell 

proliferation or cellular metabolism resulting in the lower measured MTT.  

When comparing both cell lines, for ImKC, the decrease in metabolic activity was more distinct and 

significant, while a similar trend, but no significance for J774A.1, was found. This higher sensitivity of 

ImKC can be associated with the different origins of the macrophages. It was shown that Kupffer cells 

react more sensitively to stress factors compared to other macrophage cell lines (RAW 264.7 cells) [239]. 

J774A.1, on the other hand, are generally described as more robust. When, e.g. treated with 2 µm [240] 

or 1 µm [72] carboxylated-PS particles, no acute influence on the viability could be measured with 

comparable assays for J774A.1. 

Interestingly, ImKC cells showed increased metabolic activity for concentrations of 15 and 37.5 µg/mL 

for PSpolyscience. This can be correlated with the hormesis effect. This effect describes the phenomena of 

a positive influence on organisms when challenged with low concentrations of otherwise toxic 

components. It has been shown that an increase in metabolic activity at low concentrations was 

measured for some contaminants, with a continuous drop at higher concentrations [241,242]. This unique 

appearance for ImKC, in combination with PSpolyscience, again argues for cell specificity and a dependency 

on PCI to trigger reactions.  

To support the finding from the MTT assay, the cell proliferation in response to both particles was 

measured for a low, medium and high particle concentration (37.5, 150 and 1500 µg/mL) and 

compared to control cells (Figure 10).  
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Figure 10 Cell proliferation of J774A.1 and ImKC in response to PSpoylscience and PSmicromod 

Experiments were performed in 12-well plates with an initial seeding density of 100,000 cells per well in 1 mL growth medium. 
Data represent mean ± SD, n = 3. Figure is adapted from Ramsperger, Jasinski, Völkl et al. (2022) and modified 

Results from the MTT assay could be confirmed. While PSmicromod showed no significant influence, no 

matter the concentration or cell line, PSpolyscience significantly impacted the proliferation. For the highest 

concentration (1500 µg/mL), proliferation was almost completely depleted for both cell lines. In the 

case of ImKC, 150 µg/mL already showed a small impact after 72 h. 

This concludes, at least in in vitro 2D cell culture and the here tested particle properties, that the 

presence of MPP alone is not critical, but effects mainly develop when a PCI occurs. In return, it shows 

a high relevance of the surface charge to the possible measured effects and other parameters that 

impact the PCI. Therefore, in the following chapters, the surface charge of the used particles was 

always analysed (carried out by Julia Jasinski).  

3.3.2. Influence of the particle size 

As the following particle parameter, particle size-dependent effects on the cells were analysed. Various 

considerations were taken into account to decide which particle sizes should be used. Particles in the 

environment are highly polydisperse, and the size range of MP is defined between 1 µm to 5 mm. To 

assess the influence of the size, though, it is beneficial to work with monodisperse particles to assign 

effects to specific sizes. Naturally, particle sizes over 10 µm are unrealistic to react with cells in vitro 
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since they are only around 20 µm. In Rudolph, Völkl et al. (2021), it was shown that for a particle size 

of 6 µm, the PCI with macrophages already drastically reduces, while epithelial cells only react with 

even smaller sizes. The previous chapter furthermore showed that particles which do not interact with 

the cells do not trigger toxic effects. Combining these findings to analyse the influence of the size, 

monodisperse PS particles with narrow size ranges were used (PS0.2µm, PS0.5µm, PS1µm, PS2µm, PS3µm, 

PS6µm, coefficient of variation < 10 % according to the supplier). Their surface charge did not vary 

significantly when incubated in a growth medium except for PS6µm (Table 6). This allows a reduction to 

ǘƘŜ ǎƻƭŜ ƛƴŦƭǳŜƴŎŜ ǇŀǊŀƳŜǘŜǊ άǇŀǊǘƛŎƭŜ ǎƛȊŜέΦ .ƻǘƘ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭ ƭƛƴŜǎ ό.b[ /[ΦнΣ {¢/-1) and 

ƳŀŎǊƻǇƘŀƎŜǎ όLƳY/Σ Wттп!Φмύ ǿŜǊŜ ǳǎŜŘΦ ¢ƘŜǎŜ Řŀǘŀ ŀǊŜ ǇǳōƭƛǎƘŜŘ ƛƴ ǘƘŜ ǇŀǇŜǊ άbƻȄƛŎ ŜŦŦŜŎǘǎ ƻŦ 

pƻƭȅǎǘȅǊŜƴŜ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ ƻƴ ƳǳǊƛƴŜ ƳŀŎǊƻǇƘŀƎŜǎ ŀƴŘ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎέ ōȅ wǳŘƻƭǇƘΣ ±ǀƭƪƭ Ŝǘ ŀƭΦ (2021).  

