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ZUSAMMENFASSUNG

Zusammenfassung

Plastik ist aus unserer heutigen Gesellschaft nicht mehr wegzudenken. Ob elektronische Tech-
nik, Autoreifen, Kleidung oder Verpackungsmaterial, iiberall sind Kunststoffe enthalten. Da-
bei ist seit einigen Jahrzehnten nicht nur das Problem der Umweltverschmutzung mit Makro-
plastik, sondern auch Mikroplastik bekannt. Mikroplastik kann dabei aus Abrieb oder Bewit-
terung durch Umwelteinfliisse von groferen Plastikfragmenten entstehen. Uber die Nahrung
oder die Atemluft kénnen Mikroplastikpartikel in den Organismus gelangen. Verschiedene
Studien zeigten bereits eine Akkumulation von Mikroplastikpartikeln in diversen Organen,
wobei nach wie vor nicht klar ist, wie lange Polymerpartikel im Korper verbleiben, unter
welchen Voraussetzungen sie wieder ausgeschieden werden kénnen und welche Effekte sie im
Organismus hervorrufen. Da Mikroplastik sehr komplex ist, konnten die Auswirkungen noch
nicht vollsténdig erfasst werden. Es ist bekannt, dass eine Aufnahme und daraus resultierende
Effekte von der Form (Sphéren vs. Fasern vs. Fragmente), der Zusammensetzung (reines Poly-
mer vs. dem Vorhandensein von Additiven), oder auch dem Vorhandensein einer Eco-Corona
abhéngig sein konnen. Insbesondere Bakterien, organische Materialien, oder auch Umweltgifte
kénnen an der Mikroplastikoberfliche adsorbieren und somit in den Organismus gelangen, wo
sie unterschiedliche, bis heute nicht geklirte Effekte auslosen konnen. Um die Auswirkungen
von Mikroplastik abbilden zu konnen, sind derzeit noch Modelle notwendig. Dafiir wurden
in der vorliegenden Arbeit sphérische Polymerpartikel und murine Zelllinien verwendet. In
diesem Zusammenhang wurden Modellpartikel, namentlich Celluloseacetat (CA) und fluores-
zierende Polystyrol (PS) selbst hergestellt, andere zugekauft.

In einer ersten Studie wurden die Interaktionen von murinen Makrophagen (J774A.1, ImKC)
und Epithelzellen (STC-1, BNL CL.2) mit gut charakterisierten PS Partikeln unterschiedli-
cher Grofe (0,2- 6,0 pm) untersucht. Es wurde erwartet, dass Makrophagen die Partikel aktiv
aufnehmen, was in dieser Studie bestétigt werden konnte. Epithelzellen beider untersuchter
Zelllinien nahmen Mikropartikel nicht in signifikanter Zahl auf. Anzeichen fiir zelluldren Stress
sowie Auswirkungen auf die Zellproliferation wurden bei Zellpopulationen mit hoher Partikel-
Zellinteraktion beobachtet.

In einer zweiten Studie lag der Fokus auf der Ausbildung einer Protein-Corona unter definier-
ten Laborbedingungen an PS Partikeln, um den Einfluss dieser auf Partikel-Zellinteraktionen
und die Aufnahme in zwei Epithelzelllinien zu untersuchen. Um die Bildung einer Protein-
Corona, zu steuern, wurden die Partikel mit Modellproteinen vorbeschichtet und anschlieffend
in serumhaltigem Zellmedium inkubiert. Dabei konnte gezeigt werden, dass die Partikelhisto-

rie einen signifikanten Einfluss auf die Zusammensetzung der Protein-Corona und damit auf
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die Interaktion der Partikel mit Zellen hat.

In einer dritten Studie wurden die Oberflicheneigenschaften und die chemische Zusammenset-
zung von zwei handelsiiblichen, nominell identischen PS Mikropartikeln, die hiufig in Effekt-
studien verwendet werden, charakterisiert. Es liefsen sich deutliche Unterschiede im Monomer-
gehalt, dem (-Potential und der Oberflichenladungsdichten identifizieren. Zellen, die Partikeln
ausgesetzt waren, die ein starker ausgepriagtes (-Potenzial und einen héheren Monomergehalt
aufwiesen, zeigten eine hohere Partikelinteraktion und daraus folgend einen Riickgang des
Zellstoffwechsels und der Proliferation, insbesondere bei hoheren Partikelkonzentrationen.

In einer vierten Studie wurden Mikropartikel aus konventionellen Polymeren wie PS, Poly-
ethylen (PE), Polyvinylchlorid (PVC) und biologisch basierten Polymeren wie Polymilchsdure
(PLA) und CA verwendet, um die Aufnahme verschiedener Polymerpartikel und deren zellulé-
ren Effekte auf Makrophagen und Epithelzellen zu analysieren. Die Mikropartikel wiesen eine
geringe Differenz im Durchmesser auf, was einen Vergleich der zelluldren Wirkungen in Abhé&n-
gigkeit vom Polymertyp ermdglicht. Trotz der unterschiedlichen Partikeleigenschaften wurde
die Aufnahme von Polymerpartikeln durch Makrophagen beobachtet, wihrend Epithelzellen
nur PS Partikel aufnahmen. Dabei spielte insbesondere fiir Makrophagen das (-Potential der
Mikropartikel und die daraus resultierende Zusammensetzung der Protein-Corona eine ent-
scheidende Rolle fiir die Aufnahme.

In einer fiinften Studie lag der Fokus auf der Verteilung von PS Partikeln wihrend der Zell-
teilung in murinen Makrophagen und der Analyse der Exkretion der Partikel. Die Verteilung
wahrend der Zellteilung scheint zufillig zu sein und es wurde keine aktive Exkretion von
Partikeln beobachtet. Um den intrazellularen Verbleib der Partikel zu analysieren wurden
bestimmte Organelle auf eine Ko-Lokalisation untersucht. Wahrend alle Partikel, unabhéngig
von ihrer Groke, eine Ko-Lokalisation mit dem Zytoplasma zeigten, wurden kleinere Partikel
in Verbindung mit Endosomen und dem endoplasmatischen Retikulum gefunden.

In einer letzten Teilarbeit sollten Leberzellsphiroide angeziichtet, sowie deren Interaktion mit
PS Partikeln untersucht werden. Hierbei sollten zusédtzlich neue PS Partikel fiir die Verwen-
dung in verschiedenen Zellkulturmodellen etabliert werden. Beziiglich der Oberflicheneigen-
schaften und der Partikel-Zellinteraktion wurden Unterschiede zu den kommerziell erwerbba-
ren Partikeln festgestellt. Dabei zeigte sich auch eine Translokation der Mikropartikel in den
Sphéroiden, was die Notwendigkeit der Verwendung von 3D Zellmodellen in der Mikroplastik-

forschung unterstreicht.



SUMMARY

Summary

It is impossible to imagine today’s society without plastic. Whether electronic technology, car
tyres, clothing or packaging material, plastics are everywhere. For several decades, not only
the problem of environmental pollution with macroplastics but also microplastics has been
known. Microplastics can result from larger plastic fragments by abrasion or weathering due
to environmental influences. Microplastic particles can enter the organism through food or
the air we breathe. Various studies have shown an accumulation of microplastic particles in
various organs, although it is still not clear how long polymer particles remain in the body,
under what conditions they can be excreted again, and what effects they cause in the orga-
nism. Since microplastics are very complex, it has not yet been possible to fully assess their
effects. It is known that uptake and effects can depend on the shape (spheres vs. fibers vs.
fragments), the composition (pure polymer vs. the presence of additives), or even the pre-
sence of an eco-corona. In particular, bacteria, organic materials, or environmental toxins can
adsorb on the microplastic surface and thus enter the organism, where they can trigger va-
rious effects that have not yet been clarified. To be able to depict the effects of microplastics,
models are currently still necessary. For this purpose, spherical polymer particles and murine
cell lines were used in the present thesis. Some model particles, namely cellulose acetate (CA)
and fluorescent polystyrene (PS) were directly produced, others purchased.

In a first study, the interactions of murine macrophages (J774A.1, ImKC) and epithelial cells
(STC-1, BNL CL.2) with well-characterized PS particles of different sizes (0.2- 6.0 pm) were
investigated. Macrophages were expected to actively engulf the particles, which was confirmed
in this study. Epithelial cells of both investigated cell lines did not take up microparticles in
significant numbers. Indications of cellular stress as well as effects on cell proliferation were
observed in cell populations with high particle-cell interaction.

In a second study, the focus was on the formation of a protein corona under defined laboratory
conditions on PS particles to investigate its influence on particle-cell interactions and uptake
in two epithelial cell lines. To control the formation of a protein corona, the particles were
pre-coated with model proteins and then incubated in a serum-containing cell medium. It
was shown that particle history has a significant influence on the composition of the protein
corona and thus on the interaction of the particles with cells.

In a third study, the surface properties and chemical composition of two commercially availa-
ble, nominally identical PS microparticles, which are frequently used in effect studies, were
characterized. Significant differences in monomer content, (-potential, and surface charge den-

sity could be identified. Cells exposed to particles that had a more pronounced (-potential
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and higher monomer content showed higher particle interactions and consequent decrease in
cell metabolism and proliferation, especially at higher particle concentrations.

In a fourth study, microparticles of conventional polymers such as PS, polyethylene (PE), po-
ly(vinyl chloride) (PVC), and biologically based polymers such as poly(lactic acid) (PLA) and
CA were used to analyze the uptake of different polymer particles and their cellular effects on
macrophages and epithelial cells. The microparticles have a narrow size range, which allows
a comparison of cellular effects depending on the polymer type. Despite the different particle
properties, the uptake of polymer particles by macrophages was observed, whereas epithelial
cells only took up PS particles. Especially for macrophages, the (-potential and the resulting
protein corona composition of the microparticles played a decisive role in the uptake.

In a fifth study, the focus was on the distribution of PS particles during cell division in murine
macrophages and the analysis of the excretion of the particles. The distribution during cell di-
vision appears to be random, and no active excretion of particles was observed. To analyze the
intracellular fate of the particles, specific organelles were examined regarding co-localization.
While all particles, regardless of size, showed co-localization with the cytoplasm, smaller par-
ticles were found associated with endosomes and the endoplasmic reticulum.

In a sixth project, liver cell spheroids were grown and the interaction with PS particles was
investigated. In addition, new PS particles should be developed for use in various cell cul-
ture models. With regard to surface properties and particle-cell interactions, differences were
found compared to commercially available particles. A translocation of the microparticles in
the spheroids was observed, which underlines the necessity of using 3D cell models in micro-

plastic research.



1 EINLEITUNG

1 Einleitung

1.1 Plastik und Mikroplastik

Plastik ist aus der heutigen Welt nicht mehr wegzudenken. Ob in technischen Geréten, Reifen,
Kosmetikartikeln, Verpackungen oder auch Kleidung, all diese Gegensténde bestehen komplett
oder teilweise aus Plastik. Und das hat verschiedene gute Griinde. Materialien aus Plastik sind
vergleichsweise billig, leicht, wenig Wirme- und elektrisch leitfihig, bestidndig gegeniiber che-
mischer, biologischer und physikalischer Zersetzung, und vergleichsweise einfach herzustellen
|[1H6]. Die Entdeckung und Herstellung von Bakelit, dem ersten vollsynthetischen Plastik,
durch Leo Hendrick Baekeland im Jahre 1907 stellt einen wichtigen Meilenstein fiir industriell
produzierte Kunststoffe dar |2, 6-8]. Seit den 1930 - 1940er Jahren sind die auch heute noch
hauptséchlich verwendeten Plastikarten, Polystyrol (PS), Polymethylmethacrylat (PMMA)
und Polyolefine, industriell im grofen Mafstab herstellbar |8, 9]. Seitdem steigt sowohl der
Bedarf als auch die Produktion an Plastik j&hrlich |3, [8HL1]. Im Jahr 2020 wurden weltweit
367 Millionen Tonnen Plastik produziert [11]. Fiir Europa waren die meistproduzierten Pla-
stikarten dabei Polypropylen (PP), Polyethylene (PE) und Polyvinylchlorid (PVC) [11].
Aber was ist Plastik eigentlich? ,Plastik®, aus dem Griechischen plastikos was ,formbar” be-
deutet, ist die gidngige Bezeichnung fiir eine Vielzahl von synthetischen oder kiinstlichen Po-
lymeren [8, 9]. Laut ISO-Definition ist Plastik ,Material, das als wesentlichen Bestandteil ein
hochmolekulares Polymer enthdlt und das in einem bestimmien Stadium seiner Verarbeitung
zu Fertigerzeugnissen durch Fliefen geformt werden kann® |12, |13]. Damit fallen alle syn-
thetischen Polymere mit zugesetzten Additiven, sowie stark verdnderte natiirliche Polymere
unter die Definition Plastik [13]. Biologisch basierte, weniger verénderte Polymere, z.B. ge-
farbte Naturfasern wie Wolle oder Baumwolle, sind damit per Definition kein Plastik, sondern
natiirliche Polymere. Weitere natiirliche Polymere sind z.B. Proteine und Polysaccharide wie
Seide, Cellulose, Alginat oder Agar (Abb. 1)) [8, 13]. Konventionelles Plastik basiert auf Erdsl,
allerdings ist seit einigen Jahren auch so genanntes ,Bioplastik* verfiigbar, welches auch als
Biokunstoff bekannt ist, und entweder biologisch abbaubar ist und/oder auf nachwachsenden
Rohstoffen basiert |[14H19|. Beispielhaft fiir auf biologischen Monomeren basierende Polymere
sind dabei Polymilchsédure (PLA) oder Polybutylensuccinat (PBS). Davon zu unterscheiden
ist biobasiertes Plastik, welches auf natiirlichen Polymeren basiert. Dazu zéhlen Stérke (und
ihre Derivate), Cellulose (und ihre Derivate) oder Polyhydroxyalkanoate (PHA) |15, |17} (18]
20
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Abbildung 1: Darstellung der chemischen Strukturen einiger ausgewéhlter synthetischer und
natiirlicher Polymere. Synthetische Polymere werden oft mit Additiven, wie Weichmachern,
Farbpartikeln oder Flammschutzmitteln, versetzt und als Kunststoffe (,,Plastik “) bezeichnet.
Die hier dargestellten synthetischen Polymere sind typische Grundbausteine fiir petrolbasierte,
konventionelle Kunststoffe. Eine Ausnahme stellt PLA dar, welches sowohl auf nachwachsen-
den Rohstoffen basiert als auch biologisch abbaubar ist und damit als Biokunstoff bezeichnet
wird. Protein: R= Rest (Aminoséure).

Bioabbaubares Plastik wird mit Hilfe von Mikroorganismen (Bakterien, Hefen und Pilzen)
zuerst fragmentiert, durch spezielle Enzyme in die entsprechenden Monomere zersetzt und an-
schlieend assimiliert, sodass nach vollstindigem Abbau lediglich Wasser, Kohlenstoffdioxid
und Biomasse verbleiben [15H21|. Biokunststoffe haben in den letzten Jahren immer mehr
an Bedeutung gewonnen, denn konventionelles Plastik hat einen gewaltigen Nachteil: durch
seine groke Widerstandsfihigkeit ist es nicht einfach abbaubar, sondern muss verbrannt oder
recycelt werden |8} 22-25]. Allerdings sind nicht alle Polymerarten gleich gut zum Recyceln
geeignet, und die Verwendung von Additiven erschwert dies zusétzlich [22, 25-H27|. Zusammen
mit dem geringen Preis und der einfachen Verfiigharkeit fiihrt es oft dazu, dass Plastikartikel
durch ungeeignete Entsorgung, sei dies unbeabsichtigt beispielsweise durch veraltete Miillde-
ponien oder beabsichtigt durch beispielsweise simples Entsorgen in der Natur, in der Umwelt
landen [25) 28+430|. Allerdings steigt der Anteil an recyceltem und fiir die Energiegewinnung
genutztem Plastik stetig |11} [18]. So erhéhte sich der Anteil von recyceltem Plastik im Zeit-
raum von 2006-2020 in der EU um 177 %, der Anteil von zur Energiegewinnung genutzten
Plastik um 77 % und der Anteil des Plastikmiills, der auf der Abfalldeponie landete, verrin-
gerte sich um 46 % [11].

Nichtsdestotrotz bestand viele Jahre, und besteht noch heute, ein Problem mit der geeigneten

Entsorgung. So gelangen jedes Jahr Millionen Tonnen an Plastikmill in die Umwelt |25, [27)
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31, [32|. Neben direkten Einfliisssen durch grofe, mit dem blofen Augen erkennbaren, Plastik-
stiicken (= Makroplastik) ist seit den 1970er Jahren das Thema Plastikverschmutzung der
Meere bekannt und hat durch verschiedene neue Erkenntnisse an Bedeutung gewonnen |13,
32-36]. Dabei wurde von Thompson et al. 2004 das erste Mal von Mikroplastik als mikrosko-
pisch kleinem Plastikmiill gesprochen |35, 37|. Hier haben sich die ersten Studien ebenfalls
auf die Einfliisse auf die marine Umgebung bezogen [30, 35, 38-46|. Heute wird Mikroplastik
als Plastik mit einer Grofe zwischen 5 mm und 0,1 pm charakterisiert |13} 42, 47, |48|. Andere
Definitionen gehen von einer Grofe zwischen 1 mm und 1 pm aus [6, 13| |38]. Damit wird
Mikroplastik von Makroplastik (> 5 mm) und Nanoplastik (1- 100 nm, beziehungsweise <
1 pm) abgegrenzt 6, 13, |49]. Der Begriff Mikroplastik inkludiert verschiedene Formen. So

wird zwischen sphérischen Partikeln, Fasern, Fragmenten, Schdumen und Filmen unterschie-

den (ADBb. 2) [6, [13] (501 /54].

Partikel — Priméres Mikroplastik

~

Fragmente

Fasern

~ Sekunddres Mikroplastik

Folien

K Mikroplastik Sehiume

@@

Abbildung 2: Schematische Darstellung der unterschiedlichen Formen von Mikroplastik. Die
Unterteilung von Mikroplastik erfolgt anhand der Form (Partikel, Fragmente, Fasern, Folien
oder Schiume) und anhand des Ursprungs (priméres vs. sekundéres Mikroplastik). Dabei fal-
len Partikel hiufig in die Gruppe des primaren Mikroplastiks, die anderen Formen entstehen
meist durch Abrieb oder Verwitterung von groferen Plastikteilen und fallen in die Gruppe
des sekundéren Mikroplastiks. Die in der vorliegenden Arbeit hauptsichlich verwendeten Mi-
kroplastikpartikel wurden farblich hervorgehoben.

Aber Mikroplastik ist nicht gleich Mikroplastik, es wird auch anhand seiner Herkunft diffe-
renziert. Priméres Mikroplastik sind demnach Mikroplastikpartikel, welche in dieser Grofe
produziert wurden (Abb. 3| (1)) [3, 137, |39} 55, 56]. Dem gegeniiber steht sekundéres Mikro-
plastik, welches durch Bewitterung in der Umwelt (beispielsweise durch UV-Strahlung) oder
Abreibung entstandene Plastikfragmente umfasst (2)) |37, 39, [40L 47, |56|. Browne et
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al., zeigten dabei ebenfalls auf, dass beispielsweise auch der Abrieb von Kleidung durch Wa-
schen in der Waschmaschine Mikrofasern verursacht |55, [57-59|. Diese resultieren ebenfalls,
abhingig von der Filtration des Waschwassers und dem Kleidungsstoff, in Mikroplastikfasern
[55 58, 59]. Derzeit kann davon ausgegangen werden, dass priméres Mikroplastik hauptséch-
lich aus sphérischen Partikeln besteht, wihrend sekundéires Mikroplastik aus verschiedenen
Formen zusammengesetzt ist [13} 39, 60]. Trotz vieler Jahre intensiver Forschung sind die Aus-

wirkungen auf die verschiedenen Ebenen in der Umwelt nach wie vor grofteils nicht geklart.