Table 6 y -potential of the particles used in 3.3.2 

Particle KCl Growth medium 

PS0.2µm - 47.4 ± 0.3 - 26.3 ± 0.1 

PS0.5µm - 52.8 ± 0.2 - 26.2 ± 0.1 

PS1µm - 66.1 ± 0.1 - 29.2 ± 0.5 

PS2µm - 76.7 ± 0.3 - 30.7 ± 0.1 

PS3µm - 78.4 ± 0.4 - 28.6 ± 0.1 

PS6µm - 85.4 ± 1.4 - 11.7 ± 0.2 

Data represent mean ± SD, n = 3. Data was measured by Julia Jasinski and is published in Rudolph, Völkl et al. 

(2021) 

First, an MTT assay with MPP incubation times of 24 h and 72 h was carried out (Figure 11). No reduced 

metabolic activity could be measured in epithelial cells (BNL CL.2 and STC-1), regardless of 

concentration, particle size or incubation time. When taking previous results into account, this finding 

seems fitting. Both epithelial cell lines showed low PCI with the used particles [71], while in 3.3.1, it 

could be demonstrated that PCI are crucial for triggering effects. The finding of no significant effects 

was, therefore, comprehensible.  

For macrophage cell lines, concentrations above 250 µg/mL showed a decrease in metabolic activity 

for incubation times of 24 h. An extension of the incubation time to 72 h decreased the critical 

concentration to 10 ς 100 µg/mL, with ImKC cells once more seeming to be more sensitive (40 % 

metabolic activity compared to 60 % for J774A.1 for the same treatment).  
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Figure 11 Metabolic activity of cells after 24 h and 72 h incubation with differently sized MPP 

MTT assay was used to determine the metabolic activity. Data represents a correlation of the metabolic activity to cells 
without particles acting as negative control (100 % metabolic activity). Data represent mean ± SD, n = 3. Figure is adapted 
from Rudolph, Völkl et al. (2021) and modified 
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The observed effects were size-dependent. The highest reduction in metabolic activity could be 

measured for particle sizes between 0.5 ς 3 µm, while PS0.2µm and PS6µm showed little response to the 

MPP burden, no matter the concentration. This can be associated with the uptake mechanism of the 

particles. The energy-dependent phagocytosis is mainly used for particulate matter in the size range 

of 0.5 ς 5µm. For the smaller PS0.2µm, pinocytosis might be responsible for the uptake, which is less 

energy intensive. Furthermore, in the case of PS6µm particles, only a few PCI were measured [71]. The 

neglectable effects for PS0.2µm and PS6µm can thereby be explained. Comparable to 3.3.1, a slight but 

significant increase in the metabolic activity was measured for PS2µm and PS3µm in a concentration range 

of 10 ς 37.5 µg/mL for ImKC cells, with J774A.1 showing a similar trend. This might again be a sign of a 

hermetic response, leading to a stimulation of the cellular metabolism in response to the mild stress. 

To additionally analyse other biological effects of MPP at not acute cytotoxic concentrations (low 

concentration = 5 µg/mL, medium concentration = 50 µg/mL, high concentration = 150 µg/mL), the 

oxidative stress caused by MPP after 24 h was evaluated. Therefore, the intracellular ROS amount of 

the cells was measured (Figure 12).  

 

Figure 12 Intracellular ROS concentration in dependence of size and concentration 

The medium ROS quantity of the whole cell population was measured by flow cytometry. Quantity is represented in relation 
to a negative control without particles (100 %). Stripped bar represents low, light bar medium and full bar high concentration. 
low = 5 µg/mL, medium = 50 µg/mL, high = 150 µg/mL. Data represent mean ± SD, n = 3. significance level: *= p Җ 0.05. Figure 
is adapted from Rudolph, Völkl et al. (2021) and modified 
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For three out of four cell lines (J774A.1, STC-1, BNL CL.2), no significant ROS increase could be 

observed, regardless of size or concentration. Only in the case of ImKC a concentration-dependent 

significance could be observed for 1 ς 3 µm particles. A similar but insignificant trend could be 

observed for PS0.2µm and PS0.5µm. While Kupffer cells are known to react quickly and non-specifically 

with an increase in ROS to phagocytosis of particular matter, peritoneal (J774A.1 are ascites derived) 

macrophages respond less intensively [243,244]. This cell-specific reaction, furthermore, might explain 

the different findings in the literature. While some studies found a significant increase in ROS after 

treatment with MPP [35,87], others did not see changes in the ROS levels [78,99].  

Regarding the size, the highest impact was, comparable to the findings in the MTT assay, found for 

particles between 1 ς 3 µm. The higher uptake for this particle size can be the reason for the increased 

ROS compared to other particle sizes. To take a deeper look into this assumption, a gating strategy 

according to Figure 3 was applied (Figure 13A and B) to split the flow cytometry data into 

subpopulations with an increasing amount of PCI (NC = comparable to the negative control, I - V show 

increasing PCI). With the help of this gating strategy, ROS production could be directly related to the 

PCI (Figure 13C). Furthermore, this method could consider the number of cells in the respective 

population to determine the impact of the subpopulation on the entire population. The higher the 

number of cells per subpopulation, the higher the effect on the whole population.  

When looking at the subpopulations separately, a strong correlation between the PCI and the amount 

of ROS could be drawn. This analysis further explains the low response when looking at the whole cell 

population. Only for ImKC, a significant increase combined with a big cell population for high PCI could 

be found. E.g. for STC-1, the ROS amount increased significantly (200 ς 400 % compared to the 

negative control) for higher PCI, but the respective populations were too small (<5%) to impact the 

results for the entire population. Furthermore, for populations with low PCI, the amount of ROS even 

decreased below 100 % of ROS, especially among the macrophages. Defence mechanisms induced by 

cells with high PCI, e.g., the excretion of inflammatory factors or ROS antioxidants, could have affected 

cells with lower PCI, impacting their natural ROS equilibrium. Interestingly, the highest detected ROS 

responses were seen in the case of small (PS0.2µm and PS0.5˃ m) and large (PS6 m˃) MPP for all cell lines, 

except for BNL CL.2. Smaller particles have a higher surface-to-volume area, providing more possible 

spots for reactive groups, which could lead to a higher ROS production. For the PS6µm sized particles, a 

possibly low baseline defence due to the few PCI measured could be the reason for the high response 

in case of high PCI.  
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Figure 13 Correlation between ROS generation and PCI 

A: Representative gating strategy as established in 3.1.1. Gate NC represents cells with no particle interactions, I ς V show 
increasing PCI (SSC = side scatter, FSC = forward scatter). B: The increasing ROS intensity in relation to the gated PCI shown in 
A. C: Correlation between PCI, normalised ROS quantity, and gated cell count. ROS quantity was normalised (100%) to control 
cells incubated without particles. Size of the data points represents the % of the respective cell population. Cell population 
analysis was done for the high concentration from Figure 12 (150 µg/mL). Figure is adapted from Rudolph, Völkl et al. (2021) 
and modified 

 



66 
 

To gain more insight into the effects of the subpopulation, the cell proliferation was tracked via FC 

using CFSE staining with the same gating strategy as in Figure 13. Results of the CFSE are shown for the 

whole population (Figure 14A) and their respectively gated subpopulations (Figure 14B).  

 

Figure 14 CFSE dilution assay after 72 h of incubation with differently sized MPP 

The CFSE intensity for the respective cell lines is shown after 72 h of incubation with MPP. Data is normalised to the negative 
control (cells incubated without particles). As the CFSE intensity per cell decreases ǿƛǘƘ ŜǾŜǊȅ ŘƛǾƛǎƛƻƴΣ ƘƛƎƘŜǊ ǾŀƭǳŜǎ ŦƻǊ ά/C{9 
ƛƴǘŜƴǎƛǘȅέ ƛƴŘƛŎŀǘŜ ŀ ǊŜŘǳŎŜŘ ƴǳƳōŜǊ ƻŦ ŎŜƭƭ ŘƛǾƛǎƛƻƴs. (A) Analysis of the entire population for low (striped bars, 5 µg/mL) and 
high concentration (filled bars 150 µg/mL) (B) CFSE amount of the subpopulations (as in Figure 13). Data represent mean ± 
SD, n = 3 biological replicates, significance level against the negative control: *= p Җ 0.05. Figure is adapted from Rudolph, 
Völkl et al. (2021) and modified 
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Again, only ImKC cells showed a significant reaction with a decelerated proliferation for particles 

between 0.5 and 3 µm for the higher concentration. The other three cell lines showed no significant 

response to no concentration or size. A similar dependency of high PCI, comparable to the ROS analysis, 

was detected when analysing the subpopulations. These two findings are probably connected. It is 

known that increased levels of ROS affect cell proliferation [124ς126]. This has been shown for the 

treatment with nanoparticles as well [237]. Furthermore, microplastic-induced oxidative stress leads to 

DNA damage [245], which in turn affects cell proliferation.  

Once more, the importance of the cell phenotype has to be noted. Epithelial cell lines seemed to react 

to a lesser extent compared with the macrophages. This is most likely connected with the amount of 

PCI, which is significantly lower for epithelial cells but highly relevant for toxic effects. In addition, 

between both macrophage cell lines, significant differences were observed, with ImKC again reacting 

more sensitively compared to J774A.1. These differences were even more apparent when looking at 

subpopulations for increasing PCI, demonstrating that considering the whole cellular population for 

analysis of MPP effects might bias the final results, as correlations involving only small cellular 

subpopulations may be masked. 