1.2 Awuswirkungen von Mikroplastik auf die Umwelt
1.2.1 Umwelt, Tiere und Modellorganismen

Um die Bedrohungen unseres Planeten einordnen zu kénnen und daraus die Grenzen festzu-
legen, innerhalb derer die Menschheit sicher agieren kann, wurde das Konzept der planetary
boundaries (planetare Grenzen) von Rockstrom et al. 2009 eingefiihrt [61-63]. Dabei werden
neben dem Klimawandel, der Ubersiuerung der Ozeane, dem stratosphirischen Ozonabbau,
der atmosphérischen Aerosolbelastung, dem Siiftwasserverbrauch, der Landnutzungsinderung,
den biochemischen Stromungen von Phosphor und Stickstoff, der biosphérischen Integritit
(unterteilt in genetische und funktioneller Diversitét), auch chemische Verschmutzung, be-
ziehungsweise neuartige Verbindungen, als Bedrohungen eingeordnet [61-63|. Galten nach
Steffen et al., 2015 noch der Verlust der genetischen Diversitdt und der Stickstoffstromung
als Hauptbedrohung, wurden durch Persson et al., 2022 zusétzlich der Verlust der funktio-
nellen Diversitdt, die Phosphorstromung und neuartige Verbindungen als Hochrisiko fiir den
Planeten dargestellt |63, 64]. Unter den Bereich der neuartigen Verbindungen fallen neben
radioaktive Substanzen und Schwermetallen auch eine weiter Bereich an organischen Verbin-
dungen, wie beispielsweise Kunststoffe. Damit wurde im Jahr 2022 Plastikverschmutzung als
eine von vielen Bedrohungen fiir den Planeten beschrieben, nach Persson et al. sogar als die
mit dem hochsten Risiko [61H64].

Als erste Publikation iiber die Gefahr der Plastikverschmutzung in der marinen Umwelt gilt
Carpenter und Smith et al. aus dem Jahr 1972 |33, 65]. Seitdem steigen die wissenschaft-
lichen Bemiihungen den Einfluss von Plastik in der Umwelt zu analysieren. Dabei konnten
neueste Erkenntnisse die Auswirkungen der Plastikverschmutzung in der Umwelt aufzeigen.
Uber Wind, Regen und Meeresstromungen verteilt sich Mikroplastik auch in die entlegen-
sten Gebiete, was darin resultiert, dass nahezu iiberall, auch in Gebieten, die weit entfernt
von menschlicher Zivilastion liegen, Mikroplastik gefunden werden konnte |66/68|. Diese Ge-

biete umfassen sowohl Meere [41, 44, 47, 50, |69} 70|, Fliisse und Seen [71-76|, Boden [65,
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77H79| als auch Schnee [80-84], Meeresboden [43] |45, 85, 86| und, ganz allgemein, die Luft
[87-91]. Die Mikroplastik-Konzentration unterscheidet sich dabei stark, je nachdem, wo die
Analysen vorgenommen wurden. So wurde in der Themse eine Mikroplastik-Konzentration
von 22-297 Partikel pro Liter identifiziert [92]. Allerdings erschwert das Fehlen einer stan-
dardisierten Methodik der Probenname eine eindeutige Aussage. So beschrieben Lindeque et
al., dass bei der Verwendung eines Netzes mit 100 pm Maschenweite zur Probenentnahme
2,5-fach mehr Mikroplastik gefunden wurde als bei der Verwendung eines Netzes mit 333 pm
Maschenbreite [93]. Auferdem wird darauf hingewiesen, dass die Mikroplastik-Konzentration
in der Umwelt unterschitzt werden konnte und bei iiber 3700 Mikroplastikpartikeln /m? liegt
[93]. Zusitzlich muss erwahnt werden, dass bei den wenigen umfassenden Erhebungen, die es
derzeit gibt, zusitzlich unterschiedliche Mafstébe (beispielsweise Anzahl der Partikel oder Ge-
wicht der Partikel) und unterschiedliche Einheiten (wie 1, m3, km?) verwendet werden, was zu
nicht miteinander vergleichbaren Informationen aus aller Welt fiihrt [94]. Einmal in der Um-
welt, konnen Pathogene (wie Bakterien), persistente organische Schadstoffe (engl. persistent
organic pollutants, POPs) oder Schwermetalle an der Oberfliche des Mikroplastiks adsorbie-
ren (Abb. 3| (3)) [955100]. POPs kommen in Oberflichengewissern und Sedimenten vor und
adsorbieren natiirlicherweise an organischen Phasen wie beispielsweise Sedimenten oder an-
deren partikuldren Stoffen [101]. Beispiele fiir diese Schadstoffe (POPs) sind polychlorierte
Biphenyle (PCBs), polyaromatische Kohlenwasserstoffe (PAHs), chlororganische Pestizide (z.
B. DDT, HCH), polybromierte Diphenylether (PBDEs), aber auch Pharmazeutika wie Anti-
biotika und Anti-Depressiva |[L00HL03|, wobei viele nachweislich toxisch oder karzinogen sind
[104H108]. Pathogene wie Bakterien konnen dabei einen Bakterienfilm (,,Biofilm®), auf der Mi-
kroplastikoberfliche ausbilden, wobei die hydrophobe Mikroplastikoberfliche die Biofilmbil-
dung stimuliert |97} |109-113|. Die Ansiedlung von Bakterien fithrt potentiell zur biologischen
Degradation der Polymere, wodurch es wiederum zur Freisetzung von Plastik-assoziierten
Chemikalien kommt 111} 112, |114, 115|. Da durch die UV-Strahlen Mikroplastik teilweise
zerfallt und sich daraus resultierend die Oberfliche und die Polaritit erhoht, begilinstigt die
Alterung des Mikroplastiks ebenfalls die Biofilmbildung [112} 116118]. Zusammengenommen
fiihrt die Biofilmbildung zu einer Verdnderung der Plastikoberfliche und damit zum vertika-
len Transport des Mikroplastiks, also beispielsweise dem Absinken in einem marinen System,
wodurch es fiir marine Organismen verfiighar wird [97, 112, 118, |119|. Zusétzlich kann Mikro-
plastik durch sein hohes Oberflichen/Volumen-Verhéltnis diverse Schadstoffe oder Pathogene
effizient sorbieren und konzentrieren, sowie als Transportmittel fiir die Selbigen agieren, was

die Gefahr durch Mikroplastik erhoht [99, 102, 120, 121]. Interessanterweise differenzieren die
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Polymerarten in der Effizienz der Sorption verschiedener hydrophober organischer Verbindun-
gen, wobei PS in Studien 8-200 Mal mehr PAHs sorbierte als PE oder PP [100, (102} 122].
PS zeigt dabei eine mesoporische Oberfliche und amorphe Polymerketten, wihrend PE als
nicht-pords beschrieben wird [100} [123]. Somit héngt die Effizienz der Sorption unterschied-
licher POPs von der molekularen Struktur und der Zusammensetzung des Mikroplastiks ab

[100], [102} [103).

~»

S
Eintragung
/- Mikroplastik

Verteilung \ ‘/ 6 F ®
e M

Abbildung 3: Schematische Darstellung der Eintragungs- (1-3) und Verteilungswege (4-7) von
Mikroplastik in der Umwelt. Durch unsachgeméfe Entsorgung gelangen kleine Plastikpartikel
in die Umwelt (= priméres Mikroplastik, 1). Des Weiteren kann Makroplasik durch Verwit-
terung, UV-Strahlung, mechanischen Abrieb, etc., in Mikroplastik zerfallen (= sekundires
Mikroplastik, 2). In der Umwelt konnen Pathogene, wie beispielsweise Bakterien, und Schad-
stoffe an der Oberfliche der Mikroplastikpartikel adsorbieren (3). Diese Mikroplastikpartikel
kénnen von verschiedenen Organismen, wie beispielsweise marinen Filtrierern (Muscheln, Phy-
toplankton ...) aufgenommen werden und somit in die Nahrungskette gelangen (4). Einmal in
der Nahrungskette, akkumuliert das Mikroplastik in den unterschiedlichen Organismen (5). So
wurde in Organismen, die weiter oben in der Nahrungskette stehen, eine héhere Konzentration
an Mikroplastik gefunden (6). Auch Menschen nehmen, durch verschiedene Eintragungswege
wie dem Verzehr von bestimmten Lebensmitteln, beispielsweise Fisch, oder aber auch durch
Einatmen, Mikroplastik auf (7).

Durch die Verteilung des Mikroplastiks in der Umwelt kann dieses von verschiedenen Organis-
men aufgenommen werden und somit in die Nahrungskette gelangen [7], 40} 124-126|. Dieser
Prozess wird auch als trophische Verteilung bezeichnet |94, |127), 128]|. In der marinen Um-
welt gelangen Mikroplastikpartikel meist durch so genannte Filtrierer (Muscheln, Schwimme,
Plankton, ...), welche ihre Nahrung undifferenziert aufnehmen, in die Nahrungskette
(4)) 94, |124} 127, 129, |130|. Durch das Fressen dieser, in der Nahrungskette am Anfang ste-
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henden, Filtrierer konnen die Mikroplastikpartikel auch in andere Organismen aufgenommen
werden (Abb. 3| (5)) [127, (130, [131]. Andere Organismen konnen durch Verwechslung oder
basierend auf sensorischen, wie beispielsweise visuellen oder olfaktorischen, Signalen ebenfalls
Mikroplastik aufnehmen [130} [132H135]. Generell nehmen pelagische Organismen wie Zoo-
plankton oder Phytoplankton eher weniger dichtes und damit schwimmendes Plastik (PE,
PP) auf, wihrend benthische Organismen wie Wiirmer oder Mollusken eher dichteres Pla-
stik (PS, PVC) aufnehmen, da dieses eher zu Boden sinkt und somit fiir diese Organismen
verfiighar wird [40} 118, (129, 136-H138]. Dabei kann Mikroplastik im Laufe der Zeit immer
weiter in den jeweiligen Organismen akkumulieren. Thompson et al., und Andrady et al.,
zeigten allerdings, dass verschiedene marine Organismen in der Lage sind, ungewollte Mate-
rialien wie Sediment oder Partikel auszuscheiden, ohne dass diese Schiden verursachten |39,
124] 1139]. So konnte gezeigt werden, dass Ringelwiirmer (Annelida) und Wenigborster (Oli-
gochaeta) Mikroplastik mit anderen Fékalien ausschieden [35, 124]. Grofiere Sdugetiere wie
Wale oder andere weiter oben in der Nahrungskette stehende Organismen, zeigen durch die
zunehmende Akkumulation des Mikroplastik in der Nahrungskette die hochsten Konzentrati-
on an Mikroplastik (6)) 194} (130} 138, 140} [141]. Mikroplastik wird neben der marinen
Umgebung aber auch in der terrestrischen Umgebung, also beispielsweise Béden, gefunden.
Die hier gefundenen Mikroplastikpartikel werden iiber Wind und Regen oder Schnee, illegale
Abfallablagerungen, Klarschlamm und Abwasser oder die landwirtschaftliche Verwendung von
Plastikfolien zum Mulchen eingebracht [68| [142-144]. Dabei kénnten Béden nach O’Connor
et al., die grofte Ansammlung von Mikroplastik in der Umwelt aufweisen [68],|145]. Trotzdem
ist vergleichsweise wenig {iber die Effekte auf terrestrische Lebewesen bekannt. Zusétzlich zu
der Akkumulation des Mikroplastiks in der Nahrungskette steigt auch die Gefahr durch die
Aufnahme verschiedener Pathogene oder Umweltgifte, fiir welche Mikroplastik als Transpor-
ter dienen konnen [94) 146-148|. Dabei stellt der Mensch keine Ausnahme dar (Abb. 3| (7))
[124] 148H150]. Auch wir nehmen Mikroplastik, beispielsweise durch den Verzehr verschiedener
Lebensmittel wie Fisch, diverse Meeresfriichte, Bier oder Honig auf 124, 148-152|. Da Mi-
kroplastik auch in der Luft gefunden wird, welches aus dem Abrieb von Kleidung mit hohem
Anteil an synthetischen Materialien, oder auch durch den Abrieb von Autoreifen entsteht,
kann davon ausgegangen werden, dass wir ebenfalls téglich Mikroplastik einatmen [88} |153,
154]. In verschiedenen Feldstudien an marinen Organismen wurden hauptsichlich Fasern und
Fragmente im Verdauungstrakt der Tiere gefunden, wihrend nur selten sphérische Partikel
identifiziert werden konnten [128| [155] |156]. Die Effekte des Mikroplastiks auf Zooplankton

sind dabei am besten untersucht und umfassen die Verstopfung des Verdauungstraktes, die
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Verringerung des Appetits und die Beeintrachtigung der Nahrungsaufnahme, woraus Unterer-
nidhrung, langsames Wachstum und teilweise Tod resultierten [124,|157,158]. Fiir Fische wurde
beschrieben, dass grofere Mikroplastikteile im Magen stecken und damit zu einer Hungerperi-
ode der Fische fiihren kénnen [159]. Allerdings wurden keine signifikanten Beeintrachtigungen
auf die Fitness beschrieben [159]. Die genauen Wirkmechanismen des Mikroplastiks und die
daraus resultierenden toxischen Reaktionen in den unterschiedlichen Organismen sind nicht
bekannt. Die realen von Mikroplastik-induzierten Effekte auf verschiedene Organismen sind
ein sehr komplexes System, in das viele verschiedene Faktoren, wie beispielsweise die Alterung
des Plastiks, das Vorhandensein und die Zusammensetzung eines Biofilms, die Polymerart des
Plastiks, das Vorhandensein von Additiven, etc., einwirken [137, [156]. Aus diesem Grund
ist es sehr schwer, alle Faktoren gleichzeitig zu erfassen, weshalb oft Modellorganismen wie
Muscheln, Zebrafische oder M&use, und Modellmikroplastik in kontrollierten Studien verwen-
det werden. Die Ergebnisse dieser Tierstudien konnten bisher keine eindeutigen Auswirkungen
aufzeigen. Verschiedene Laborstudien an Muscheln zeigten, dass Mikroplastik, wenn es auf die
Kiemenoberfliche trifft, iiber das Kiemenepithel assimiliert oder in den Mund und das Verdau-
ungssystem transportiert werden kann [160-162]. Allerdings werden nicht alle iiber die Kiemen
aufgenommene Partikel weiter in den Organismus gelangen, denn Muscheln sind in der Lage,
nicht nahrhafte Partikel (beispielsweise Steine) auszuscheiden [162/164]. Es ist derzeit nicht
geklart, wie genau zwischen nahrhaften und nicht-nahrhaften Partikeln unterschieden wird, da
auch bei Mikroplastik Unterschiede in der Aufnahme festgestellt wurden. Neben Brate et al.,
die beschrieben, dass gealterte PE Partikel eher aufgenommen werden als ungealterte |[165],
konnten verschiedene Studien neben der verabreichten Mikroplastikkonzentration, die Gro-
e, Form und Farbe des Mikroplastiks als Selektionsfaktoren identifizieren [129| 166-168|. Im
Hinblick auf die Toxizitdt von Mikroplastik in Muscheln wurden verschiedene Effekte konsta-
tiert, welche histologische Verédnderungen des Verdauungstraktes, reduzierte Filteraktivitat,
neurotoxische Effekte und verschiedene Entziindungsreaktionen umfassen 160, 162, 165, 169].
Beispielsweise zeigten Wang et al., anhand von PS Partikeln, dass in Muscheln Entziindungs-
reaktionen und Einfliisse auf den Energiemetabolismus hervorgerufen werden koénnen [170].
Green et al., zeigten beispielsweise die Effekte von PE Fragmenten in Miesmuscheln (Mytilus
edulis) und identifizierten eine Reduktion der Anzahl sowie der Bindungsstérke der Byssusfa-
den [156, [171]. Als Modellorganismus fiir aquatische Organismen werden Zebrafische (Danio
rerio) verwendet, fiir welche die Akkumulation von PS in verschiedenen Organen (Darm, Leber
und Kiemen) beschrieben wurde [172-175]. Daraus resultierten Verdnderungen auf Organebe-

ne, welche fiir den Darm eine verringerte Integritit der Epithelbarriere, mehr Entziindungs-
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reaktionen, oxidativen Stress und Verinderungen des Darmmikrobioms umfassten (vergleiche
Kapitel 1.2.2 Auswirkungen auf Organebene) [172-175]. In der Leber der Zebrafische wurden
metabolische Verdnderungen auf der Enzymebene und oxidativer Stress hervorgerufen [172-
175]. Lei et al., verglichen verschiedenen Polymerpartikeln (Polyamid (PA), PE, PP, PVC und
PS) und konnten Schidden im Darm von Zebrafischen feststellen [176]. Bei keiner der Studien
wurden direkte, Polymer-induzierte toxische Effekte festgestellt, die unmittelbar zum Tod der
Tiere fithrten |[175] 177-H180]. Fiir terrestrische Organismen gelten unter anderem Mause (Mus
musculus) als Modellorganismen. Hier wurden nach der oralen Gabe von Mikroplastik mit der
Nahrung ebenfalls Akkumulationen in diversen Organen, wie dem Darm, der Leber und den
Nieren, und Verdnderungen in diesen (Verédnderungen in der Zusammensetzung des Darmmi-
krobioms, metabolische Verédnderungen und Entziindungsreaktionen), beobachtet [158] [181-
183| (siehe Kapitel 1.2.2 Auswirkungen auf Organebene). Fiir Kompostwiirmer (FEisenia fe-
tida) wurde gezeigt, dass durch die Interaktion und Aufnahme von Mikroplastik aus dem
Boden das Mikrobiom der Organismen zerstort, das oxidative Stresslevel anstieg, sowie das
Wachstum einiger Individuen gehemmt wurde [184-187]. Da der Boden als am stérksten mit
Mikroplastik kontaminiert gilt, ist es gerade fiir die Untersuchung von Kompostwiirmern und
anderen im Boden lebenden Organismen von besonderer Bedeutung, die Interaktion zwischen
Mikroplastik und Mikroorganismen, sowie Mikroplastik und Umweltschadstoffen (wie oben
beschrieben) nicht aufler Acht zu lassen, um damit die Effekte auf diese Organismen besser
evaluieren zu kénnen [156].