Combining these results, the importance of the particle size could be shown. Already narrow size 

distributions might affect the cells differently, as seen for, e.g. PS0.2µm and PS0.5µm. Furthermore, the 

size is one of the main properties influencing the PCI and uptake mechanism, which in turn is highly 

important for the cytotoxicity, as can be seen for the low observed cytotoxicity for PS0.2µm and PS6µm, 

and the observed dependency when analysing the subpopulations.  

3.3.3. Influence of the protein corona design 

Another possible influencing factor to cellular effects might be the protein corona of the particles. Just 

recently, Jasinski et al. found a significant influence of a tailor-made protein corona on the PCI for STC-1 

and BNL CL.2 cells (1.2) [246]. Therefore, the same pre-coated particles (PS0.2µm and PS3µm; lysozyme, 

myoglobin, fibrinogen pre-coating, Table 7) were used to evaluate the metabolic activity via MTT assay 

for all four cell lines (Figure 15). 

Table 7 y -potential of the particles used in 3.3.3 

Particle -ypotential [mV] in KCl -ypotential [mV] in Growth medium 

PS0.2µm, lysozyme + 8.0 ± 0.1 - 27.2 ± 0.1 

PS0.2µm, fibrinogen - 8.6 ± 0.1 - 18.2 ± 0.4 

PS0.2µm, myoglobin - 13 ± 0.2 - 25.2 ± 0.2 

PS3µm, fibrinogen - 2.5 ± 0.1 - 36.3 ± 0.1 

PS3µm, lysozyme + 17.4 ± 0.3 - 36.4 ± 0.3 

PS3µm, myoglobin - 16.1 ± 0.2 - 37.1 ± 0.1 

Data represent mean + SD, n = 3. Data was measured by Julia Jasinski and is published in Jasinski et al. (2022) 
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Figure 15 MTT assay with protein-coated particles  

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without 
particles). Data represent mean ± SD, n = 3 biological replicates, significance level against the negative control: *= p Җ 0.05 
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No reduction in metabolic activity could be measured for both epithelial cell lines, regardless of size or 

concentration. The observed changes in PCI did not seem to affect the epithelial cells' viability. For 

J774A.1 and ImKC, a reduction in metabolic activity could be measured for PS0.2µm, fibrinogen. While a 

significant reduction could be measured for J774A.1, only for the highest concentration (43.5 µg/mL), 

ImKC cells showed a significant reduction already for 0.043 µg/mL. This reduction, though, was only 

low (80 % metabolic activity) and did not seem to be concentration-dependent. ImKC cells showed 

further a reduction for PS0.2µm, myoglobin (concentrations > 0.43 µg/mL). These results seem counter-

intuitive compared to 3.3.1 and 3.3.2 since PS0.2µm, fibrinogen induced the highest cytotoxicity despite their 

reduced PCI with cells. For 3 µm particles, a trend of a concentration-dependent reduction for 

fibrinogen coating could also be observed for J774A.1 and ImKC.  

Controversially, fibrinogen-coating is used to reduce the cytotoxicity of nanomaterials [247,248], and 

despite the reduced PCI, these particles showed the highest cytotoxicity. The here-found results, 

therefore, need to be treated carefully. However, it must be noted that while Jasinski et al. found 

traces of the pre-coating, the topmost coating layer formed changed during the incubation in the 

growth medium [246]. This change in composition could have also affected the particles' cytotoxicity. 

Further analysis is therefore needed to determine the effect of protein corona. 

3.3.4. Influence of monomer residues 

As yet, especially the surface of the particles was analysed. Another possible parameter might be 

residual monomers. Styrene monomers, e.g. are known to be toxic [249] when leaching from packing 

materials. To verify if this finding is true for PS-MPP as well, the influence of the residual monomer on 

the cytotoxicity was analysed. These results are processed ƛƴ ǘƘŜ ǎǳōƳƛǘǘŜŘ ǇŀǇŜǊ ά¢ƘŜ ǊƻƭŜ ƻŦ ǊŜǎƛŘǳŀƭ 

ƳƻƴƻƳŜǊǎ ƛƴ ǘƘŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴ ƻŦ όŎȅǘƻύǘƻȄƛŎƛǘȅ ōȅ ǇƻƭȅǎǘȅǊŜƴŜ ƳƛŎǊƻǇƭŀǎǘƛŎ ƳƻŘŜƭ ǇŀǊǘƛŎƭŜǎέ ōȅ ½ƘŀƴƎ 

et al. 2023. To assess the influence of the residual monomer, particles were synthesised in-house by 

emulsifier-free emulsion polymerisation and characterised (PSSHPA; number average molar mass (Mn) 

= 25370, diameter 515 ± 17 nm, -ypotential = - 26 mV) by the group of Prof. Greiner from Yuanhu 

Zhang. The cytotoxic effect of these particles was then compared to commercially available particles 

(PSMIPA; Mn = 33090, diameter 507 ± 7 nm, -ypotential = - 26 mV) in this work. The in-house 

synthesised particles were additionally purified by autoclaving and rapidly dialysed against 

methanol/water (50/50) mixed solvents to reduce the monomer residues to a minimum. Compared to 

the 99.26% purity of the PSMIPA, a 99.96% purity could be achieved for PSSHPA, resulting in a 20 x higher 

monomer burden for PSMIPA compared to PSSHPA. L929 cells, a known standard fibroblast cell line in 

toxicity testing, were subsequently used to assess the cytotoxicity of these different particles 

(concentration range: 0.1 µg/mL ς 1900 µg/mL) via the MTT assay (Figure S6). A significantly higher 

cytotoxicity for PSMIPA was found compared to PSSHPA for all particle concentrations except the highest. 
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Since all other tested parameters were comparable, the observed cytotoxicity was ascribed to the 

styrene monomer residues. However, other potentially cytotoxic surfactants can be present on the 

PSMIPA. While PSSHPA were synthesised by emulsifier-free emulsion polymerisation, residual proprietary 

surfactant might be present on PSMIPA. These surfactants often bear cytotoxic potential as well. 

However, as a conclusion from this study, it could be shown that monomer residue adds a further 

cytotoxic potential to MPP.  

3.3.5. Influence of the polymer type 

So far, experiments have been solely conducted with PS particles. Since the main focus in the first 

experiments did not depend on the polymer type but on other particle parameters, which are easy to 

control for PS particles (size and surface chemistry), using PS particles was sufficient. This pattern of 

using PS beads can be followed in the field of microplastic research as well, where over 50 % of studies 

ǿƻǊƪŜŘ ǿƛǘƘ t{ ƳƛŎǊƻǎǇƘŜǊŜǎ ŀƴŘ άƻƴƭȅ ŀ ŦŜǿ ǎǘǳŘƛŜǎ ŎƻƳǇŀǊŜŘ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ǇƻƭȅƳŜǊ ǘȅǇŜǎ 

όΧύ [for particles of similar size and shape] ƻƴ ƻǊƎŀƴƛǎƳǎέ [94]. Nevertheless, MPP pollution in the 

environment is highly polydisperse, with PP and PE as the main pollutant (combining about 70 % of 

total pollution), and PET, PVC or PS only combining about 20 % with about 10 % left for more 

specialised polymers [250,251]. The following section, therefore, uses PE and PVC beads as well as 

biological-based polymers (PLA and CA). These polymers were selected since beads in a similar size 

range, and y -potential (Table 8) were applicable, proving critical in the previous experiments. All four 

cell lines (J774A.1, ImKC, STC-1, BNL CL.2) were used for the experiments. These data are processed in 

the finished manuǎŎǊƛǇǘ ά/ŜƭƭǳƭŀǊ ŜŦŦŜŎǘǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ǇƻƭȅƳŜǊ ƳƛŎǊƻǇŀǊǘƛŎƭŜǎ ƻƴ ƳǳǊƛƴŜ ŎŜƭƭǎέ ōȅ 

Jasinski, Völkl et al.  

Table 8 Size and y-potential of the particles used in 3.3.5 

Particle Size [µm] -ypotential [mV] 

PS2µm 2.25 ± 0.15 - 30.7 ± 0.1 

PE1-4µm 1.80 ± 0.35 - 27.7 ± 0.6 

PVC1.4µm 1.40 ± 0.15 - 26.1 ± 0.2 

PLA2µm 1.75 ± 0.85 - 21.9 ± 1.3 

CA1.5µm 1.50 ± 0.40 - 6.9 ± 0.2 

Data represent mean ± SD, n = 3. Data was measured by Julia Jasinski 

To compare the data of these used particles and reduce the parameter to the used polymer, Julia 

Jasinski compared the PCI and ingestion of the particles by confocal microscopy. There were no 

significant differences in macrophage uptake rate for all particles except CA1.5µm. This reduced ingestion 

rate might be related to the lesser y-potential  for CA1.5µm compared to the other used particles. For 

the BNL CL.2 cell line, uptake was only observed for PS2µm particles and, interestingly, low uptake for 
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CA1.5µm. In the case of STC-1, no uptake was observed. However, PCI interactions were found for all 

used polymer particles. 

After verifying the PCI and uptake, which proved to be critical when estimating possible toxic effects 

(see 3.3.1), MTT and ROS assay were used to assess the effect of the chosen polymer. In the case of 

MTT, no distinct toxic effects could be measured in the applied concentrations, no matter the polymer 

type or the cell line (Figure 16). For PLA2µm, a trend towards a higher cytotoxicity (< 80 % metabolic 

activity) above concentrations of 150 µg/mL could be followed for macrophages. These data are 

comparable to the previous result, where only high concentrations above 150 µg/mL showed 

cytotoxicity. This indicates that the polymer does not significantly determine cytotoxic effects, but 

other parameters might be responsible for cytotoxicity. 