Zusitzlich dazu besteht ebenfalls die Moglichkeit, dass dem Plastik zugesetzte Additive, wie
Weichmacher (z.B. Phthalate), Stabilisatoren (z.B. Alkylphenole) oder Monomere (z.B. Bis-
phenol A Styrol) aus dem Plastik in die Umwelt gelangen, welche hier wiederum einen Ein-
fluss haben [101} [188] [189]. So begiinstigen Verdauungsfliissigkeiten die Auswaschung von
sorbierten Schadstoffen [100, [190]. Je langer die aufgenommenen Mikroplastikpartikel dabei
im Organismus verbleiben, desto hoher ist die Wahrscheinlichkeit, dass die interagierenden
Schadstoffe in das Korpergewebe iibergehen [100,191|. Viele Gruppen postulieren daraus, dass
die beobachteten schidlichen Effekte hauptsichlich aus der Desorption von Schwermetallen
und anderen Umweltgiften, welche durch Mikroplastik einfacher und in héherer Konzentrati-
on in die Organismen gelangen, sowie den Additiven, welche den Plastikartikeln oft zugesetzt
werden, resultieren [160, (177, 183]192-194]. Um die Auswirkungen auf den Organismus besser

einschitzen zu kénnen, miissen die Effekte auf der Organebene genauer betrachtet werden.
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1.2.2 Auswirkungen auf Organebene

Die nachfolgenden Auswirkungen von Mikroplastik auf die Organebene wurden am Beispiel
von Méusen beschrieben, da diese die am besten untersuchten Sdugetiere sind. Die Verwen-
dung von Miusen und Ratten als Modellorganismen zeigen, dass die orale Aufnahme von
Mikroplastik, meist iiber die Nahrung, zu einer Aufnahme durch den Darm, genauer die Darm-
gefikbarriere, in das Lymphsystem und den Blutkreislauf fiihrt (1)) [175L 195, 196].
Dabei stellt der Diinndarm den wichtigsten adsorptiven Teil des Magen-Darm-Traktes dar.
Neben der Aufnahme von Wasser, Nihrstoffen und anderen Verbindungen dient er ebenfalls
als eine Schutzbarriere fiir den Organismus [197, [198|. Das gastrointestinale Epithel wird aus
mehreren Zelltypen gebildet, beispielsweise Enterozyten, Becherzellen, enteroendokrinen Zel-
len oder M-Zellen [198-200|. Enterozyten sind durch spezielle Zell-Zell-Kontakte, so genannte
Tight Junctions, verbunden und bilden die epitheliale Schicht, wihrend Becherzellen durch
Schleimsezernierung diese schiitzen [198, 201}, [202]. M-Zellen sind im Diinndarm mit Peyer-
Plaques assoziiert und spielen eine wichtige Rolle fiir das Immunsystem, genauer gesagt fiir
das Schleimhaut-assoziierte lymphatische Gewebe (engl. mucosa associated lymphoid tissue,
MALT) [203H205]. Dabei nehmen M-Zellen auf der Darminnenseite (apikale Seite) Antigene,
wie Bakterien, Viren oder auch Makromolekiile, auf und geben sie auf der gegeniiberliegenden,
basalen Seite an die Zellen den adaptiven Immunsystems ab [203-205]. Somit kénnen auch
kleinere Partikel {iber M-Zellen durch die Darmwand in das lymphatische System gelangen
[198, 206/-208]. Uber das lymphatische System werden Antigene, darunter beispielsweise auch
Plastikpartikel, in die Leber und Gallenblase transportiert, wobei einige Partikel anschliefsend
zusammen mit der Galle in den Darm zuriickgefithrt werden und mit den Féakalien ausgeschie-
den werden [198, 207, |209|. Neben der Aufnahme durch M-Zellen werden Aufnahmewege durch
Enterozyten (via Endozytose, vergleiche Abschnitt 1.3.1.1 Aufnahmewege von Zellen), dem
Durchdringen von intrazelluldren Zwischenraumen und der Persorption (iiber Liicken, welche
aus dem Verlust von Enterozyten entstehen) diskutiert [210, 211|. Bei allen Aufnahmewe-
gen scheint die Grofse der Partikel die wichtigste Rolle zu spielen, da kleinere Partikel eher
iiber Endozytose aufgenommen oder iiber intrazelluldre Routen in das Lymphsystem gelan-
gen kénnen [212H214]. Die genauen Schwellenwerte fiir eine Aufnahme von Mikroplastik iiber
die Darmwand sind jedoch noch unklar [212}-214]. Bei groferen Partikeln besteht die Gefahr,
dass diese durch mechanische Einwirkungen die Darmwand verletzen, dhnlich wie es fiir Zoo-
plankton beschrieben wurde [215]. Allerdings fithren nach Wright et al. nur unrealistisch hohe
Konzentrationen von Mikroplastik, oder die Verwendung von Partikeln mit adsorbierten POPs

und anderen Schadstoffen, zu einer Entziindung der Darmschleimhaut und akuten Beeintrach-
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tigung der Lebensfahigkeit der Organismen [175] [214]. Des Weiteren wird davon ausgegangen,
dass der Hauptteil der aufgenommenen Mikroplastikpartikel nicht die Darmwand durchdringt,
da fiir 2 pm Latexpartikel beschrieben wurde, dass lediglich 0,04- 0,3 % der Partikel das Epi-
thel durchquerten [101} 214} 216]. Es ist jedoch auch bekannt, dass das Durchbrechen des
Darmepithels einfacher ist, wenn Zellbarrieren defekt sind, beispielsweise bei entziindlichen
Darmerkrankungen wie Colitis Ulcerosa oder Morbus Chron [101, 217-219]. Zusétzlich zu der
oralen Aufnahme von Mikroplastik, welche hauptsichlich fiir Fasern beschrieben wurde, ist
die respiratorische Aufnahme iiber die Alveolen der Lunge bekannt (2)) 89, 211} [214]
220, [221]. Die Alveolen bestehen aus zwei Arten von Alveolarepithelzellen, auch Pneumo-
zyten genannt, sowie Alveolarmakrophagen [222, 223|. Pneumozyten des Typs I bilden eine
moglichst diinne Basallamina aus, welche als Blut-Luft-Schranke bezeichnet wird [222, 223].
Pneumozyten Typ 11 sind fiir die Produktion eines Fliissigkeitsfilms zustéindig, um die Alveo-
len zu stabilisieren und zusitzlich die darunter liegende Epithelschicht zu schiitzen [214, 222~
225|. Durch den Fliissigkeitsfilm werden beispielsweise auch grofere Partikel an dem Durch-
dringen der Blut-Luft-Schranke gehindert [214, 221, [226]. Kleinere Partikel kénnen jedoch,
wie fiir den Verdauungstrakt beschrieben, durch Endozytose oder intrazelluldre Wege tiefer in
das Lungengewebe eindringen und auch die Blut-Luft-Schranke durchdringen [214, 226]. Die
Funktion der Alveolarmakrophagen ist unter anderem die Aufnahme von Staub, wobei auch
Plastikpartikel {iber verschiedene zellulire Aufnahmewege (vergleiche 1.3.1.1 Aufnahmewege
von Zellen) in die Makrophagen aufgenommen werden [214] 221].

Einmal in den Blutkreislauf gelangt werden die Mikroplastikpartikel in Organe, wie die Leber,
Galle oder die Nieren, transportiert [175, (193] 227, 228]. Diese Organe sind an der Transfor-
mation und Ausscheidung von (Schad-)Stoffen beteiligt (Abb. 4). Allerdings scheinen sich die
inerten, synthetischen Polymerpartikel nicht oder nur schlecht transformieren und abbauen
zu lassen, wodurch es zu einer Akkumulation in diesen Organen kommt 175} 193] 227, [228§].
Die Akkumulation wurde ebenfalls in den Organen, die mit den Plastikpartikeln in Beriihrung
kommen und eine Barriere darstellen, also der Lunge und dem Darm, beschrieben [175, |193,
227, [228|. Hier akkumulierten vor allem grofere Partikel, die diese Barriere nicht durchdringen
konnten [175] 193, 227, [228]. Neben der Partikelgrofe spielen weitere Eigenschaften der Mi-
kroplastikpartikel, wie beispielsweise Hydrophobizitdt oder Morphologie, eine wichtige Rolle
bei der Aufnahme, Akkumulation und Eliminierung der Partikel [175, 211-214]. Zu den pa-
thologischen Verdnderungen des Darms, induziert durch die Akkumulation des Mikroplastiks,
gehoren die verminderte Schleimsekretion, eine Stérung der Darmbarriere, Darmentziindun-

gen und eine Storung des Darmmikrobioms [158] [175] [181], 182, |229H231|. Die Stérungen des
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Darmmikrobioms umfassen sowohl die Verdnderung der mikrobiellen Diversitdt und damit
auch der mikrobiellen Zusammensetzung [181}|182} [211]. Dabei war nach der oralen Gabe von
PS Partikeln das Auftreten von Bakterien der Phyla Actinobacteria, a-, v-Proteobacteria und
Firmicutes signifikant verringert [181} 182]. Im Gegensatz dazu beschrieben Luo et al., dass
die orale Gabe von PS Partikeln keinen signifikanten Unterschied im Vorkommen von Bakteri-
en der Phyla Firmicutes, Proteobacteria und Bacteriodetes ergab, jedoch Actinobacteria und
FEpsilonbacteraeota signifikant vermehrt vorkamen [229]|. Durch die unterschiedlichen Ergeb-
nisse kann keine eindeutige Aussage dariiber erfolgen, welchen genauen Einfluss PS Partikel
auf die Zusammensetzung des Darmmikrobioms haben. Fiir PE Partikel wurden signifikant

vermehrt Firmicutes, Malainabacteria und Actinobacteria gefunden 175, 230, [232].

Darmlumen
. . .
/ Darmwand = %D
> @ 1
XS 025 N B~ 4 =
o o N B0 g m h
2\‘ Leber Konzentration
Blutgefie MP
Lunge
Aufnahme Transport Akkumulation Reaktion

Abbildung 4: Schematische Darstellung der Akkumulation von Mikroplastik in Organen. Die
Aufnahme kann tiber die Nahrung (oral, 1) oder iiber das Einatmen (respiratorisch, 2) er-
folgen. Durch diinne Barrieren, wie beispielsweise bei Defekten in der Darmwand oder der
Blut-Luft-Schranke der Alveolen konnen kleine Partikel in den Blutkreislauf gelangen. Hier
werden die Partikel durch den Koérper transportiert und akkumulieren in verschieden Orga-
nen, wie der Leber, den Nieren oder auch dem Darm. Die Akkumulation der Partikel kann zu
Entziindungsreaktionen fithren, wobei Reaktionen oft als abhéngig von der Mikroplastikkon-
zentration beschrieben werden.

Im Vergleich dazu wurde in Zebrafischen die Verdnderungen im Darmmikrobiom mit dem
reduzierten Vorkommen von verschiedenen Bakterien der Bakterienphyla Bacterioidetes und
Proteobacteria und dem vermehrten Vorkommen von Bakterien des Phylums Firmicutes be-
schrieben [158, (174 233, [234]. Die Zusammensetzung des Darmmikrobioms ist von grofer
Bedeutung und ist dafiir zustédndig, dass diverse physiologische und biochemische Funktio-
nen, wie beispielsweise die Adsorption von Nahrstoffen, aufrecht erhalten werden kénnen [158,
233|, 235-237|. Das Darmmikrobiom unterscheidet sich zwischen verschiedenen Tierarten, so
stellen in Zebrafischen Proteobacteria und Fusobacteria die Mehrheit der Bakterien dar [158]

238|. Dahingegen findet man in M#usen und Menschen hauptsichlich Firmicutes und Bac-
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terioidetes [158, 238, [239]. Es ist bekannt, dass verschiedene Umweltgifte wie Antibiotika,
Pestizide oder Schwermetalle zu einer Verdnderung im Darmmikrobiom fiihren konnen, was
in physiologischer Dysfunktion und dem Auftreten diverser Erkrankungen (Entziindungsre-
aktionen, Verdnderungen im Energiemetabolismus, Glucose- und Fettsdurestoffwechsel oder
Ubergewicht) resultiert [158, 173, 233, 237, 240]. Aus diesen Griinden ist das Darmmikrobi-
om ein wichtiger Indikator fiir die toxikologische Einordnung verschiedener Stoffe [158|, 234].
Zu den dokumentierten Lebererkrankungen gehéren Entziindungen und Lipidakkumulatio-
nen, Verdnderungen des Lipidprofils, sowie Fettstoffwechselstérungen 158, 175, 227-H230]. Die
Erkrankungen der Lunge umfassen neben Verletzungen, Entziindungen auch verstéirkte Asth-
masymptome [89, 241} 242]. In den untersuchten Organen, in denen Entziindungsreaktionen
detektiert wurden, wurden auch Veréinderungen in der Anzahl, Funktion, enzymatischen Akti-
vitat und oxidativen Stressreaktion von Immunzellen detektiert (Immunotoxizitét) 158, (175
211}, 227-230, 243|. Dabei ist bekannt, dass die Immunotoxizitdt Einfluss auf das Darmmikro-
biom hat (und umgekehrt), sowie dass das Darmmikrobiom und die Beeintrichtigungen der
Epithelschichten in Wechselwirkung stehen [211]. In Laborexperimenten mit M#usen wurden
hauptsichlich sphirische PS und PE Modellpartikel verwendet. Allerdings konnten diese Re-
sultate oft nur bei sehr hoher, in der Umwelt unrealistischer, Konzentration erreicht werden.
Andere Gruppen zeigten keine negativen Effekte, abhéngig von der Mikroplastikkonzentration
und dem Polymer [175] [198] 244, 245]. Durch die Ergebnisse von Experimenten an Fischen
ist bekannt, dass die Akkumulation von an Mikroplastik adsorbierten POPs im Gewebe, wie
dem Fettgewebe, oder die Freisetzung von Additiven im Organismus und daraus resultierende
Entziindungsreaktionen moglich sind [101} [175] [193] 232]. Allgemein sind die Auswirkungen

von komplexeren Mikroplastiksystemen in M#usen derzeit noch nicht gut erforscht.

1.3 Experimentelle Modelle in der Mikroplastikforschung auf zellulirer

Ebene

Um das komplexe Mikroplastik-Thema analysierbar zu machen, miissen sowohl biologische
als auch partikuldre Modelle verwendet werden. Im Folgenden werden zelluldre Modelle und

Partikelmodelle nadher betrachtet.

1.3.1 Zellulire Aufnahmemechanismen

Die zelluldre Aufnahme (Endozytose) stellt einen zentralen Baustein in der Immunantwort
und der Aufrechterhaltung des Immunsystems dar [246-250|. Bei eukaryotischen Zellen wird

zwischen vier Mechanismen (rezeptorvermittelt (Clathrin), Caveolae, Phagozytose und Ma-
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kropinozytose) unterschieden [246-251]. Dabei haben unterschiedliche Zelltypen unterschied-
liche Méglichkeiten zur Zellaufnahme [246, 248, 250]. Epithelzellen sind fiir die Ausbildung
von Membranen (Epithel) und damit einer Schutzbarriere, sowie der Produktion von Sekreten
zustindig [252-254|. Zusétzlich transportieren Epithelzellen bestimmte Stoffe, beispielsweise
Néhrstoffe im Darm, von ihrer apikalen (dem Lumen zugewandten) zu ihrer basalen Sei-
te und damit in darunterliegende Gewebe [252, 255-257|. Epithelzellen nehmen Stoffe iiber
Clathrin- (Rezeptor)-vermittelte Endozytose oder Makropinozytose auf [255-257]. Dabei ist
die Clathrin-vermittele Endozytose der haufigste Mechanismus der Endozytose [248], 250, 256~
258]. Nach der Bindung eines Liganden, beispielsweise Wachstumsfaktoren, Proteine und Me-
tabolite, an den entsprechenden Rezeptor, welcher auf der Zellmembran reprisentiert ist, wird
die Einstiilpung der Zellmembran durch das Protein Clathrin geférdert [246], 248,
250, 251}, {259, |260].

Clathrin-vermittelte Penetration
Endozytose 00 . ®.°
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Abbildung 5: Schematische Darstellung der Endozytosewege von partikuldren Stoffen. Nach
der Makropinozytose bildet sich ein Makropinosom, welches anschliefend mit Lysosomen fu-
sioniert. Bei der Clathrin-vermittelten Endzytose werden Vesikel der Zellmembran mit Hilfe
des Proteins Clathrin abgeschniirt. Die resultierenden Vesikel werden {iber Endosomen trans-
portiert, welche mit Lysosomen fusionieren. Nanopartikel konnen die Zellmembran auch direkt
durchdringen (Penetration). Intrazellulér konnen sie entweder direkt wieder die Zellmembran
penetrieren oder werden in Autophagosomen gebiindelt und ebenfalls zu Lysosomen trans-
portiert. Caveolin-vermittelte Aufnahme fiihrt zur Bildung von Caveosomen, welche entweder
zum Golgi Apparat oder dem Endoplasmatischen Retikulum (ER) transportiert werden. Die
Exozytose, also Freisetzung in den extrazelluliren Raum, erfolgt fast ausschlieklich iiber Ly-
sosomen, welche mit der Zellmembran fusionieren.
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Die so entstandenen, clathrinbeschichteten Vesikel haben einen Durchmesser von ca. 100 nm
und werden intrazellulir zu Endosomen transportiert, welche anschliefend mit Lysosomen
fusionieren [246| 248|250, 251}, 259, 260|. Lysosomen (0,1- 1,2 pm in Durchmesser) sind Zell-
organellen mit saurem pH-Wert (pH 4,5- 5) und enthalten Verdauungsenzyme, wie Nukleasen,
Lipasen oder Hydrolasen [261-263|. Im Gegensatz zur Clathrin-vermittelten Endocytose kann
die extrazellulire Fliissigkeit und darin geloste Stoffe meistens unspezifisch (ohne die Betei-
ligung von Rezeptoren) in das Zellinnere via Makropinozytose gelangen [248, 1250,
264|. Dabei werden ebenfalls Vesikel aus der Zellmembran abgeschniirt, so genannte Makropi-
nosomen, welche einen Durchmesser von ca. 150 nm haben [248], 250} 264]. Auch diese Vesikel
werden zu Lysosomen transportiert [248| 250|. Spezifisch fiir glatte Muskelzellen, Fibrobla-
sten, Adipozyten, Pneumozyten Typ I und Endothelzellen ist die Aufnahme via Caveolen
[246, 248, 250, |265|, 266]. Caveolen sind flaschenférmige Einstiilpungen auf der Zell-
membranoberfliche und bilden, wenn sie in die Zelle abgeschniirt werden, ca. 50-100 nm
grofe Vesikel, sogenannte Caveosomen [246), 248), 250, 265}, 266]. Caveosomen werden anschlie-
fend zum Golgi Apparat oder das Endoplasmatische Retikulum (ER) transportiert. Diese
Art der Aufnahme wird beispielsweise fiir den Transport von Albumin und die Internalisie-
rung des Insulinrezeptors verwendet 246, [248, 250, [265]. Des weiteren kénnen geloste Stoffe
die Zellmembran durchdringen (Penetration, , was jedoch nicht als Endozytoseweg
zahlt. Intrazelluldr werden diese Stoffe entweder in Autophagsomen gepackt und zu Lysoso-
men transportiert oder kénnen die Zelle durch passive Penetration der Zellmembran wieder
verlassen [267|. Einen besonderen Stellenwert im Immunsystem nehmen Phagozyten (Fres-
szellen), beispielsweise Makrophagen und neutrophile Granulozyten, ein [268-270]. Sie sind
in der Lage Mikroorganismen, kleinere Partikel, tote Zellen und Zelltrimmer aufzunehmen
und damit fiir den Korper unschédlich zu machen (Abb. 6]) [268-271]. Epithelzellen, Fibrobla-
sten und Endothelzellen sind ebenfalls in der Lage zur Phagozytose, auch wenn hierbei keine
Mikroorganismen aufgenommen werden, sondern apoptotische (tote) Zellen aus dem System
entfernt werden [268-271|. Die Internalisierung via Phagozytose setzt die Bindung an Mem-
branrezeptoren der Zelloberfliche voraus (1)) [269} 270, |272|. Zu diesen Rezeptoren
gehoren Mannoserezeptoren, Fcy-Rezeptoren, Fresszellen- (scavenger) Rezeptoren und Kom-
plementrezeptoren [268-270, [273-275]. Allgemein interagieren Mustererkennungsrezeptoren
(engl. pattern recognition receptors, PRRs), welche Scavenger-Rezeptoren inkludieren, mit so
genannten Pathogen-assoziierten molekularen Mustern (engl. pathogen-associated molecular
patterns, PAMPs) [268, 276-278|. Diese PAMPs sind charakteristisch fiir Mikroorganismen

und ermdglichen damit eine Erkennung durch das Immunsystem [268-270} 276| |278|. Zusitz-
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lich werden tote, korpereigene Zellen oder deren Bestandteile iiber die Bindung von diversen
polyanionischen Liganden an scavenger-Rezeptoren erkannt [273] 279} [280|. Weiterhin kénnen
bakterielle Peptidoglykane oder auf der Oberfliche von Mikroorganismen prisentiere Manno-

se iiber Mannoserezeptoren binden und damit identifiziert werden [268 |274, 281} 282].