 

Figure 16 Metabolic activity after 24 h incubation with the different MPP polymers  

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without 
particles). Data represent mean ± SD, n = 3 biological replicates 
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Additionally, a ROS assay was conducted to complement the data for a high and a low concentration 

(Table 9, Figure 17).  

Table 9 Particle concentrations of the used polymer beads for the ROS assay in Figure 17 

Particle Low concentration [µg/mL] High concentration [µg/mL] 

PS2µm 0.44 43.54 

PE1-4µm 0.31 30.60 

PVC1.4µm 0.15 1.55 

PLA2µm 0.42 41.87 

CA1.5µm 0.87 87.04 

 

 

Figure 17 Intracellular ROS concentration in dependence of polymers  

Medium ROS of the whole cell population was measured by flow cytometry. Quantity is represented in relation to a negative 
control without particles (100 %). Light bars represent low, full bars high concentration (concentration used, see Table 9). Data 
represent mean ± SD, n = 3. significance level against the negative control: * = p < 0.05  

Especially PLA2µm and CA1.5µm particles showed a significant increase in ROS for both macrophage cell 

lines. CA1.5µm showed a small but significant increase in ROS for both epithelial cell lines as well. ImKC 

cells showed a significant increase in ROS after treatment with PE1-4µm. All increases, though, were only 

seen for the higher concentration used. Interestingly, the highest ROS increase was conducted by both 
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biological-based particles (CA1.5µm, PLA2µm). Contradictory biopolymers are often used as antioxidant 

coating agents in, e.g. food packing or medical implants [252]. However, the biopolymers in these 

applications are mainly used as coating agents and not in particulate shape. Furthermore, biological 

and intracellular degradation might be an affecting point when using biopolymers, albeit the 

incubation time (24h) in the used setup was quite short [253]. Either way, the effects of biodegradable 

particles need to be analysed more to understand possible mechanisms behind the observed ROS 

increase. The observed significant increase in ROS for PE particles was again only observed for the ImKC 

cell line, which was also the most sensitive in previous experiments. Once more, the phenotype of the 

cells is also highly important, as macrophages were more affected in MTT and ROS assay compared to 

epithelial cells. 

Comparable studies analysing the effect of particles other than PS beads on cells are rare. Some studies 

indeed used particles like PE, PVC, PP or PET [73,79,91,99], but particles were quite large (> 10 µm) and 

polydisperse. A direct comparison to other studies is therefore difficult since the particle size highly 

affects the uptake, and cytotoxic effects depend highly on the cellular interaction and uptake (3.3.1). 

Here, no matter the polymer, significant effects on the cytotoxicity could not be found either. Effects 

occurred only for high concentrations (> 150 µg/mL), comparable to results in 3.3.2. This indicates that 

effects are more induced by the particles themselves than the polymer used. However, this statement 

can only be made for inert polymer beads in laboratory conditions. Environmental conditions might 

alter particle properties differently for diverse polymers, which can affect the particles' cytotoxicity.  

3.3.6. Influence of artificial ageing of particles  

As previously mentioned, commonly used pristine PS particles do not necessarily replicate MPP found 

in the environment [100] due to the expected environmental degradation by mechanical stress or photo- 

and biotic-degradation [6,101,102], leading to a change in size and surface characteristics (physical and 

chemical) [83,94,103]. Therefore, in converging to more realistic particles, artificial weathering of PS2µm 

and  PS2µm, green via UV irradiation and mechanical stress was conducted to simulate environmental 

degradation and compare effects of these aged particles to pristine ones. These data are published in 

ǘƘŜ ǇŀǇŜǊ άPristine and artificially-aged polystyrene microplastic particles differ in regard to cellular 

responseέ by Völkl et al. (2022). Artificially aged PS2µm were prepared by and with the method of 

Meides et al. (2021), with irradiation times of 200, 400 and 600 h. These ageing times were used since 

their study also showed that mainly surface abrasion is happening in this period, but the particle size 

is not changing significantly. A low size change was necessary since particle size affects the uptake and 

cytotoxicity (see 3.3.2), which would be a change in more parameters (ageing and size), complicating 

the interpretation of the data. Due to the accelerated laboratory weathering (factor 5.2), these ageing 

times approximately correspond to 43, 86 and 130 days in the environment. Aged particles are 
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therefore called PS43, PS86 and PS130, respectively. ImKC cells were used since they proved the most 

sensitive in previous experiments.  

Before evaluating the cytotoxicity, the size and surface charge of the particles were analysed as 

important influencing factors by Julia Jasinski (Table 10).  

Table 10 Size and y-potential of the particles used in 3.3.6 

 MP size [µm] -ypotential [mV] 

PS2µm 1.5 ± 0.04 - 30.7 ± 0.1 

PS43 1.88 ± 0.05 - 33.9 ± 0.2 

PS86 1.49 ± 0.10 - 29.5 ± 0.1 

PS130 1.63 ± 0.22 - 26.4 ± 0.2 

Data represent mean ± SD, n = 3. Data was measured by Julia Jasinski and is published in Völkl et al. (2022) 

The size analysis by DLS revealed that the size did not change significantly, but the deviation increased 

with longer ageing times. The y-potential did not differ highly for the different treatments, with a 

slightly lower absolute value for PS130. Since the ageing of the particles should influence especially the 

surface, further characterisation was conducted. Using SEM, Julia Jasinski analysed the particles' 

morphology (Figure 18). While there was no difference in the morphology for PS2µm, PS43 and PS86, the 

longest ageing period seemed to influence the particles. A high frequency of cracks and a caving-in of 

the particles was observable, explaining the higher size deviation of the particles.  

  

Figure 18 Representative SEM pictures of the used particles at the respective ageing times 

Scale bar = 1 µm, samples were prepared and pictures were taken by Julia Jasinski. 
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In addition to the visual morphological analysis, the surface chemistry of aged particles was analysed 

by Nora Meides in Meides et al. (2021) since especially reactive groups on the surface are supposed to 

interfere with the cell's homeostasis. Due to UV irradiation, these reactive groups are promoted [107,108], 

which needs to be verified. Indeed, the measured O/C ratio increased exponentially at the surface, 

arguing for increasing amounts of carboxyl, peroxide, and keto groups [6]. As the final characterisation, 

the fluorescence intensity of the aged particles was measured since some of the assays depended on 

fluorescence analysis (Figure 19).  

   

Figure 19 Particle fluorescence measured using flow cytometry 

Shown is the green fluorescence of the particles for the respective weathering time using FC. At least 100,000 particles were 
measured for the quantification of the fluorescence. Figure is adapted from Völkl et al. (2022) and modified 

The fluorescence intensity and deviation of the particles decreased with increasing ageing time. Since 

fluorescence could be measured, though, FC and confocal microscopy were used to quantitatively and 

qualitatively analyse the uptake and interaction rate. First, the PCI measured by flow cytometry was 

compared between PS2µm, green, PS43 and PS130 (Figure 20). Here, no significant differences in the PCI 

between the used particles could be observed using the FSC/SSC method developed in 3.1.1. The 

differentiation between the amount of ingested particles via fluorescence proved more problematic. 

Due to the decreased fluorescence intensity, no distinct particle populations could be observed. 
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Figure 20 Representative gating strategy for the quantitative uptake of PS2µm, PS43 and PS130 

150,000 cells per well were seeded and treated with 150 ˃ g/mL fluorescent particles (PS2µm, PS43 and PS130) for 24 h. Shown is 
the gating strategy for investigating particle-cell interactions (PCI). Cells were initially evaluated by scatter properties 
όC{/κ{{/ύ ǘƻ ǎŜƭŜŎǘ ŀ ǊŜƎƛƻƴ όάŎŜƭƭǎέ ƎŀǘŜΣ ōƭŀŎƪ ƭƛƴŜύ ǊŜǇǊesenting single, nonapoptotic cells while disregarding debris and 
cellular aggregates. Upon uptake or cellular interactions of MP, the SSC fluorescence increased, allowing to define an 
additional sub-gate containing cells with particle interactions (PCI, red line). The gate PCI was set with the non-treated cells 
(i.e., control population without PCI (control) and then transferred to PS2µm, PS43 and PS130. The intensity of fluorescence of the 
cells in the PCI gate is depicted in the histogram representation (PS2µm (green line), PS43 (orange line) and PS130 (blue line)). 
Figure is adapted from Völkl et al. (2022) and modified 

A qualitative confirmation of the ingestion was done by Julia Jasinski by confocal microscopy [116]. Aged 

particles, no matter the ageing status, were similarly ingested as pristine ones.  

 

 



77 
 

Since no significant differences in PCI or ingestion were observed, and other particle properties like 

size and y-potential were similar as well, a comparison between PS2µm and PSaged was applicable. For a 

first estimation of the cytotoxicity, the MTT assay was used (Figure 21).  

 

Figure 21 MTT assay determines the metabolic activity of PSaged 

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without 
particles). Data represent mean ± SD, n = 3 biological replicates. Significance level: * = significantly lower compared to PSpristine 
within a concentration group, # = significantly lower than all previous data points within a concentration group, p < 0.05. 
Figure is adapted from Völkl et al. (2022) and modified 

Interestingly, when using concentrations (15 and 150 µg/mL) unharmful for the cell with PS2µm (see 