1 ‘Anheftung des Pathogens\ p— ’ ;
an Zelle (Phagozyte) \

J
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durch Membran-

umstiilpung )
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Bildung eines
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@Verdauung des )
Pathogens durch
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Freisetzung der
verdauten Reste

Abbildung 6: Schematische Darstellung der Phagozytose und Autophagie von Pathogenen,
wie Bakterien. Pathogene werden iiber Chemotaxis erkannt und adhérieren an der Zellober-
flache spezialisierter Zellen (Phagozyten, 1). Durch Einstiilpungen der Zellmembran werden
Pathogene in die Zelle aufgenommen (2) und bilden im néchsten Schritt ein so genanntes
Phagosom, welches das Pathogen enthilt (3). Das Phagosom fusioniert mit speziellen Zell-
strukturen, den so genannten Lysosomen, wodurch sich das Phagolysosom bildet (4). Durch
die lysosomalen Enzyme werden die Pathogene verdaut und damit unschédlich gemacht (5).
Die Reste werden iiber Exozytose wieder aus der Zelle frei gesetzt (6).

Die Erkennung von Pathogenen, krankhaften Zellen, wie beispielsweise Krebszellen, oder toten
Zellen wird durch das Vorhandensein von Opsoninen vereinfacht [270},283-285|. Opsonine sind
extrazelluldre Proteine, spezifischer gesagt Komplementfaktoren oder Antikérper, die an der
Oberfliche der ,Zielzellen* binden und damit fiir die Phagozytose markieren [270, |283-285].
Sie bilden zusétzlich eine Verbindung zwischen den Phagozyten und Zielzellen aus, binden also
an den entsprechenden Oberflichenrezeptor der Phagozyten, wobei Komplementfaktoren iiber
Komplementrezeptoren und Antikérpern, wie Immunglobulin G (IgG), an Fcy-Rezeptoren ge-
bunden werden [268, [270} 272|275, [284] |286| 287]. Da es essentiell ist, dass Opsonine nur an
kérperfremde Zellen oder kranke korpereigene Zellen binden und diese fiir die Phagozytose

markieren, binden einige Opsonine ebenfalls an PAMPs [288-291]. Wenn Opsonine kérperei-
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gene Zellen fiir Phagozyten sichtbar machen, binden sie an sogenannte Phosphatidylserine,
welche von toten, gestressten oder sterbenden Zellen exprimiert werden [271} 277, 288, 292|.
Es ist bekannt, dass die Opsonierung, das heifst die Belegung der Oberfliche der Zielzellen
mit Opsoninen, essentiell fiir die Erkennung von Nanopartikeln durch Makrophagen ist, da
ohne die Opsonine keine Internalisierung der Nanopartikel erfolgt [292-294).

Nach der Erkennung der Zielzellen verformt sich die Zellmembran der Phagozyten um das
Pathogen (Abb. 6| (2)) [268| 270 272, 295]. Diese Einstiilpung fithrt zur Aufnahme in die
Phagozyten und der Bildung eines Phagosoms (3)) [268, 270} 272, 295, [296]. Die In-
ternalisierung der Zielzellen wird von der Polymerisation von Aktinfilamenten gesteuert und
ist damit Aktin-abhingig 250, 268, [270, 272, [296) 297]. Das Phagosom wird intrazellular
transportiert, bis es mit einem Lysosom fusioniert, woraus die Bildung eines Phagolysosoms
resultiert (4)) [268] 270, 298, [299]. Die im Lysosom enthaltenen Enzyme fiihren,
nach der Fusionierung zu einem Phagolysosom, zur Herabsetzung des pH-Wertes und der
Zersetzung (Hydrolyse) der Pathogene, Fremdstoffe oder toter Zellen (Abb. 6| (5)) (262, [263]
270, 300]. Fiir die Verdauung von Mikroorganismen werden im Phagolysosom eine Kombi-
nation von oxidativen und nicht-oxidativen Prozessen genutzt |270, 301-304]. Der auch als
respiratorischer Burst bezeichnete oxidative Prozess umfasst dabei die nicht-mitochondriale
Produktion von reaktiver Sauerstoffspezies (engl. reactive ozygen species, ROS) [270) [301}
302, 305-308]. Die Freisetzung von Enzymen, wie Lysozym oder Defensinen, beschreiben den
nicht-oxidativen Prozess [270,|301,|302, 304]. Die so verdauten Reste werden zur Zellmembran
des Phagozyten transportiert, mit dieser fusioniert und damit in den extrazelluldren Raum
freigesetzt (,Exozytose) [270} 302].

Experimentell lassen sich die Aufnahmemechanismen durch Inhibition der jeweiligen Mecha-
nismen unterscheiden. So depolymerisiert beispielsweise Cytochalasin D Aktinfilamente und
inhibiert somit die Aktin-abhéngigen Internalisierungsmechanismen Phagozytose und Makro-
pinozytose [250, 268, 297, 1309} 310]. Fiir die Hemmung der Clathrin-vermittelten Aufnahme
wird Chlorpromazinhydrochlorid verwendet, da es den Verlust von Clathrinen indiziert, wih-
rend Nystatin und Filipin die Ausbildungen von Caveolae und damit die Aufnahme iiber
Calvolae-vermittelte Endozytose inhibiert [250, 311-313|. Basierend auf diesen Experimenten
ist bekannt, dass humane Lungenepithelzellen (Zelllinie A549) PS Partikel mit einer Grofe
von 40 nm iiber Clathrin- und Caveolin-vermittelte Endozytose aufnehmen, wihrend grofiere
Partikel (1 pm) nicht internalisiert werden konnten [250|. Liu et al., zeigten ebenfalls, dass
Leukozyten verschiedene Endozytosemechanismen nutzen, abhingig von der Partikelgréfe.

So wurden PS Partikel mit einem Durchmesser von 50 nm iiber Clathrin- und Caveolin-
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vermittelte Endozytose aufgenommen, wihrend 500 nm grofe Partikel iber Makropinozytose
internalisiert werden |267|. Die Internalisierung von 5 pm grofen Partikeln konnte dabei nicht
beschrieben werden [267]. Murine Makrophagen waren hingegen in der Lage, PS Partikel
mit einem Durchmesser grofer als 1 pm mittels Aktin-abhéangiger Endozytose (Phagozytose
oder Makropinozytose) aufzunehmen [250} 297, 314]. Zusétzlich konnten durch die Inhibiti-
on der Aktin-abhéngigen Endozytosemechanismen die Aufnahme von 1 und 2 pm Partikeln
nicht vollstédndig inhibiert werden [297|. Ebenso wurde die Aufnahme von 40 nm PS Parti-
kel mittels Phagozytose, Makropinozytose oder Clathrin-vermitteltet beschrieben [250, 315].
Diese Ergebnisse deuten darauf hin, dass Makrophagen verschiedene Aufnahmewege fiir die
gleichen Partikel nutzen 250, 297, 316]|. Gleichzeitig wurde beschrieben, dass die Aufnahme-
mechanismen von der Zelllinie abhéingig sind, da sich auch die Aufnahmewege in verschiedenen
Epithelzelllinien unterscheiden [250}, 257, 315, 1317].

Bei Makrophagen spielt zusétzlich die Polarisierung eine entschiedene Rolle. So ist bekannt,
dass die klassisch aktivierten M1 Makrophagen Entziindungsstoffe, beispielsweise Zytokine,
Interleukin (IL)-183, induzierbare Stickstoffoxid-Synthase (iNOS) oder Tumornekrose Fakror
(TNF)-q, sekretieren, sowie Pathogene und zerstortes Gewebe aufnehmen und damit dem
System entziehen kénnen [318-320]. Danach werden M1 zu alternativ aktivierten M2 Ma-
krophagen, welche entziindungshemmende Stoffe wie 1L-10, IL1Ra, oder Arginase 1 (Argl)
sekretieren um die Entziindungsreaktion abklingen zu lassen und in die Phase der Wundhei-
lung iiberzugehen [318-321]|. Neben der Sekretion von Wachstumsfaktoren kénnen M2 Ma-
krophagen auch die Geweberegeneration oder Angiogenese unterstiitzen [319} [321} [322]. M1
Makrophagen wiren pridestiniert fiir die Partikelaufnahme, allerdings stehen diesbeziiglich
Studien noch aus. Antonios et al., konnten jedoch zeigen, dass M1 Makrophagen durch die In-
kubation mit PMMA Partikeln hervorgerufen werden [320]. Dabei sekretierten unpolarisierte,
MO Makrophagen durch die Partikelinkubation TNF-«, welches die Polarisation zu M1 Ma-
krophagen induzierte [320]. Ahnliche Ergebnisse wurden fiir die Inkubation mit PE Partikeln
gezeigt [323]. Im Gegensatz dazu konnten Stock et al. keinen Einfluss auf die Polarisierung

von Makrophagen bei der Inkubation mit PS Partikeln zeigen [198].

1.3.2 Mehrdimensionale Zellmodelle

2D Zellmonolayer kénnen nicht vollstandig die natiirliche Zellumgebung abbilden [324-327|. In
vivo bilden Zell-Zell-Kontakte sowie Zell-(Extrazellular)-Matrix Interaktionen die Grundlage
fiir Gewebestrukturen [324, 1325| |327]. Fiir eine bessere Abbildung der natiirlichen Umgebung

sorgt die Verwendung von 3D-Zellkultur, zumal Zellen hier in einer 3D Umgebung kultiviert
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werden kénnen [324-326, 1328]. Dies spielt insbesondere in der Krebsforschung eine grofe Rol-
le, da fiir Tumormodelle sogenannte Sphéaroide oder Organoide verwendet werden [324H326,
329|. Dabei sind Sphéroide als 3D Zellcluster definiert, welche keine 3D Matrix brauchen und
sich, abhéngig von der Zelllinie, selbststéindig durch Zell-Zell-Kontakte ausbilden [324-326].
Sphéroide besitzen einen optimalen Grofsenbereich, welcher bei maximal 350 pm liegt [330].
Bei zunehmender Grofe ist das Wachstum durch einen Diffusionsgradienten gehemmt, wel-
cher zu einem Mangel an Nihrstoffen im Kern des Sphéroids fithrt (= nekrotischer Kern)
[330], 331]. Die Bildung von Sphéroiden kann im hingendem Tropfen (engl. hanging drop),
auf Geriistbasis, auf nicht-adhérenter Oberfliche oder rotierender Kultur erfolgen 327, 328,
332]. Im Gegensatz dazu sind Organoide meist aus Stammzellen gebildete komplexere Zell-
cluster, die eine spezifische Umgebung benotigen. Sie kénnen jedoch die parentalen Organe
besser abbilden als einfachere Sphéroide und werden oft als Mini-Organe bezeichnet [333-336].
Bei Organoiden kénnen spezifisch Proteine mittels Immunofluoreszenzfarbung angefarbt und
damit die entsprechenden Entwicklungsstadien der parentalen Organe nachgewiesen werden
[329} [333] |334) |336/338|. Anwendung finden Sphéaroide hauptséchlich in der Tumor-
und Krebsforschung, sie kénnen jedoch auch verwendet werden, um Toxizitdt von bestimmten
Materialien im Vergleich zu 2D Monolayern besser zu analysieren [324, 332|. Bisher liegen we-
nig Daten zu Mikroplastik und dessen Einfluss in 3D Zellkulturmodellen vor. So beschrieben
Hua et al. den Einfluss von 1 und 10 um PS Partikeln auf Organoide, welche die menschliche
Grofihirnrinde im Embryonalstadium nachahmten, und zeigten einen signifikanten Einfluss
der Mikroplastikpartikel auf die Strukturierung des Nervengewebes [339|. Die Verwendung
von Leberorganoiden zeigten nach der Inkubation mit 1 ym PS Partikeln erhéhte oxidative
Stressreaktion, sowie Hepatotoxizitdt und Leberverdnderungen, welche laut den Autoren ge-
gebenenfalls zu Krebs fiihren konnen [340|. Die Analyse des Einflusses von Mikroplastikfasern
in Organoiden der Atemwege belegte in erster Linie keine direkte Toxizitdt, allerdings wur-
den Fasern teilweise in Organoide eingebunden, was zu Langzeitfolgen in Lungenepithelzellen
fithren kénnte 341 [342|. Fiir intestinale Organoide wurde die Akkumulation von 50 nm PS
Partikeln in spezifischen Zelltypen, wie den Goblet Zellen oder endokrinen Zellen, nachge-
wiesen, wihrend andere Zellen in den Organoiden weniger Nanopartikelakkumulation zeigten
[343]. Das demonstriert, dass mit Hilfe der mehrdimensionalen Zellmodelle weitere Liicken
in der Mikroplastikforschung zwischen in vivo und in vitro FErgebnissen geschlossen werden

konnen.
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Abbildung 7: Mikroskopische Aufnahmen von Leberorganoiden. Immunfirbung von Leberor-
ganoid aus Leber-Primérzellen auf unterschiedlichen Oberflichen (Matrigel oder PEG-RGD-
Hydrogel) mit morphologischen und zellspezifischen Markern wie dargestellt. Marker wie Ep-
cam, E-Cad, Krt19, und Soz9 zeigen den Vorlaufer-Phénotyp, und damit das Vorhandensein
von noch nicht vollstindig differenzierten Hepatozyten an. Skalenbalken: 50 pm. Nachdruck
mit freundlicher Genehmigung des Verlags. Modifiziert nach Sorrentino, G., Rezakhani, S.,
Yildiz, E., Nuciforo, S., Heim, M. H., Lutolf, M. P., Schoonjans, K. Mechano-modulatory
synthetic niches for liver organoid derivation (2020). Nature Commununications 11, 3416.
Copyright (2020) Springer Nature.

1.3.3 (Mikro-)Partikel

1.3.3.1 Partikel als Modell fiir zellulire Effektstudien

Fir die Analyse des Effektes von Plastikpartikeln in vitro und in vivo wurden hauptsichlich
PS und PE Partikel verschiedener Grofen verwendet [344, |345]. Fiir Effektstudien, welche
die Auswirkungen von Partikeln untersuchten, wurden neben Metall- auch Starkepartikel ver-
wendet [344-347|. Die Unterscheidung zwischen Nano- und Mikropartikel erfolgt anhand der
Grofie, wobei Nanopartikel als Materialien mit einer Groke zwischen 1-100 nm definiert sind,
bei Nanotubes kann die axiale Dimension grofer ausfallen [346-348]. In den verschiedenen Stu-
dien hatten Nanopartikel hdufig einen groferen Einfluss als Mikropartikel [345] 346, 348, [349).
Dabei wird postuliert, dass dies einerseits am groferen Oberflichen/Volumen-Verhéltnis der
Nanopartikel liegt, andererseits an der Aggregatbildung [247, [345| |346|, 348, |349|. Auferdem
konnen kleine Partikel schneller und in einer groferen Anzahl von Phagozyten aufgenommen
werden, jedoch auch von Epithelzellen oder anderen Nicht-Phagozyten [247, 344-346|. Yang
et al. beschrieben fiir Nanopartikel, dass die Bildung von ROS und damit oxidativem Stress
die Hauptquelle von Partikel-induzierter Zytotoxizitédt darstellt [350]. Die ROS-Bildung war
bei Vergleichsstudien zwischen Nano- und Mikropartikeln nicht eindeutig bei einer der beiden
Grofen erhoht 175, 1351-355]. Bei Nanopartikeln wurde zudem eine andere intrazelluldre Ver-
teilung beobachtet [247, |346|, 356|. Beispielsweise wurden Nanopartikel im Zellkern gefunden,
was fiir Mikropartikel nicht der Fall war [247, [356]. Zusatzlich korrelierte die Bildung von
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intranuklearen Protein Clustern, ausgelost durch die Aufnahme von Siliciumdioxid Nanopar-
tikeln, mit der Inhibierung der Replikation sowie der Zellteilung [247, 1356|. Liang et al. haben
auch die Bedeutung der Analyse der Effekte der gleichzeitigen Inkubation mit Nano- und
Mikropartikeln (PS) in M&usen unterstrichen, da diese Kombination nicht nur néher an den
Umweltbedingungen ist, sondern auch zu einer Dysfunktion der Darmbarriere fiihrte [357].
Bei in witro Studien mit verschiedenen Zelllinien und Polymermikropartikeln wurden keine
oder nicht-signifikante zytotoxischen Effekte in physiologischen (der Umwelt vorkommenden)
Konzentrationen nachgewiesen [175, 358|. Lediglich in sehr hohen Konzentrationen wurden ei-
ne vermehrte ROS-Produktion, sowie erhohte zelluldre Entziindungsmarker identifiziert [175

198, 1358-361].

1.3.3.2 Herstellung von Modell-Polymermikropartikeln

Mikropartikel konnen, neben den bereits erwdhnten Polymeren, aus verschiedenen Materialien
wie Glas oder Keramiken bestehen [362H364]. Fiir Polymermikropartikeln besteht ein grofies
Anwendungsinteresse, beispielsweise in Druckertinten, in der Chromatografie (wie Hochlei-
stungsfliissigkeitschromatographie oder Gel-Permeations-Chromatographie), oder auch der
Kalibrierung von Instrumenten [365], 366]. Polymermikropartikel werden auch in der Biomedi-
zin, beispielsweise beim Transport von Wirkstoffen (drug delivery) oder der in vivo Bildgebung
verwendet [367370]. Dabei werden je nach Anwendung verschiedene Eigenschaften, wie zum
Beispiel unterschiedliche Gréfsen, Grofenverteilungen, Porositit, Oberflichenmodifizierung,
etc., vorausgesetzt [368, 371),|372|. Die gewiinschten Eigenschaften sowie das Polymer bestim-
men dabei die Herstellungsmethode der Mikropartikel. Die géngigen Herstellungsmethoden
der partikelformenden, heterogenen Polymerisation umfassen die Emulsions-, Suspensions-,
Préazipitations- und Dispersionspolymerisation [365, (368, [373| 374]. Neben der heterogenen
Polymerisation gibt es noch die Mdoglichkeit, fertig synthetisierte Polymere zu Partikeln zu
verarbeiten, beispielsweise mittels Sprithtrocknung, Lésungsmittelverdampfung in Emulsion
oder Fallung, das heikt der Zugabe eines Nicht-Losungsmittels |[368) 375, 376|. Diese als zwei-
ter Weg beschriebene Methode wird héufig auch fiir die Herstellung von Mikropartikeln aus
natiirlichen Polymeren verwendet [368) 369, [376]. Jede der genannten heterogenen Polymeri-
sationsmethoden deckt einen gewissenen Grofsenbereich der resultierenden Polymerpartikel ab
[368]. So werden fiir Emulsionspolymerisation Partikel mit einem Durchmesser von 0,05-0,4 pm
erreicht, mittels Dispersionspolymerisation Groéfien zwischen 0,1-15 pm, fiir Prazipitationsp-
olymerisation 0,1-5 pm und mittels Suspensionspolymerisation kénnen Partikel mit einem
Durchmesser zwischen 5-1000 pm hergestellt werden [365, 368} 1377H385]. Methoden anhand

der oben beschriebenen zweiten Route der Partikelherstellung nach der Polymerisation wei-
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sen eine deutlich grofere Varianz im Partikeldurchmesser auf [368|]. In der hier vorliegenden
Arbeit wurden Partikel mittels Prazipitationspolymerisation sowie, fiir natiirliche Polymere,
Losungsmittelverdampfung und Membran-Emulgierung (engl. pre-miz membrane emulsificati-
on) hergestellt. Mittels Préazipitationspolymerisation kénnen gleichméfige Mikropartikel ohne
Verwendung von Stabilisatoren hergestellt werden, allerdings ist eine Mindestkonzentration
erforderlich und diese Methode ist nur fiir wenige Monomere geeignet I) [383)1386-388].
Im ersten Schritt (Initiation) liegen die funktionalisierten Monomere oder Polymervorstufen
getrennt voneinander vor [386), 387, [389|. Bei der photoinduzierten Prazipitationspolymerisa-
tion werden durch die Verwendung von Licht (hv) Monomere oder Polymervorstufen chemisch
verbunden (Photoklick-Reaktion) und bilden Polymerketten aus (Oligomerbildung) [386}, [387.
389|. Diese Polymerketten verbinden sich tiber die Zeit wiederum mit anderen Polymerket-
ten und bilden so Polymerknauel aus (Nukleation), aus denen sich dann bei Erreichen einer
kritischen Konzentration Partikel bilden (Partikelwachstum) (Abb. § 1) [386}, 387, [389]. Diese
Polymerisationsmethode erfordert neben einem vernetzbarem Monomer einen Initiator wie

2,2-Azoisobutyronitril (AIBN) und ein Reaktionsmedium [368|, 386, 387, [389, [390].