3.3.2), the artificial weathering of the particles induced an ageing-dependent cytotoxic effect. While 

for PS43 and PS86, the cytotoxicity was only increased for the higher concentration (150 µg/mL). In the 

case of PS130, which was the most affected by ageing according to the characterisation, effects were 

visible already for 15 µg/mL (63 % metabolic activity) and even higher for 150 µg/mL (48 % metabolic 

activity). However, while the MTT assay might be a useful tool for the first evaluation of toxic effects, 

it is affected by various biological aspects [113]. Therefore, further analysis of the mechanisms of toxicity 

on different biological levels were conducted. Membrane integrity, genotoxicity, oxidative stress and 

the immune response were analysed, identified as key parameters by various reviews [93,94,96]. First, to 

study the membrane integrity, an LDH assay was applied (Figure 22).  
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Figure 22 LDH assay used to determine the membrane integrity 

Data represents a correlation to lysed cells acting as control group (100 % LDH release). Data represent mean ± SD, n = 3. 
*  significantly higher compared to all other samples, p < 0.05. Figure is adapted from Völkl et al. (2022) and modified 

No significant LDH release was observed for PS2µm, PS43 and PS86, for neither low nor high 

concentration. Treatment with PS130, on the other hand, induced a concentration-dependent increase 

in LDH release. This release is likely associated with the morphological change of the PS130 compared 

to the other particles. Sharp edges and fragments presumably damaged the plasma membrane, 

resulting in a release of LDH and reduced metabolic activity, probably due to the reduced viability of 

the cells. MTT and LDH assays can be used as indicators of apoptosis (programmed process of 

autonomous cellular dismantling) and necrosis (passive, accidental cell death resulting from 

environmental perturbations), respectively [254], suggesting a hypothesis regarding the mechanism of 

action of the investigated MP. Whereas PS2µm neither induces apoptosis nor necrosis, the observed 

cytotoxic effects of PSaged could mainly be attributed to necrosis due to the highly significant effect in 

the LDH assay. However, some apoptotic processes cannot be ruled out. The MTT assay was conducted 

24 h post-treatment, at which the apoptosis process was assumably completed. Yet, the observed 

decrease in metabolic activity could also reflect a post-apoptotic secondary necrosis process [255].  

Other studies affirm the observed membrane damage. Studies found increased effects triggered by 

irregular microplastic fragments for human cell lines and primary blood cells [256,257], while preserved 

smooth spherical morphologies showed no effect on the plasma membrane integrity. This concludes, 

that the morphology of the particles seems to be a toxicity mechanism.  

 

 



79 
 

Subsequently, genotoxicity triggered by the treatment with the microparticles was analysed by the 

COMET assay (Figure 23). 

 

Figure 23 COMET assay to estimate the genotoxicity  

Pictured is the percentage of Tail DNA for the respectively treated cells. Data are represented with whisker boxplots showing 
the 25% and 75% quartile, with the whiskers representing the maximal and minimal values. Outliers are defined as 1.5 times 
the 25% and 75% quartile threshold values and are represented as diamonds outside the box plot. The median is indicated as 
a black line and the mean value as a black square. Sorted particles by single-cell sorting were used to determine the influence 
of the PCI on genotoxicity. Control (n = 314), H2O2 (n = 59), PS2µm 15 ˃ g/mL (n = 418), PS2µm 150 ˃ g/mL (n = 324), PS2µm sorted 
particles 150 ˃g/mL (n = 20), PS43 15 ˃ g/mL (n = 103), PS43 150 ˃ g/mL (n = 107), PS86 15 ˃ g/mL (n = 71), PS86 150 ˃ g/mL (n = 
71), PS130 15 ˃ g/mL (n = 72), PS130 150 ˃ g/mL (n = 102). * significantly higher compared to control, # significantly higher within 
MP-treated groups, + significantly higher than all other groups, p < 0.05. Figure is adapted from Völkl et al. (2022) and modified 

No significant influence for 15 µg/mL treatments was found. Slight and comparable increases in tail 

DNA percentage compared to the negative control (14.98 %) for the higher treatment concentration 

(150 µg/mL) could be observed for PS2µm, PS43 and PS86 (21.84 %, 18.05 %, 19.55 %). PS130 treated cells 

showed a significant increase in tail DNA percentage with 33.69 % for the higher concentration. 

Noticeably, a relatively high deviation was measured. This could be associated with the different 

amounts of PCI for the respective cells. Cells with a higher PCI rate might show an increased tail DNA 

compared to cells with few particles, comparable to the findings in 3.3.2 and the PCI-dependent ROS 

increase. To verify this, cells with a high PCI were sorted via fluorescence single-cell sorting. Only 

PS2µm, green could be used since the fluorescence of the aged particles was too low for sorting. Indeed, 

the measurement deviation could be narrowed to the expected upper sector for high PCI, arguing 

again for a PCI dependency.  

Studies regarding the genotoxicity of MP in vivo in comparable size ranges are rare. However, when 

considering nanoplastic, more predictions might be made. Shi et al. (2022) compared the genotoxicity 

of 80 nm and 2µm PS particles with COOH and NH2 surface functionalisation [258]. Here, the smaller 

particles with NH2 functionalisation showed the highest genotoxicity on A549 (human cancerogenic 


























































































































