I Initiation Oligomerbildung Nukleation Partikelwachstum
3 . - - o - . 2 : . ‘
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Abbildung 8: Schematische Darstellungen der Synthese von Mikropartikeln mittels Prézipita-
tionspolymerisation (I), oder pre-mix membrane emulsification (II). I Die Monomere liegen
im ersten Schritt (Initiation) getrennt voneinander vor. Durch die Verwendung von Licht (hv)
werden die Monomere chemisch verbunden und bilden Polymerketten aus (Oligomerbildung),
welche im weiteren Verlauf der Reaktion verlangert und verstrickt werden (Nukleation). Bei
Erreichen einer kritischen Konzentration kommt es zur Partikelbildung (Partikelwachstum).
Da die Polymerpartikel bei einer bestimmten Konzentration ausfallen, wird diese Art der
Partikelherstellung als Préizipitationspolymerisation bezeichnet. II: Bei der Herstellung mit-
tels Membran-Emulgierung ( engl. pre-miz membrane emulsification) werden die Polymere
vorgemixt (engl. (pre-miz)) und durch mehrmalige Filtration in die gewiinschte Partikelgrofe
gebracht.
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Dabei stellt die Verwendung des richtigen Reaktionsmediums den kritischer Teil dar, denn
dieses muss gleichzeitig als Losungsmittel fiir den Initiator, die Monomere und die gebildeten
Oligomere dienen, zusétzlich jedoch als nahezu Theta- (0)- Losungsmittel fiir die polymeren
Ketten nach der Nukleation ausfallen [383] 386, [389-391]. Dabei sollen die Polymerketten,
beziehungsweise Polymerpartikel, aus der Losung ausfallen, um separate Partikel zu erhalten
[389]. Als #-Losungsmittel werden Losungsmittel bezeichnet, in denen das geléste Polymer an
der Grenze seiner Loslichkeit ist und sich wie eine ideale Kette verhélt, beispielsweise fiir PS
Cyclohexan, trans-Decalin und Acetonitril (ACN) [383) 1386, 391-394]. Allerdings sind diese
Lésungsmittel nicht fiir alle Polymere geeignet, und es kénnen auch nicht alle Polymerpartikel
iiber Prizipitationspolymerisation hergestellt werden [383} 386, 390]. Die Partikelgrofe kann
vergleichsweise einfach iiber die eingesetzte Monomerkonzentration (je hoher desto grofere
Partikel), die Initiatorkonzentration (je geringer desto grofer die Partikel), oder auch der
Loésungsmittelzusammensetzung kontrolliert werden [383] 386, 395, 396]. Zusétzlich kénnen
Mikropartikeleigenschaften wie die Porositit der Partikel iiber die Verwendung des Losungs-
mittels gesteuert werden [389, [391]. So zeigte die Verwendung von ACN keine Porositét in
resultierenden Poly-Divinylbenzol (DVB) Partikeln, wihrend eine Addition von Toluol zu
pordsen poly-DVB-Mikropartikeln fiihrte [391]. Die Herstellung von Nano-und Mikroparti-
keln mittels Losungsmittelverdampfung (engl. solvent evaporation) ist hauptsichlich aus der
pharmazeutischen Anwendung fiir die Einkapselung von Wirkstoffen bekannt [397-401]. Da-
bei handelt es sich um einen zweistufigen Prozess, bei dem zuerst die Emulgierung einer
Polymerlosung erfolgt, welche den Wirkstoff enthilt, gefolgt von der Partikelhdrtung durch
Loésungsmittelverdampfung und Polymerfallung [376,,398-401|. Das gewiinschte Polymer muss
durch Verwendung eines, mit Wasser nicht-mischbaren, meist organischen Losungsmittels wie
Methylenchlorid oder Chloroform in Lésung gebracht werden [376, 398H401|. Diese organische
Lésung wird anschlieffend mit einer wissrigen Losung dispergiert, welche mit einem Emulga-
tor, beispielsweise Polyvinylalkohol oder Methylcellulose, versetzt wurde [398-401|. Wahrend
der Emulgierung wird die Polymerlésung durch Scherkrifte in Mikrotrépfchen aufgebrochen,
was entweder durch einen Homogenisator, Ultraschall oder Mixer realisiert wird [376, 398~
401]. Dieser erste Schritt bestimmt hauptséichlich die Grofenverteilung der resultierenden
Partikel [400|. Im zweiten Schritt, der Verdampfung des organischen Losungsmittels, hér-
ten die gebildeten Mikrotropfchen aus und kénnen anschliefsend durch Filtration und Trock-
nung geerntet werden [376, 400]. Reste von Emulgatoren oder nicht-eingekapseltem Wirkstoff
kénnen durch Waschen entfernt werden. Der zweite Schritt bestimmt dabei die Partikelmor-

phologie und hat einen entscheidenden Einfluss auf die Wirkstofffreisetzung 376, 400]. Die
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Losungsmittelverdampfung ist eine gingige Methode, um PLA oder PLGA Partikel herzustel-
len 376, [400-402|. Bei der Membran-Emulgierung (pre-miz membrane emulsification) werden
Polymere zusammen mit Stabilisatoren vorgemixt [403-407|. Dabei bildet beispielsweise eine
Wasser-Methanol-Emulsion ein Nicht-Lésungsmittel, in dem sich die Partikel bilden kénnen
ohne das Polymer zu l6sen [403-407]. Durch mehrmalige Filtration werden die Polymere in
die gewiinschte Partikelgrofe gebracht IT) [403-407). Die Partikelgrofe wird hierbei
durch die Filtergrofe, aber auch tiber die Konzentration und dem eingesetzten Volumen des

Nicht-Losungsmittels, beispielsweise Methanol, bestimmt [405] 406].

1.3.3.3 Einfluss von (Nano-)Partikeleigenschaften auf zellulire Aufnahme

Fiir die zelluldre, Rezeptor-induzierte Partikelaufnahme miissen Partikel, wie zuvor fiir Pa-
thogene beschrieben, ebenfalls von Zellmembranrezeptoren erkannt werden. Als Rezeptoren
der Zelloberfliche wurden dabei hauptséchlich Integrine identifiziert, da bei Mausen, die kein
Integrin exprimierten (Integrin-knock-out Mause) die Phagozytose, sowie zelluldre Entziin-
dungsreaktionen reduziert waren [408]. Somit interagieren die Integrine der Zellmembran mit

an der Partikeloberfliche gebundenen Proteinen [408, 409].

Protein-
Corona

O NH,

—COOH
SOy

chemische Oberfldchen-
Zusammensetzung =4 = + funktionalisierung
Ladung

Abbildung 9: Schematische Darstellung der fiir die zelluldren Interaktion wichtigen Partikel-
charakteristiken. Zu den wichtigsten Partikeleigenschaften gehoren neben der chemischen Zu-
sammensetzung, Grofe, Form und einer Corona auch die Oberflichenfunktionalisierung und
-ladung. Die chemische Zusammensetzung bezieht sich auf das Material des Partikels (Fe: Ei-
sen, Au: Gold, PS: Polystyrol, Ag: Silber). Die Oberflichenfunktionalisierung beschreibt das
Einbringen von funktionellen Gruppen wie Amin- (NHsy), Carboxyl- (COOH) oder Sulfat-
gruppen (SOy4). Bestimmte Partikeleigenschaften bedingen sich oft gegenseitig, beispielsweise
kann die Oberflaichenfunktionalisierung nicht nur die Ladung bestimmen, sondern auch die
Hydrophobizitit oder die Zusammensetzung der Protein-Corona verdndern.
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Der Fokus der zelluldren Aufnahme lag in den letzten Jahren auf Nanopartikeln, da die-
se vermehrt Anwendung als Wirkstoffsysteme in der Medizin finden [410-412|. Dementspre-
chend sind hauptsichlich Eigenschaften der Nanopartikel auf die zelluldre Aufnahme bekannt
. Zu diesen Partikeleigenschaften zadhlt der Partikeldurchmesser, wobei generell gilt,
dass kleine Partikel schneller und vermehrt aufgenommen werden [296, 411-416|. Fiir Makro-
phagen ist zusdtzlich bekannt, dass eine Partikelgréfse von 2-3 pm der optimale Durchmesser
fiir die Phagozytose darstellt [296, [414] 416]. Beziiglich der Partikelform wurde beschrieben,
dass Stdbchen einfacher aufgenommen werden als Sphéren, allerdings nur bei einem Durch-
messer kleiner als 3 ym. Ab 3 pm wurden von verschiedenen Zelltypen Sphiren bevorzugt
[411) 412, |417] 418]. Interessanterweise wurden bei anorganischen Materialien stets Sphéren
bevorzugt aufgenommen [296, 419]. Von Leclerc et al. wurde beschrieben, dass PS Partikel,
welche eine carboxylierte Oberflichenfunktionalisierung (-COOH) trugen, von Makrophagen
besser aufgenommen wurden als PS Partikel mit einer Aminogruppe (-NHg) [297]. Des Weite-
ren ist fiir die Oberflichenmodifizierung bekannt, dass IgG-beschichtete Partikel besser [420),
421], und mit Polyethylenglykol beschichtete (=PEGylierte) Partikel schlechter aufgenommen
werden [412, 422, 423|. Durch die Oberflichenmodifizierung wird auch gezielt Ladung auf die
Partikeloberfliche eingebracht und kann somit verdndert werden. Die Ladung der Partikelo-
berfléche spielt eine wichtige Rolle, da stirker geladene Partikel eher aufgenommen werden als
schwach oder nicht geladene Partikel [413] |416] 424, 425]. Die positive Oberflachen-
ladung der meisten Nanopartikel korreliert mit einer héheren zelluldren Aufnahme und einer
grokeren Zytotoxizitat in nicht-phagozytischen Zellen [426]. Dagegen werden anionische Par-
tikel von Phagozyten besser aufgenommen [426]. Die Oberflachenladung bestimmt
ebenfalls den Aufnahmemechanismus. So beschrieben Harush-Frenkel et al., dass positiv ge-
ladene PEGylierte PLA Partikel eine schnelle Aufnahme iiber den Clathrin-vermittelten Weg
zeigen, wihrend negativ geladene Partikel eine geringere Aufnahmerate aufwiesen und iiber
einen anderen Endozytose-Weg aufgenommen wurden [427]. Auberdem verursachen
positiv geladene Partikel eine unspezifische Adhéision an der Zellmembran, die negativ und na-
hezu neutral geladenen Partikel verringern jedoch die unspezifische Adsorption und begiinsti-
gen spezifische Zellerkennung und Internalisierung, beispielsweise iiber Liganden-vermittelte
Aufnahme [422) 428]. Neben der Internalisierung kann die Partikelladung auch die Vertei-
lung im Kérper und in den Zellen beeinflussen (Tab. 1)). So wurden negativ oder neutral
geladene Partikel nach kurzer Inkubationszeit (eine Stunde nach respiratorischer Gabe) in
Lymphknoten gefunden, wihrend bei positiv geladenen Partikeln die pulmonale lymphatische

Translokation inhibiert war [429) 430]. Weiterhin wurden positiv geladene Nanopartikel im
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Zytoplasma und Zellkern gefunden, wihrend sie, im Vergleich zu negativ geladenen Partikeln,

nicht in den Endosomen gefunden wurden [431-433].

Tabelle 1: Tabellarische Gegeniiberstellung des Einflusses der Partikeloberflichenladung auf
die zelluldre Interaktion und Internalisierung (Aufnahme), sowie auf die intrazellulire und
pulmonale Translokation.

kationische Partikel Quellen
Aufnahme hohere Internalisierungsrate in nicht-Phagozyten [426]
Clathrin-vermittelte Endozytose [422] |427, |428]
unspezifische Zellmembraninteraktion [422, [428]
Translokation im Zytoplasma und Zellkern, nicht in Endosomen [431H433]
in der Blutbahn [429, [430]

anionische Partikel Quellen
Aufnahme bessere Internalisierung in Phagozyten [426]
Liganden-vermittelte Endozytose [422] 1427, |428|
spezifische Adhésion [422, 428|
Translokation in Endosomen [431H433]
in den Lymphknoten [429] 430]

Verschiedene Studien zeigten auch, dass hydrophobe Partikel besser aufgenommen werden als
Partikel aus hydrophilem Material [412, 413|422} 434] 435]. Zu den mechanischen Eigenschaf-
ten ist bekannt, dass harte Partikel besser aufgenommen als weiche [436]. Mahmoudi et al.
zeigten, dass unterschiedliche Zelllinien die gleiche Art von Nanopartikel unterschiedlich auf-
nehmen, was zusétzlich die Zelllinienabhéngigkeit bei der Aufnahme unterstreicht [437]. Dies
wurde ebenfalls von dem Ergebnis von Lunov et al. bestétigt, bei dem die beiden als Phagozy-
ten zéhlenden Zelltypen Makrophagen und Monozyten verglichen wurden. Hierbei zeigte sich,
dass Makrophagen carboxylierte PS Partikel préferieren, wahrend Monozyten eher PS-NHo
aufnahmen [438].

Das Vorhandensein von Serum, wie es beispielsweise im Wachstumsmedium in der Zellkultur
verwendet wird, scheint die Nanopartikel-Aufnahme in nicht-phagozytischen Zellen zu verrin-
gern, erhoht sie aber in phagozytischen Zellen [426]. Damit liefert die Ausbildung und Zusam-
mensetzung einer Protein-Corona, entsprechend Treuel et al. eine ungefdhr 5 nm dicke Schicht
um die Partikel, eine der wichtigsten Oberflicheneigenschaften, die die Partikel-Zellinteraktion
(PZI) beeinflusst [439-441]. Grundsitzlich lagern sich in einer biologischen Umgebung biologi-
sche Stoffe an der Partikeloberfliche an [442, 443|. Dies geschieht iiber elektrostatische Wech-

selwirkungen wie van-der-Waals Wechselwirkungen und Wasserstoffbriicken [444] [445]. Je nach
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biologischer Umgebung unterscheidet sich die Zusammensetzung dieser Partikel-Corona, so
werden sich beispielsweise in Proteinlésungen Proteine anlagern und in der Umwelt organi-
sche Stoffe, Pestizide, Schadstoffe, etc. (Abb. 10]). Historisch gesehen begann die Analyse der
Partikel-Corona mit der Protein-Corona an Nanopartikeln, was dazu fiihrt, dass diese am
besten erforscht ist [443, 446]. Mit dem zunehmendem Nachweis von Partikeln in der Umwelt
wurde der Begriff der Umwelt-Corona etabliert, bei der die Adsorption natiirlicher organi-
scher Stoffe (natural organic matter, NOM), eine groke Rolle spielt [443, 446, 447|. Spéter
wurde neben NOM und Proteinen die Adsorption von Pestiziden und POPs untersucht und
der Begriff der Eco-Corona eingefiihrt [443] |446], 448] [449].

Fiir die Ausbildung und dem Aufbau der Protein-Corona gibt es verschiedene Modelle, mei-
stens wird aber zwischen einer harten (engl. hard corona, innere Schicht) und weichen (engl.
soft corona, dufere Schicht) Corona unterschieden , Multilayer Modell) 447, |450-
455|. Dabei besteht die harte Corona aus Proteinen mit hoher Bindungsaffinitit zur Partikelo-
berflache, wohingegen die weiche Corona aus Proteinen mit weniger starker Bindungsaffinitét
zu Partikeloberfliche besteht [447, |452) 454 455]. Diese Proteine haben eine stiarkere Bin-
dungsaffinitit zu den Proteinen der harten Corona [447, 452, 454, 455|. Allerdings ist das
Vorhandensein einer Multi- oder Monolayer Protein-Corona kontrovers diskutiert [455]. Beim
Monolayer-Modell wird nur eine Schicht (= Monolayer) aus Protein auf der Partikelober-
fliche ausgebildet. Diese Monolayer wurden hauptsichlich bei kleinen Nanopartikeln (unter
10 nm) beschrieben, bei groferen Nanopartikeln wurden weitgehend Multilayer ausgebildet
[452] |453], 455-457|. Zusitzlich hat das Nanopartikel-Material auf die Ausbildung einer Mono-
oder Multilayer Protein-Corona einen grofsen Einfluss, da bei Gold- und Polymerpartikeln
hauptséchlich Monolayer beschrieben wurden, bei anderen organischen (nicht aus Kunststoff
bestehenden) Nanopartikeln hingegen Multilayer [455]. Allgemein wird die Ausbildung der
Protein-Corona mit dem sogenannten Vroman-Effekt erklart [447, 450, 454) |455| 458|. Der
Vroman-Effekt wurde auf flachen Oberflachen beschrieben und bezeichnet die zeitabhéngige
Anderung in der Zusammensetzung der Protein-Corona [447, 450, 1454, |458| |459|. Dabei adsor-
bieren Proteine, die in einer hohen Konzentration im jeweiligen Medium vorkommen, schneller
in der frithen Phase [447, 450, |454} 458, |459|. Diese werden im Verlauf durch weniger hiufig
vorkommenden Proteinen ersetzt, welche aber eine hohere Bindungsaffinitdt zur Oberflache
haben [447, 450, 454, 458, |459]. Wiahrend dieser Serie an komplizierten Adsorptions- und
Desorptionsstufen bleibt die Anzahl an an der Oberfliche adsorbierten Proteinen konstant
[447,, 1450, 454, |458|, 459]. Dieses, vergleichsweise alte Modell, wurde 2015 durch Docter et al.

durch ein neueres Modell ergénzt [447].
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1. Schicht

2. Schicht
3. Schicht

Umwelt-Corona

Harte PC Harte PC Harte und weiche PC
Monolayer Modell ~ Multilayer Modell Multilayer Modell

Abbildung 10: Schematische Darstellung der Ausbildungen von Coronae um Partikel und ver-
schiedener Modelle der Protein-Corona. Historisch wurde zuerst an der Adsorption von Pro-
teinen auf der Partikeloberflaiche und der Ausbildung einer Protein-Corona geforscht. In den
nachfolgenden Jahren verlagerte sich die Forschung auf die Analyse der sogenannten Umwelt-
Corona, bestehend aus natiirlichen organischen Stoffen (NOM) und der Eco-Corona, beste-
hend aus Proteinen, NOMs, Pestiziden oder persistenten organischen Schadstoffen (POP). Fiir
die Ausbildung der Protein-Corona werden verschiedene Modelle diskutiert. Generell besteht
die Protein-Corona aus mehreren Schichten (beispielsweise Schicht 1-3). Es wird zwischen
einer harten Corona (Monolayer oder Multilayer, blau) und einer weichen Corona (rot) un-
terschieden.

In diesem Modell ist die Evolution der Protein-Corona als deutlich schneller, innerhalb 30
Sekunden, und die zeitliche Verdnderung in der Zusammensetzung der Corona wird eher als
quantitativ als qualitativ (verglichen zum alten Modell) beschrieben 454]. Als Vorlage
fiir dieses Modell haben unter anderem die Ergebnisse von Tenzer et al. gedient. Hier bildete
sich die Protein-Corona auf der Basis von humanen Plasma auf PS und Silika Nanopartikeln
sehr schnell aus, und anschliefend unterschieden sich die Proteine, welche die Protein-Corona
bildeten, nicht mehr [460]. Lediglich die quantitative Zusammensetzung dnderte sich [460).

Wie bereits oben beschrieben erlaubt die Adsorption von bestimmten Proteinen (= Opsoni-
ne) eine einfachere Erkennung von Makrophagen, andere dagegen (= Dysopsonine) erschweren
diese. Als Opsonine gelten Fibrinogen, IgG und Komplementfaktoren [461-463|, wihrend hu-
manes Serumalbumin (HSA), bovines Serumalbumin (BSA) und Apolipoproteine als Dysopso-
nine bekannt sind . Dobrovolskaia et al. zeigten, dass die Adsorption von Opsoninen

an der Nanopartikeloberflache einerseits die Bindung an Zellrezeptoren verbessert, anderer-
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seits die Repulsion der negativ geladenen Nanopartikel von der ebenfalls negativ geladenen
Zellmembran reduzieren kann, was zu mehr PZI fithren kann [465|. Zusétzlich beeinflusst die
Oberflichenladung und -funktionalisierung der Nanopartikel deren Protein-Corona Zusam-
mensetzung [439} 440, 447, |466]. So zeigten Fleischer et al., dass durch die Anwesenheit von
fetalem Kalberserum (engl. fetal calf serum, FCS) im Medium die PZI von kationischen PS
Nanopartikeln erh6ht, wihrend die PZI von anionischen PS-Nanopartikeln verringert war [439,
466|. Interessanterweise zeigten Fleischer et al. hier, dass BSA, der Hauptbestandteil von FCS,
einer Strukturdnderung in der Sekundérstruktur nach Bindung an kationischen PS Nanopar-
tikeln unterliegt, was fiir anionische PS Nanopartikel nicht der Fall war [439, 467|. Durch die
Anderung in der Sekundirstruktur von BSA wurden kationische PS Nanopartikel iiber den
Scavenger-Rezeptor aufgenommen, wihrend anionische PS Nanopartikel iiber die Bindung
des Albumin-Rezeptors auf der Zellmembran interagierten [439, 468|. Weiterhin kann bei-
spielsweise die PEGylierung der Partikeloberfliche die Adsorption von BSA inhibieren, was
wiederum Einfluss auf die PZI hat [444]. Die Anzahl an adsorbierten Proteinen an der Par-
tikeloberflache ist bei hydrophoben Oberflichen gréfer und allgemein ist die Adsorption und
Desorption abhéngig von Hydrophobizitit [450]. Weitere Faktoren, die die Zusammensetzung
der Protein-Corona beeinflussen sind Inkubationszeit und -temperatur, Oberflichenmorpho-
logie und -topografie sowie das Verhéltnis zwischen Partikelkonzentration und Medium [447].
Die Datenlage zum Verhalten der Protein-Corona bei Uberfiihrung von einem in ein anderes
Medium, beispielsweise wenn Partikel aus der Umwelt in einen Organismus gelangen und mit
Speichel, Magensdure oder Blut in Kontakt kommen, ist nach wie vor unklar. Dabei stellt
sich die Frage, ob die Original-Corona stabil erhalten bleibt oder substanziellen Anderungen
unterliegt [447, 469, 470|. Derzeit wird davon ausgegangen, dass die Corona je nach Umge-
bung bestimmten Anderungen unterliegt, die Original-Corona jedoch teilweise erhalten bleibt
und damit Informationen iiber die vergangenen Stationen erhalten bleiben [447, 451, 469].
Die Protein-Corona beeinflusst auch die Verteilung von Nanopartikeln im Kérper oder in ein-
zelnen Zellen [430, 471-474]. So kénnen opsonierte Nanopartikel schneller von Phagozyten
aufgenommen und transportiert werden, wodurch sie eher in Leber und Milz akkumulieren
[462, 472, 475]. Im Vergleich dazu werden Partikel, die Dysopsonine an ihrer Oberfliche ad-
sorbieren, weniger von Phagozyten erkannt und aufgenommen, was dazu fiithrt, dass die langer
im Blutkreislauf zirkulieren [472, 476, |477]. Die Adsorption von Proteinen kann auch zu Ag-
glomeration von Nanopartikeln und damit verénderter Verfiigharkeit fiir PZI fithren [474]
478|. Derzeit fehlen Daten zur Zusammensetzung und Auswirkung einer Protein-Corona an

Mikroplastikpartikeln. Man kann von einem Unterschied zwischen Mikro- und Nanopartikeln
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ausgehen, da signifikante Unterschiede in der Protein-Corona Zusammensetzung bereits ab

10 nm Grokenunterschied gefunden wurden [479).
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2 Zielsetzung

Trotz zunehmender Verbreitung von Mikroplastik in der Umwelt sind Aussagen iiber mog-
liche schadigende Wirkungen auf verschiedene Organismen derzeit noch nicht moglich, z.B.
nach der Aufnahme iiber Nahrung, Trinkwasser oder Atemluft. Schon bei einer einfachen
Translokation durch den Verdauungstrakt kommen die Mikroplastikpartikel mit den dorti-
gen Gewebezellen, insbesondere den Barriere-bildenden Epithelzellen, in Kontakt [175, 232].
Durch aktive oder passive zellulire Aufnahme und dem Durchdringen der entsprechenden
Gewebeschichten kénnen sie anschlieffend im gesamten Korper verteilt werden 227, |228|. Als
Bestandteil des Immunsystems sind Makrophagen, welche entweder im Koérper patrouillieren
oder in bestimmten Organen anséssig und spezialisiert sind, prédestiniert fiir die Aufnahme
von Mikroplastikpartikeln. Durch die Aufnahme von Makrophagen kénnten auch Mikropla-
stikpartikel weiter in verschiedene Organe transportiert werden [243| 323|. Damit sind die
Anreicherung im Korper und entsprechend induzierte Langzeitwirkungen denkbar [228, |361].
In der vorliegenden Arbeit wurden die Interaktion, Aufnahme und intrazellulirer Verteilung
von Mikroplastikpartikeln mit murinen Zelllinien untersucht. Dabei wurden Epithelzelllinien

aus dem Darm und der Leber, sowie Makrophagenzelllinien aus dem Aszites und der Leber

verwendet (Abb. 11])).
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Abbildung 11: Ziel der vorliegenden Arbeit war die Analyse der Partikel-Zellinteraktion in
Abhéngigkeit verschiedener Partikeleigenschaften und unterschiedlicher Zelllinien. Zusétzlich
wurde die intrazellulidre Verteilung, sowie Verteilung an Tochterzellen, von PS Partikeln ver-
schiedener Grofse bei Fresszellen (Makrophagen) untersucht. Aus Epithelzellen wurden Sphé-
roide entwickelt, welche als mehrdimensionale Zellmodelle fiir die Analyse der Partikelinter-
aktion dienten.
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In einer Studie sollten die zelluldre Aufnahme und zellschddigenden Auswirkungen von PS
Partikeln verschiedener Grofe untersucht werden, wobei sowohl grofen- als auch zelllinien-
abhingige Effekte analysiert werden sollten. Des Weiteren wurde die Auswirkung der Ver-
wendung von nominell gleichen PS Partikeln zweier Hersteller auf die zelluldre Interaktion
mit Makrophagen miteinander verglichen. Neben reinen Partikeln sollte der Einfluss einer
artifiziellen, kontrollierten Protein-Corona auf PS Partikeln verschiedener Groéfe untersucht
werden. In der Umwelt findet man neben PS Partikeln auch andere Polymerpartikel. Aus
diesem Grund sollten zusédtzlich zu PS Partikeln Mikropartikel aus verschiedenen Polymer-
arten analysiert und deren zelluldre Aufnahme, sowie zelluldre Effekte identifiziert werden.
Neben der Aufnahme ist es von grofer Wichtigkeit, auch die Freisetzung von Mikropartikeln
aus Zellen zu untersuchen. Mikropartikel, die nicht zeitnah wieder freigesetzt werden, son-
dern in den Zellen fiir einen langeren Zeitraum verbleiben, sollten beziiglich einer moglichen
Ko-Lokalisation mit ausgewéhlten Zellorganellen untersucht und damit der intrazellulare Ver-
bleib der Partikel identifiziert werden. Um die zelluldren Effekte von nicht-toxischen Partikeln
zu identifizieren sollten als Referenzmaterial Celluloseacetat Partikel hergestellt werden. Die
Effekte dieser Referenzpartikel sollten in einer Studie mit den zelluldren Effekten anderer Po-
lymerpartikel verglichen werden.

Da 2D-Zellkultur nur ein stark vereinfachtes Modellsystem widerspiegelt, sollten zusétzlich
erste Versuche beziiglich der Partikelinteraktion an Sphéroiden aus Leberepithelzellen durch-
gefithrt werden, um ein besseres Verstindnis fiir das Verhalten von Mikroplastik in mehrdi-

mensionalen Zellkulturmodellen zu entwickeln.
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3 Synopsis

Die vorliegende Arbeit umfasst drei Publikationen und zwei Manuskripte, welche in Abschnitt
5 aufgelistet sind. Die erste Publikation wurde als Erstautorin verfasst und befasst sich mit der
Aufnahme und den zelluldren Effekten von PS Partikeln unterschiedlicher Grofse bei Inkuba-
tion mit vier Modellzelllinien (Teilarbeit I). Die Auswirkungen unterschiedlicher Oberflichen,
hervorgerufen durch unterschiedliche Herstellungsmethoden oder dem Aufbringen einer kon-
trollierten Protein-Corona, wurden in zwei weiteren Teilarbeiten untersucht (Teilarbeit 11 und
I1T). Auferdem wurde die intrazelluléare Verteilung und Freisetzung unterschiedlich grofser PS
Partikel in Makrophagen in einer Teilarbeit untersucht (Teilarbeit V, Manuskript). Eine wei-
tere Teilarbeit befasst sich mit der Aufnahme und den Effekten unterschiedlicher Polymermi-
kropartikel in Modellzelllinien (Teilarbeit TV, Manuskript). In einer letzten Teilarbeit wurden
fluoreszierende Mikropartikel mit einer neuen Methode hergestellt und ihre Verwendbarkeit
fiir zelluldre Studien analysiert, wobei neben 2D-Zellkultur auch Sphiroide aus Epithelzellen
verwendet wurden (Teilarbeit VI, nicht als Verdffentlichung geplant).

Nachfolgend werden wichtige von mir erzielte Ergebnisse der einzelnen Teilarbeiten darge-
stellt, diskutiert und in Verbindung zueinander gebracht. Die jeweiligen Eigenanteile sind in

Abschnitt 6 aufgefiihrt.

3.1 Herstellung von Modell-Mikropartikeln

Seit vielen Jahren sind verschiedene Methoden bekannt, um Mikropartikel herzustellen. Dabei
bestimmen verschiedene Eigenschaften die Herstellungsmethode, unter anderem die angestreb-
te Partikelgrofe oder das Vorhandensein von Oberflichenmodifizierungen, sowie das Material.
Hier werden zwei Methoden vorgestellt, welche im Rahmen der Arbeit weiterentwickelt wur-
den, um Celluloseacetat und Polystyrol Mikropartikel mit gewlinschten Eigenschaften herzu-

stellen.

3.1.1 Herstellung von Celluloseacetat Partikeln

Celluloseacetat (CA) ist als biologisch basiertes, nicht toxisches Material in der Literatur
beschrieben [480H482| und sollte aus diesem Grund als Referenzmaterial fiir verschiedene To-
xizitdtsstudien hergestellt werden. Hierbei wurde analysiert, ob das Material, beispielsweise
PS oder PE, potentiell toxisch ist, oder ob eine zelluldre Reaktion durch eine Inkubation mit
Partikeln als Fremdkorper verursacht wird. Da CA bereits als Polymer vorliegt, war keine
Synthese des Polymers notwendig, es musste jedoch fiir die Herstellung gelost werden. Fiir

die Herstellung von CA Mikropartikeln wurde einerseits das Verfahren der Losungsmittelver-

37



3 SYNOPSIS

dampfung (engl. solvent evaporation) auf Basis eines Patentes von Wagenknecht verwendet
[483]. Diese Methode fithrte zu vergleichsweise grofen Partikeln mit ca. 20 pm in Durchmesser
(Abb. 12)). Da diese erreichte Grofe jedoch nicht fiir Zellstudien geeignet war, sollten Mikro-

partikel mit einer Grofe kleiner als 10 pm hergestellt werden.

Lésungsmittelverdampfung

Abbildung 12: Rasterelektronische Aufnahmen von Celluloseacetat Partikeln, welche mittels
Losungsmittelverdampfung (solvent evaporation) oder Membran-Emulgierung (engl. pre-miz
membrane emulsification) hergestellt wurden. Skalenbalken wie angegeben.

Fiir die Herstellung kleinerer CA Mikropartikel wurde eine Membran-Emulgierung, als eine
Art der Emulsionspolymerisation, verwendet . Diese Methode wurde bisher fiir an-
dere biobasierte Polymere wie PLA verwendet, jedoch nicht fiir CA. Das Protokoll fiir die
CA Mikropartikelherstellung ist an eine Veroffentlichung von Sawalha et al. angelehnt, welche
PLA Mikropartikel mit dieser Methode herstellten [405|. Das Protokoll wurde durch die Ver-
wendung von Ethylacetat anstelle von Dichlormethan als Losungsmittel fiir CA angepasst.
Die resultierenden CA Partikel hatten einen deutlich geringeren Durchmesser von ungeféhr
2-3 pm. Verwendung fanden die Partikel, welche mittels solvent evaporation hergestellt wur-
den und einen grokeren Partikeldurchmesser aufwiesen, in einer Studie am Modellorganismus
Daphnia magna, welche eine Kooperation mit Michael Schwarzer und Julian Brehm (Lehrstuhl

Tierckologie I, Universitat Bayreuth) war (Verdffentlichung VIII, nicht Teil der Dissertation).
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Die Mikropartikel, welche mittels pre-miz membrane emulsification hergestellt wurden, wur-

den fiir Zellstudien in Verdffentlichung IV verwendet.

3.1.2 Herstellung von fluoreszierenden Partikeln mittel NITEC

Fiir verschiedene Analysen werden fluoreszierende Partikel benttigt. Darunter fallen auch die
Detektion und Quantifizierung der Partikel-Zellinteraktion, die Lokalisierung von Partikeln in
Zellen und bestimmten Zellkompartimenten (Organellen). Allerdings sind nicht alle Polymer-
mikropartikel mit einer Fluoreszenzmarkierung kommerziell erwerbbar. Aus diesem Grund
wurden fluoreszierende Mikropartikel im Rahmen einer Kooperation mit Dr. Laura Delaf-
resnaye (Soft Matter Materials Group, Prof. Dr. Christopher Barner-Kowollik, Queensland
University of Technology, Brisbane, Australien) hergestellt . Ziel war die Etablie-
rung einer Polymerpartikelbibiliothek, welche definierte Oberflacheneigenschaften aufweisen

und mit Photoklick-Reaktion (Prazipitationspolymerisation) hergestellt werden kénnen.
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Abbildung 13: Herstellung von inhdrent fluoreszierenden PS Partikeln mittels Photopolyme-
risation, genauer einer NITEC Reatkion. I: schematische Darstellung der Partikelsynthese
der Vorpolymere Polystyrol-Tetrazol (blau) und Polystyrol-Acrylat (rot) mittels Photopoly-
merisation bei gleichzeitiger Partikelsynthese (Préazipitationspolymerisation). IT: fotografische
Aufnahmen der Reaktionsgefifie vor und nach Photopolymerisation in Weiklicht und unter
einer UV-Lampe (Ae;= 365 nm), welche die Fluoreszenz der Partikel zeigt. I1I: rasterelektro-
nenmikroskopische Aufnahme der resultierenden PS Partikel. Skalenbalken wie angegeben.
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Zu Beginn sollten PS Mikropartikel, aber auch PMMA und PE Mikropartikel als reine Poly-
mermikropartikel ohne Oberflichenmodifizierung hergestellt werden. Allerdings war nur die
Produktion von PS Partikeln erfolgreich und die Produktion der anderer Polymerpartikel
ist noch Bestand aktueller Forschungsarbeiten. Im Folgenden werden die PS Partikel wei-
ter beschrieben . Dabei wurden zuerst Vorpolymere (pre-polymers, Polystyrol-Tetrazol und
Polystyrol-Acrylat) mittels RAFT-Polymerisation synthetisiert, wobei diese Polymerisation
eine einfache und gute Kontrolle iiber das Molekulargewicht der Polymere erlaubt. Die an-
schliefende Nutzung einer NITEC-Reaktion sorgte fiir die Synthese des Polymers (Polystyrol-
basiertes Copolymer) mit inhérenter Fluoreszenz (= Photopolymerisation) und gleichzeitige
Partikelsynthese (= Prézipitationspolymerisation) . Dabei war die Herstellung
von PS Partikel im Groéfsenbereich von 200- 500 nm bereits am der Soft Matter Materials
Group der QUT etabliert und musste durch Verédnderungen im Verh&ltnis der beiden Vorp-
olymere, sowie der Reaktionszeit fiir die Produktion von Partikeln mit einem Durchmesser
von mehr als 1 pm etabliert werden. Die resultierenden Partikel hatten einen Durchmesser
von ungefihr 1,5 um und zeigten Fluoreszenz bei Anregung mit 365 nm (Abb. 3.1.2)) und
konnten in Teilarbeit VI, sowohl fiir die Analyse der Partikel-Zellinteraktionen, als auch fiir

die Analyse in Leberzellsphiroiden verwendet werden.

3.2 Was beeinflusst die zellulire Interaktion und Internalisierung von Modell-

Mikroplastikpartikeln?
3.2.1 Groéfen- und Zelllinienabhingigkeit

Die Partikelaufnahme in Zellen wurde bereits fiir bestimmte Zellarten und -linien, sowie un-
terschiedliche Polymerpartikel mit unterschiedlichen Gréfsen und Oberflachenmodifizierungen
beschrieben. Dabei wurden aber selten die gleichen Zelllinien, Partikelgréffen oder Modifi-
zierungen verwendet, was einen eindeutigen Vergleich zwischen bestimmten Zell- und Poly-
merarten sehr erschwert. Es fehlen also Studien, die einen einheitlichen Vergleich zwischen
Polymeren, Partikeldurchmessern und Zelllinien ermdoglichen.

In der vorliegenden Arbeit wurden vier Zelllinien verwendet. Dabei wurden zwei Arten von
Makrophagen genutzt: J774A.1 als patrouillierende “ Makrophagen aus dem Aszites und die
residenten Lebermakrophagen ImKC. Zusétzlich wurden Leberepithel- (BNL CL.2) und Dar-
mepithelzellen (STC-1) verwendet. In einer ersten Studie wurden fluoreszierende PS Partikel
ohne Oberflichenmodifizierung (pristin) mit unterschiedlicher Groke (0,2 - 6 pm), aber in en-
ger Grofenverteilung, hinsichtlich ihrer zelluldren Interaktion, Internalisierung und Effekte auf

Zellproliferation und -metabolismus untersucht. Die Internalisierung der Partikel wurde quali-
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tativ mittels Elektronen- und Fluoreszenzmikroskopie bestimmt. Die Partikel-Zellinteraktion
(PZI) konnte mit Hilfe von Durchflusszytometrie quantifiziert werden, allerdings ist hier zu

beachten, dass mit dieser Methode nicht zwischen internalisierten Partikeln und Partikeln,

die an der Zellmembran haften (ohne Internalisierung) zu unterscheiden ist.

J774A1

ImKC

J774A1 5
2 pm MPP
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Abbildung 14: Partikelaufnahme in Makrophagen (J774A.1 und ImKC) von PS Partikeln
mit unterschiedlichem Durchmesser (0,2 - 6 pm). Die Partikelaufnahme konnte mittels Fluo-
reszenzmikroskopie (CLSM, A) und Elektronenmikroskopie (B) analysiert werden. Fiir die
fluoreszenzmikroskopischen Aufnahmen wurden das Zytoskellet (rot) und die Zellkerne (blau)
gefarbt, wiahrend die PS Partikel eine griine Fluoreszenz aufwiesen. Skalenbalken wie ange-
geben. Die Quantifizierung der Partikel-Zellinteraktion konnte fiir 1- 6 pm Partikel mittels
Durchflusszytometrie erfolgen (C: J774A.1, D: ImkC). Dabei wurde fiir die jeweilige Parti-
kelgroke zwei Partikelkonzentrationen (hell: gering, dunkel: hoch) verwendet. Nachdruck mit
freundlicher Genehmigung des Verlags. Modifiziert nach Rudolph, J., Voelkl, M., Jérome, V.,
Scheibel, T., & Freitag, R. Noxic Effects of Polystyrene Microparticles on Murine Macrophages
and Epithelial Cells. Scientific Reports 11, 15702 (2021). Copyright (2021) Springer Nature.
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Durch einen Schreibfehler (,Quantitative analysis of MPP uptake” anstatt ,Quantitative ana-
lysis of MPP interaction “) im ersten Manuskript (Rudolph, Vo6lkl et al., 2021) im Absatz ,Ma-
terial und Methoden “ (S. 11), in dem sich falschlicherweise auf eine quantitativen Analyse der
Partikelaufnahme mittels Durchflusszytometrie, statt der durchgefiihrten quantitativen Ana-
lyse der Partikelinteraktion bezogen wurde, konnte der Eindruck gewonnen werden, dass eine
Quantifizierung der Aufnahme stattfand. Des Weiteren scheinen im Manuskript ausgewihlte
Stellen (Abschnitt ,Conclusion “ auf S. 10, Abschnitt ,Abstract ¢ auf S. 1) eine Quantifizierung
der Aufnahme zu implizieren, welche jedoch, wie bereits erwéhnt, nicht stattfand. Durch die
qualitative Analyse der Partikelaufnahme mittels konfokaler Mikroskopie konnte jedoch ab-
geleitet werden, dass die fiir Phagozytose spezialisierten Makrophagen einen, im Vergleich zu
Epithelzellen, groferen Bereich an Partikelgrofen aufnehmen kénnen (0,2 - 6 pm), sowie eine
grofsere Zahl an Partikeln internalisieren A und B). Fiir eine quantitative Aussage
miissten allerdings zusétzliche Aufnahmen quantitativ ausgewertet werden. Bei Epithelzellen
zeigten sich starke Unterschiede, da Darmepithelzellen maximal 0,2 pm Partikel internalisier-
ten, wahrend in Leberepithelzellen auch Partikel bis zu einer Groke von 3 pm internalisiert
wurden. In dieser Studie wurde die PZI erstmalig mittels Durchflusszytometrie quantifiziert.
Dadurch konnten teilweise grofie Unterschiede in der Verteilung der interagierenden Partikel
zwischen den beiden Makrophagenzelllinien identifiziert werden C und D). Fiir bei-
de Makrophagen wurde beobachtet, dass kleinere Partikel (1 und 2 pm) vermehrt mit Zellen
interagierten, wohingegen 6 pm Partikel die geringste PZI zeigten. Dies kann mit der Groke
von Bakterien erkldrt werden, welche normalerweise eine Gréfe von maximal 4 pm besitzen,
wodurch die 6 pm Partikel eher unattraktiv fiir Partikelaufnahme sein kénnten [484]. Zusitz-
lich zeigten ImKC Zellen fiir alle Mikropartikel (1 - 6 pm) eine geringe PZI, wiahrend J774A.1
Zellen jeweils mit deutlich mehr Partikeln interagierten. In J774A.1 Makrophagen wurde ne-
ben der erhéhten Anzahl der interagierenden Partikeln pro Zelle auch eine vermehrte, totale
Anzahl an Zellen gefunden, welche generell mit Partikeln interagierten. Anders gesagt gab es
in ImKC Makrophagen mehr Zellen, die keine PZI zeigte. Dies konnte in der urspriinglichen
Umgebung der beiden Zelllinien begriindet sein, da J774A.1 wandernde Makrophagen sind,
wahrend ImKC Zellen spezialisierte Makrophagen aus der Leber sind, welche dort anséssig
sind. Dabei kénnten ImKC Zellen auf die Aufnahme von kleineren Partikeln spezialisiert sein
[485] 486]. In beiden Zelllinien gab es jedoch immer ein paar Zellen, welche keine oder deutlich
weniger Partikel aufnahmen, wohingegen andere Zellen zur gleichen Zeit 10 oder mehr Par-
tikel aufgenommen hatten. Diese Unterschiede wurden auch in weiteren Studien beobachtet,

konnten jedoch nie komplett erkldrt werden und wurden teilweise in Teilarbeit V durch die
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Untersuchung mit polarisierten Makrophagen adressiert. Die durch Inkubation mit bakteriel-
lem Lipopolysaccharid (LPS) oder Interleukin (IL)-4 zu M1, beziehungsweise M2 polarisierten
Makrophagen zeigten mitunter starke Unterschiede in der Partikelaufnahme. Dabei wiesen M1
Makrophagen eine erhéhte PZI auf, wihrend M2 Makrophagen eine geringere PZI indizierten.
Basierend auf diesen Ergebnissen kénnte eine verédnderte Polarisierung, aber auch eine andere
Aktivierung von einigen Makrophagen zu den Unterschieden in der Partikelinteraktion fiithren.
Auch hier konnten teilweise grofse Unterschiede zwischen den beiden Makrophagenzelllinien
identifiziert werden, welche durch deren unterschiedlich schnellen Zellmetabolismus,/ Zelltei-
lungsrate begriindet sein konnte.

Wie bereits beschrieben konnten ebenfalls fiir die beiden verwendeten Epithelzelllinien Un-
terschiede festgestellt werden. Bei STC-1 Zellen konnte mittels mikroskopischer Methoden
die Anheftung von nicht-aufgenommenen Partikeln (> 0,5 pym) an der Zelloberfliche beob-
achtet werden. Die Aufnahme von 0,2 pm Partikeln konnte mittels Endozytose erfolgen, was
mit der Literatur iibereinstimmt [487, 488|. Im Gegensatz dazu konnten Leberepithelzellen
auch gréfere Partikel aufnehmen, obwohl sie in der Literatur als nicht-fahig fiir Phagozyto-
se beschrieben werden [489, 490|. Hier wurden als Aufnahmemechanismus Makropinozytose
angenommen, welche fiir die Aufnahme von partikulirem Material bekannt ist [268, 426]. Zu-
sammenfassend ist die Partikelaufnahme in Epithelzellen meist auf molekulare Transportme-
chanismen begrenzt, wihrend Makrophagen mit Hilfe von Phagozytose einen grofen Bereich
an Partikeldurchmessern internalisieren kénnen. Zusétzlich wurde der Einfluss der Partikel-
konzentration auf die PZI untersucht, wobei mehr Partikel eine erhthte Partikelinteraktion
bedeutete, was fiir alle Zelllinien bestétigt werden konnte. Trotz der hohen Aufnahme durch
die Makrophagen konnte eine Verringerung der metabolischen Aktivitdt nur bei sehr hohen
Mikroplastik-Konzentrationen gemessen werden, wihrend bei Epithelzellen keine negativen

Auswirkungen beobachtet wurden.

3.2.2 Einfluss einer artifiziellen Protein-Corona

Anschliefsend sollte der Einfluss einer kontrollierten Proteinbeschichtung von Partikeln auf die
zelluldre Interaktion mit Epithelzellen untersucht werden. Dafiir wurden PS Partikel (0,2 und
3 um im Durchmesser) mit ausgewéhlten Modellproteinen (BSA, Myoglobin, 8-Lactoglobulin,
Lysozym und Fibrinogen) beschichtet. Die Beschichtung wurde mittels SDS-PAGE bestétigt
und eine Verdnderung des (-Potentials nach der Proteinbeschichtung bestimmt A).
Hierbei unterschieden sich die Werte des (-Potentials teilweise stark, abhéngig von der Pro-

teinbeschichtung. So fiihrte beispielsweise die Beschichtung mit Lysozym zu einem positiven
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¢-Potential (+10 mV fiir 0,2 pm und +13 mV fiir 3 um). Diese Unterschiede wurden nach
der Inkubation mit serumhaltigen Zellmedium fast ausgeglichen und befanden sich in einem
ahnlichen Bereich (0,2 pm: ca. -20 mV, 3 um: ca. -35 mV). Die Angleichung des (-Potentials
konnte als erster Hinweis fiir eine Interaktion der Serumproteine mit der erstgebildeten Pro-
teinschicht verstanden werden. Allerdings ist unbekannt, ob es sich um eine Verdringung der
Modellproteine durch Serumproteine handelt oder ob sich Serumproteine als zweite Schicht

um die erste Proteinschicht (Modellproteine) legen, wodurch sich das (-Potential angleicht.
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Abbildung 15: Analyse der Oberflicheneigenschaften nach von 0,2 (AB) und 3 pm (C,D)
PS Partikeln vor und nach der Inkubation mit ausgewdhlten Modellproteinen, sowie nach der
Inkubation in Zellkulturmedium (ZK-Medium). A, C: Analyse des (-Potentials, B, D: Analyse
mittels Rasterelektronenmikroskopie am Beispiel von Lysozym. Skalenbalken wie angegeben.
Nachdruck mit freundlicher Genehmigung des Verlags. Modifiziert nach Jasinski, J., Wilde,
M., Voelkl, M., Jéréme, V., Froehlich, T., Freitag, R., & Scheibel, T. Tailor-Made Protein
Corona Formation on Polystyrene Microparticles and its Effect on Epithelial Cell Uptake.

ACS Applied Materials & Interfaces 14, 47277-47287 (2022). Copyright (2022) American
Chemical Society.
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Eine mikroskopische Untersuchung mittels REM konnte keine Unterschiede zwischen den un-
terschiedlichen Proteinbeschichtungen feststellen. Jedoch konnten nach der Beschichtung mit
beispielsweise Lysozym rauere Stellen auf der Partikeloberfliche beobachtet werden, welche
als Proteinaggregate verstanden werden konnen (Abb. 15| B, D). Nach der zusatzlichen In-
kubation in serumhaltigen Zellmedium konnte eine ausgeprigtere Schicht um die Partikel,
insbesondere zwischen den Partikeln, beobachtet werden, was einen Hinweis auf eine zusétz-
liche Beschichtung mit Serumproteinen sein kann B). Hinweise auf die Unterschiede
in der Adsorption der Modellproteine auf einer PS Oberfliche konnten auch mittels QCM-D
(engl. quartz crystal microbalance with dissipation monitoring, Quarzkristall-Mikrowaage mit
Dissipationsiiberwachung) gefunden werden. Dabei wurde anstatt einer Partikeloberfliche ein
PS Film auf die QCM-Chips aufgebracht, um eine homogene Beschichtung der Chipoberfliche
zu gewahrleisten. Fine Inkubation mit Modellproteinen zeigte keine signifikanten Unterschiede
in der Adsorption der einzelnen Modellproteine auf der PS-Oberflache. Einzig Lysozym bildete
eine Ausnahme, da hier eine signifikant geringere Adsorption identifiziert wurde. Die Inku-
bation in Zellkulturmedium, welches zusatzliche Proteine enthélt, zeigte groke Unterschiede
in der Zusammensetzung der Protein-Corona, abhéingig von der Vorbeschichtung mit einem
Modellprotein. Diese Protein-Corona Zusammensetzung auf 3 pm Partikeln konnte mittels
Fliissigchromatographie mit Massenspektrometrie-Kopplung (LC-MS/MS) quantifiziert wer-
den. Als Kontrollpartikel dienten Partikel, welche in Wasser statt in einer Modellproteinlésung
inkubiert wurden (,,pristin“). Dabei konnten alle Modellproteine aus der Vorbeschichtung nach
der Inkubation in Zellkulturmedium in der Protein-Corona detektiert werden. Die Modellpro-
teine BSA und Lysozym bildeten dabei jeweils das am hiufigsten vorkommende Protein der
Protein-Corona, wihrend sowohl bei den anderen Modellprotein-Vorbeschichtungen als auch
bei der Kontrolle Hamoglobin (Untereinheit ) am h&ufigsten vorkam. Da BSA eines der
Hauptproteine des verwendeten Rinderserums ist, ist die Hiufung von BSA in der Protein-
Corona auf eine Addition der beiden verwendeten Systeme (Modellprotein und Rinderserum)
zuriickzufiihren. Die Unterschiede in den Daten fiir Lysozym in der Adsorption auf PS mittels
QCM-D und der Haufigkeit in der Protein-Corona, welche mit LC-MS/MS analysiert wurde,
kann durch die Unterschiede der beiden Methoden erklért werden. Dabei ist LC-MS/MS eine
hoch sensitive Methode fiir die Proteinidentifikation. Des Weiteren l&sst sich die Proteinad-
sorption auf Filmen, wie sie in der QCM-D Messung verwendet wurden, nicht eins zu eins auf
die von Partikeln tibertragen [491} 492].

Anschliefsend wurde die PZI bei Epithelzellen in Abhéngigkeit von der kontrollierten und

charakterisierten Protein-Corona untersucht. Dabei wurde die PZI mittels Durchflusszytome-
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trie quantifiziert, wihrend die zelluldre Aufnahme mittels konfokaler Mikroskopie qualitativ
untersucht wurde (Abb. 16). Die Epithelzelllinien wurden bereits in einer vorherigen Teilar-
beit verwendet (vergleiche 3.2.1 Grofken-und Zelllinienabhéngigkeit). Hier zeigten die Darme-
pithelzellen (STC-1) lediglich eine Aufnahme von 0,2 pm pristinen PS Partikeln, wihrend
Leberepithelzellen (BNL CL.2) pristine Partikel bis zu einer Grofse von 3 pm internalisierten.
Es konnte mittels konfokaler Mikroskopie insbesondere fiir Myoglobin-vorbeschichtete 3 pm
Partikel eine Aufnahme in STC-1 Zellen beobachtet werden, was fiir pristine Partikel oder
die anderen Modellproteine nicht der Fall war. In BNL CL.2 Zellen wurden keine Unterschie-
de in der Aufnahme beobachtet, da alle Modellprotein-vorbeschichteten Partikel aufgenom-
men wurden. Beziiglich der Partikel-Zellinteraktion zeigten BSA-beschichtete Partikel eine
sehr dhnliche Interaktion wie pristine Partikel. In beiden Zelllinien zeigten Fibrinogen- und
B-Lactoglobulin-vorbeschichtete Partikel eine, im Vergleich zu pristinen Partikeln, geringere
zellulare Interaktion. Im Vergleich dazu zeigten Lysozym-beschichtete Partikel mit die hoéch-
ste zelluldre Interaktion. Da Lysozym das einzige, bei neutralem pH, positiv geladene Protein
ist, fithrt die Vorbeschichtung mit Lysozym von Partikeln zum einzigen positiven (-Potenzial,
das der Proteinladung folgt. Die Verwendung von LC-MS/MS zeigte eine hohe Affinitit von
Lysozym fiir PS im Vergleich zu Serumproteinen und eine hohe Partikel-Proteininteraktion
im Vergleich zu den anderen, neutral oder negativ geladenen Modellproteinen. Es ist be-
kannt, dass Lysozym-beschichtete Goldnanopartikel von murinen Fibroblastenzellen durch
Clathrin-abhéngige Endozytose internalisiert werden [493|, was die zelluldre Interaktion mit
Lysozym-beschichteten Partikeln bestétigt. Allerdings ist dieser Endozytoseweg nicht fiir die
verwendeten 3 pm Partikel beschrieben. Fibrinogen stellte sich ebenfalls als auffélliges Protein
dar, da hier die zelluldre Interaktion signifikant verringert war. Dabei wurden bei Fibrinogen-
vorbeschichteten Partikeln eine Aggregatbildung beobachtet, welche die Verfiigbarkeit fiir die
zelluldre Interaktion verringert haben kénnte. Fiir keine der vorbeschichteten Partikel wurden
zellschédigende Effekte identifiziert, auch unter Verwendung unterschiedlicher Konzentratio-
nen (vergleiche 3.2.1 Grofen- und Zelllinienabhéngigkeit). Zusammenfassend gab es in Ab-
héngigkeit der Vorbeschichtung mit Modellproteinen signifikante Unterschiede, insbesondere

in der Partikel-Zellinteraktion.
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Abbildung 16: Analyse der Partikel-Zellinteraktion von 0,2 und 3 pym PS Partikeln mit murinen
Epithelzellen in Abhéngigkeit ihrer Vorbeschichtung mit ausgewihlten Modellproteinen. A:
Analyse mittels Durchflusszytometrie. Fiir 3 pm Partikel konnte eine Quantifizierung der PZI
erfolgen. B: Aufnahmeanalyse mittels konfokaler Mikroskopie. Das Zytoskelett wird in rot,
die Zellkerne in blau und die PS Partikel in griin dargestellt. Skalenbalken wie angegeben.
Nachdruck mit freundlicher Genehmigung des Verlags. Modifiziert nach Jasinski, J., Wilde,
M., Voelkl, M., Jérome, V., Froehlich, T., Freitag, R., & Scheibel, T. Tailor-Made Protein
Corona Formation on Polystyrene Microparticles and Its Effect on Epithelial Cell Uptake.
ACS Applied Materials € Interfaces 14, 47277-47287 (2022). Copyright (2022) American
Chemical Society.
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3.2.3 Physikochemische Eigenschaften von Polymer-identischen Partikeln

In den meisten Studien iiber den Einfluss von Mikroplastikpartikeln auf die zelluldre Aufnahme
und deren Effekte wurden Partikel anhand ihrer Grofe, Form oder Polymertyp unterschie-
den. Allerdings traten widerspriichliche Frgebnisse zwischen den unterschiedlichen Studien
auf, obwohl die gleichen Arten von Partikeln verwendet wurden. In einer weiteren Studie
sollten nun zwei nominell gleiche PS Partikel miteinander beziiglich deren Aufnahme und zel-
luldren Effekte in den Makrophagenzelllinien J774A.1 und ImKC verglichen werden. Die Par-
tikel hatten einen Durchmesser von 3 pm und wiesen keine Oberflichenmodifizierung auf. Sie
wurden von PolyScienes (Polysciences Inc., Warrington, PA, USA; P-MPP) und Micromod
(Micromod Partikeltechnologie GmbH, Rostock, Deutschland; M-MPP) bezogen. In ersten
Analysen zu den physikochemischen Eigenschaften zeigten sich grofie Unterschiede .
So konnte mittels Rasterelektronenmikroskopie bei P-MPP eine strukturierte Oberfliche iden-
tifiziert werden, wiihrend die Partikeloberfliche von M-MPP glatter erschien (Abb. 17T A).
Bei der Bestimmung des (-Potentials zeigten sich ebenfalls grofe Unterschiede, da P-MPP
in allen untersuchten Medien (KCl und Zellkulturmedium) mit -80,3 £ 0,7 mV (gewaschen
in KCl) und -28,6 £ 0,1 mV (DMEM) ein deutlich stérker negativeres Potential aufwies als
M-MPP unter den gleichen Bedingungen (-0,7 + 0,2 mV in KCl und -1,5 £+ 0,0 mV in DMEM)
I B). Diese Differenzen blieben unabhéngig vom pH-Wert bestehen, was mittels einer
¢-Potentialmessung withrend einer pH Titration gezeigt werden konnte (Abb. 17]I C). Weitere
Analysen der physikochemischen Eigenschaften mittels NMR und CP-AFM konnten zeigen,
dass P-MPP einen kleinen Anteil von negativ-geladenen Sulfatgruppen und eine gleichmi-
Bige Verteilung der negativen Ladung auf der Partikeloberfliche besitzt. Im Gegensatz dazu
konnten neutral-geladene Benzoesdureestereinheiten und heterogen verteilte Ladung auf der
Oberfliche von M-MPP identifiziert werden. Die unterschiedlichen Herstellungsmethoden der
beiden PS Partikel waren eine mogliche Erklarung fiir diese Differenzen. Dabei konnte fiir
P-MPP das Vorhandensein von Sulfatgruppen auf einen Initiator, welcher fiir die radikali-
sche Polymerisation notwendig ist, zuriickgefithrt werden. Dahingegen wurde das Vorhanden-
sein von einem geringen Anteil an Carboxylgruppen in M-MPP auf Oxidationsprozesse wéh-
rend der Polymerisation zuriickgefiihrt. Zusétzlich wurde die Préisenz eines neutral-geladenen
Tensids bei M-MPP vermutet. Diese Unterschiede in den physikochemischen Eigenschaften
der eigentlich ,gleichen* Partikel fiihrten zu komplett unterschiedlichen Aufnahmeverhalten

bei Makrophagen, welche auch die Unterschiede in vorherigen Publikationen erklaren kénnte

(Abb. 1711).
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Abbildung 17: Vergleich der Partikel zweier Hersteller (PolySciences (P-MPP), Micromod (M-
MPP)) in Hinblick auf ihre physikochemischen Eigenschaften (1) und Partikel-Zellinteraktion
(II). I: Analyse mittels Rasterelektronenmikroskopie (REM) (A), und mittels Messungen des
¢-Potenials in verschiedenen Medien (B und C). Fiir die (-Potenialmessungen bei pH 6 wur-
den die Partikel ungewaschen und nach Waschen mit Wasser, sowie nach der Inkubation in
Zellkulturmedium (DMEM und RPMI, mit 10 % FCS) analysiert (B). Fiir die Messungen bei
unterschiedlichen pH-Werten wurde eine pH-Titration durchgefithrt (C). II: Analyse der PZI
der beiden Partikel in zwei Makrophagenzelllinien (J774A.1 und ImKC) mittels REM. Auf-
genommene Partikel wurden mit orangenen Pfeilen, nicht aufgenommene Partikel mit weifsen
Pfeilen hervorgehoben. Skalenbalken wie angegeben. Nachdruck mit freundlicher Genehmi-
gung des Verlags. Modifiziert nach Ramsperger, A.F.R.M., Jasinski, J., Voelkl, M., Witzmann,
T., Meinhart, M., Jérome, V., Kretschmer, W.P., Freitag, R., Senker, J., Fery, A., Kress, H.,
Scheibel, T. & Laforsch, C. Supposedly Identical Microplastic Particles Substantially Differ
in Their Material Properties Influencing Particle-Cell Interactions and Cellular Responses.
Journal of Hazardous Materials 425, 127961 (2022). Copyright (1969) Elsevier.
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So zeigten beide Makrophagenzelllinien eine starke Partikelinternalisierung bei P-MPP, wih-
rend nur wenige M-MPP mit den Zellen interagierten. Diese Unterschiede konnten durch die
prominentere Oberfliche bei P-MPP, sowie dem stirker geladenen (-Potential erkldrt wer-
den. Dabei koénnte die Phagozytose einerseits direkt durch die Partikeloberfliche beeinflusst
werden, da beispielsweise Bakterien bei neutralem pH ebenfalls ein (-Potential von -22 mV
aufweisen und die Phagozytose bei Partikeln mit einer rauen Oberfliche deutlich erhéht war.
So wurde bereits beschrieben, dass das (-Potential einen Einfluss auf die PZI hat, was mit un-
seren Beobachtungen iibereinstimmt [426] 494|. Des Weiteren kann die Phagozytose aber auch
indirekt durch das Vorhandensein einer unterschiedlichen Protein-Corona um die Partikel be-
einflusst werden. Dabei kdnnten Proteine aus dem Zellkulturmedium unterschiedlich mit den
jeweiligen Partikeloberflichen interagieren und damit verschieden zusammengesetzte Protein-
Coronae hervorrufen, welche anschliefsend unterschiedlich mit der Zelloberfliche interagieren
[448, 451} |460|. Dies wurde bisher jedoch nur fiir Nanopartikel beschrieben, wobei sich bei
Mikropartikeln die Aufnahmemechanismen von denen von Nanopartikeln unterscheiden, und
damit noch nicht bekannt ist, inwieweit sich die Ergebnisse von Nano- auf Mikropartikel iiber-
tragen lassen. Interessanterweise waren die oben beschriebenen Unterschiede in der PZI bei
serum-freier Kultivierung und Partikelinkubation fast verschwunden. Generell war hier eine
etwas geringere Partikelaufnahme erkennbar, allerdings wurden ebenfalls Micromod Partikel
von beiden Makrophagenzelllinien aufgenommen (Abb. 18)). Daraus leitete sich die Hypothese
ab, dass Serumproteine des Zellkulturmediums anders an der M-MPP Oberfliche adsorbie-
ren als an der von P-MPP. Hier wiirde es Serumproteine bei M-MPP geben, welche die PZI
reduzieren und/oder Serumproteine bei P-MPP geben, welche die PZI stark erhchen. Bei der
Analyse der Protein-Corona mittels LC-MS/MS stellten sich Unterschiede in der Proteinad-
sorption dar . So waren bei P-MPP in Medium mit Serum deutlich mehr Proteine
identifizierbar, und das am héufigsten vorkommende Protein war Hamoglobin (fetal subunit
B). Dahingegen war BSA das am héufigsten vorkommende Protein bei M-MPP. Proteine wie
Cathelidicin 2 (Cath2), Komplementfaktor B und Komplementkomponente 3 (Komplement
C3) wurden ausschlieklich in P-MPP Proben gefunden. Dabei ist Cath2 (Calcium-abhingiges)
als Zelladhésionsprotein bekannt, wobei ebenfalls von Coorens et al. eine erhohte PZI von
Cath2-behandelten PS Partikeln in RAW Makrophagen beschrieben wurde [495]. Allerdings
muss angemerkt werden, dass dies ausschlieklich fiir equines Cath2 beschrieben wurde, nicht
aber fiir Cath2 aus anderen Organismen wie Hithnern. Zudem erfolgte hier die Inkubation in
serumhaltigem Medium, was eine Interaktion mit bovinen Proteinen zu Folge hatte, wodurch

eine eindeutige Aussage zum Einfluss von Cath2 auf die PZI nicht moglich ist.
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Abbildung 18: Aufnahme von Partikeln der beiden Partikelhersteller, PolySciences (P-MPP)
und Micromod (M-MPP), in Makrophagen in serum-freien (sf) und serum-haltigem (s) Me-
dium. Freie, nicht-aufgenommene Partikel sind beispielhaft mit weifen Pfeilen gekennzeich-
net, wihrend aufgenommene Partikel mit gelben Pfeilen angezeigt werden. Die Analyse er-
folgte mittels Fluoreszenzmikroskopie, wofiir das Zytoskellet mit Rhodamin-Phalloidin (rot)
und die Zellkerne mittels DAPI (blau) angefarbt wurden. Fir die Identifikation der nicht-
fluoreszierenden Partikel wurde zusdtzlich Hellfeld verwendet. Skalenbalken wie angegeben.

Das Protein Komplement C3, welches in P-MPP, jedoch nicht in M-MPP gefunden wurde,
ist ein bekanntes Opsonin und erleichtert die Erkennung durch Immunzellen wie Makropha-
gen . Komplementfaktor B, sowie Komplement C3, sind Proteine des alternativen
Komplementweges und damit Bestandteil des adaptativen Immunsystems, welches Pathogene
opsoniert und damit aus dem System entfernt , . Dieser Aufnahmeweg wird durch
die Bindung von C3b an Pathogenen ausgeldst, wobei das Protein C3b aus C3 entsteht
499]. Dieser Aufnahmeweg wire neben Pathogenen auch fiir Partikel denkbar, wobei C3b an
die Partikeloberfliche binden kéonnte. BSA wurde als Hauptprotein in der Protein-Corona von
M-MPP identifiziert. Es ist in der Literatur bekannt, dass BSA als Dysopsonin agiert und die
zellulére Aufnahme inhibiert oder verringert [413|. Allerdings kann das Vorhandensein von
BSA nicht der einzige Grund fiir die verringerte Aufnahme von M-MPP sein, da bei Inku-
bation der P-MPP mit BSA (Vorbeschichtung mit BSA, siehe vorheriger Abschnitt) keine
verringerte Aufnahme fiir Makrophagen und Epithelzellen gefunden werden konnte. Dabei
sollte jedoch bedacht werden, dass die Proteine aus dem Serum bovine Proteine sind und
nicht zwangslidufig mit den Zellmembranrezeptoren der murinen Zellen interagieren miissen.

Trotzdem konnten die aufgefiihrten Proteine ein Grund fiir die vermehrte Aufnahme von P-
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MPP sein, was einen indirekten Einfluss der physikochemischen Partikeleigenschaften auf die

PZI unterstreicht.

Tabelle 2: Quantitative Analyse der Zusammensetzung der Protein-Corona mittels LC-
MS/MS. 3 ym PS Partikel der Hersteller PolySciences (P-MPP) und Micromod (M-MPP)
wurden in Zellkulturmedium (mit 10 % FCS) inkubiert. Der emPAI-Wert, der eine Abschét-
zung der Proteinhdufigkeit ermdglicht, ist in Klammern angegeben. Besonders erwéhnte Pro-
teine wurden in orange hervorgehoben.

P-MPP M-MPP

Héamoglobin fetal subunit 8 (2,99) BSA (2,78)

BSA (2,76) Hémoglobin subunit « (1,08)
Serotransferrin (1,34) Hémoglobin fetal subunit 8 (1,0)
Hémoglobin subunit « (1,08) Serotransferrin (0,85)
a-2-HS-Glykoprotein (0,96) a-2-HS-Glykoprotein (0,78)
Cathelicidin-2 (0,73) Apolipoprotein A-1 (0,64)
Apolipoprotein A-T (0,45) a-1-Antiproteinase (0,5)

a-1-Antiproteinase (0,38)
Fetuin-B (0,3)

Gelsolin (0,21)

Keratin, Typ II cytoskeletal (0,13)
a-fetoprotein (0,11)
Lactotransferrin (0,1)
a-2-Makroglobulin (0,09)
Komplementfaktor B (0,09)
Komplement C3 (0,08)

3.2.4 Unterschiede zwischen verschiedenen Polymerpartikeln

Neben Partikelgrofe und Oberflichenmodifikation wurde auch das Material als entscheiden-
der Faktor fiir die zellulére Interaktion mit Partikeln in der Literatur beschrieben [494, 500].
Nachdem gezeigt werden konnte, dass die Vorbeschichtung von PS Partikeln einen Einfluss
auf die Protein-Corona in serum-haltigem Medium und daraus resultierend die PZI hat (3.2.2
Einfluss einer artifiziellen Protein-Corona), sollten nun unterschiedliche Polymerpartikel auf
ihr Verhalten mit Zelllinien untersucht werden. Als Kontrolle dienten PS Partikel, da hier die
Interaktion bereits aus vorangegangenen Studien bekannt ist. Neben erddlbasierten Partikeln
(PE, PS, PVC) wurden auch biobasierte (PLA und CA) Polymermikropartikel verwendet,
wobei CA als nicht-zytotoxisch gilt, und eventuell auftretende zelluldre Effekte auf die Inter-
aktion der Zellen mit Partikeln an sich und weniger auf das Material zuriickgefithrt werden
konnen. Die CA Partikel wurden mittels Membran-Emulgierung selbst hergestellt (3.1.1 Her-
stellung von Celluloseacetat Partikeln). Die Analyse der Partikeleigenschaften erfolgte mittels

REM, DLS und der Bestimmung des (-Potentials (Abb. 19).

52



3 SYNOPSIS

Mikropartikel (-Potential [mV]
55 PE -48,2+0,6
= PE Medium - +
£ 7 77 27,7£0,6
320/ PS -77,0+0,1
g 7 Z PS Medium -244+0,1
g 1.5 I PVC -41,1+23
§ 1,04 PVC Medium -26,1+£0,2
8 PLA -3,0x0,1
0,5 PLA Medium 21,913
00 CA -98+0,5
Sy & A @ (/ <<‘ - <° - @ ‘ CA Medium -6,9+0,2
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R R R
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Abbildung 19: Analyse der Partikeleigenschaften ausgewéhlter Polymermikropartikel mittels
REM, DLS und (-Potentialmessungen. Als Polymermikropartikel dienten erdélbasierte Po-
lymere (PE, PS und PVC), sowie biobasierte Polymere (PLA und CA). A: Elektronenmi-
kroskopische Aufnahme der Mikropartikel. Skalenbalken wie angegeben. B und C: DLS und
¢-Potentialmessungen von pristinen und in Zellkulturmedium inkubierten (,Medium*) Mikro-
partikeln. Nachdruck mit freundlicher Genehmigung des Verlags. Modifiziert nach Jasinski,
J., Voelkl, M., Wilde, M., Jéréme, V., Frohlich, T., Freitag, R. & Scheibel, T. Influence of
the Polymer Type of a Microplastic Challenge on the Reaction of Murine Cells. Journal of
Hazardous Materials 465, 133280 (2024). Copyright (1969) Elsevier.

Hier konnten fiir PE, PLA und CA auffilligere Oberflichenmorphologien im Vergleich zu PS
und PVC beobachtet werden A). Alle Partikel wiesen auch nach der Inkubation in
Zellmedium einen hydrodynamischen Radius unter 2,5 pm auf B), womit von einer
dhnlichen Grofe der Partikel auch unter Zellkulturbedingungen ausgegangen werden kann. Die
Analyse des (-Potentials zeigte grofe Unterschiede der pristinen Partikel (-77 mV fiir PS bis

-3 mV fiir PLA), wobei die Inkubation in serumhaltigem Zellmedium die grofsen Unterschiede
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jedoch fast vollstéindig ausglich (-28 mV bis -22 mV) (Abb. 19|C). Diese Angleichung wird mog-
licherweise durch die Adsorption der Serumproteine auf der Partikeloberfliche hervorgerufen.
Die Ausnahme bildet CA, da hier auch nach der Inkubation in Zellmedium das (-Potential
bei -7 mV lag. Die PZI wurde mittels konfokaler Mikroskopie untersucht, da hier auch zwi-
schen aufgenommenen und mit der Oberfliche interagierenden Partikeln unterschieden werden
kann (Abb. 20). Fiir Makrophagen (J774A.1 und ImKC) konnte fiir alle Polymerpartikel eine
Internalisierung beobachtet werden, wobei CA eine leicht geringere Aufnahme zeigte. Zieht
man hier das (-Potential von CA heran, welches im Vergleich zu den anderen Polymerparti-
keln auch in Zellkulturumgebung vergleichsweise gering ist, stimmen diese Beobachtungen mit
denen aus 3.2.3 (Physikochemische Eigenschaften von scheinbar gleichen Partikeln) iiberein.
Auch da zeigten die PS Partikel mit dem geringeren (-Potential eine verringerte zelluldre Auf-
nahme. Damit konnte die Bedeutung des (-Potential von Partikeln fiir die PZI herausgestellt
werden. Daraus ldsst sich folgern, dass weniger das Polymer oder Material an sich fiir die
PZI verantwortlich ist, sondern vielmehr dessen Oberflache, oder spezifischer das (-Potential.
PLA Partikel wiesen dabei eine héhere Verteilung der Partikelgrofse auf als vorher mittels
REM und DLS erkennbar war. Nichtsdestotrotz konnten auch fiir vergleichsweise grofte (ca.
10 pm) Partikel eine Aufnahme in den beiden Makrophagenzelllinien beobachtet werden. Das
unterstreicht, dass Makrophagen mittels Phagozytose auch grokere partikulire Materialien
aufnehmen konnen. Die Epithelzelllinien (STC-1 und BNL CL.2) wiesen eine geringere Par-
tikelaufnahme im Vergleich zu Makrophagen auf, was mit der Beobachtung der ersten Studie
(3.2.1 Grofen- und Zelllinienabhéngigkeit) iibereinstimmt. Dabei konnte fiir STC-1 (Darme-
pithelzellen) lediglich eine sehr geringe Aufnahme von PS Partikeln beobachtet werden, auch
wenn STC-1 Zellen mit allen Polymerpartikeln Interaktionen aufwiesen. Fiir BNL CL.2 (Le-
berepithelzellen) konnte neben der Aufnahme von PS Partikeln, welche die Ergebnisse der
ersten Studie (3.2.1 Grofken- und Zelllinienabhéngigkeit) unterstreichen, auch eine Internali-
sierung von PE und CA Partikeln gefunden werden.

Mit Hilfe von LC-MS/MS liefen sich die an die Partikeloberfliche gebundenen Proteine iden-
tifizieren. Hier konnten wir die Adsorption von Serumproteinen an der Oberfliche der Po-
lymerpartikel bestdtigen, und bei allen Polymermikropartikeln war BSA das am haufigsten
vorkommende Protein in der Protein-Corona. Durch die Kategorisierung der gefundenen Pro-
teine anhand ihrer Beteiligung an biologischen Prozessen oder molekularbiologischen Funk-
tionen liefen sich Unterschiede feststellen. PE und PS Mikropartikel wiesen eine dhnliche
Proteinzusammensetzung, insbesondere hinsichtlich der Proteine, die am Sauerstofftransport,

der Zelladhision oder der zelluldren Mobilitét beteiligt sind, auf.
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Makrophagen Epithelzellen
J774A1 BNL CL.2

Erdol-basierte Polymere

Biologisch-basierte Polymere

Abbildung 20: Mikroskopische Analyse der Partikelaufnahme ausgewihlter Polymermikropar-
tikel in murinen Makrophagen (J774A.1 und ImKC). Partikel wurden beispielhaft mit weifen
Pfeilen gekennzeichnet. Die Analyse erfolgte mittels Fluoreszenzmikroskopie (CLSM), wofiir
das Zytoskelett mit Rhodamin-Phalloidin (rot) und die Zellkerne mittels DAPI (blau) an-
gefdrbt wurden. Fiir die Identifikation der nicht-fluoreszierenden Partikel wurde zusdtzlich
Hellfeld verwendet. Skalenbalken wie angegeben. Nachdruck mit freundlicher Genehmigung
des Verlags. Modifiziert nach Jasinski, J., Voelkl, M., Wilde, M., Jérome, V., Frohlich, T.,
Freitag, R. & Scheibel, T. Influence of the Polymer Type of a Microplastic Challenge on the
Reaction of Murine Cells. Journal of Hazardous Materials 465, 133280 (2024). Copyright
(1969) Elsevier.

Der Hauptunterschied zwischen PE und PS Mikropartikeln bestand in der Quantitit von

Transporterproteinen, welche haufiger in der Protein-Corona von PE zu finden sind; sowie
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nicht-charakterisierten Proteinen, die in PS Partikeln h&ufiger vorkommen. Bemerkenswert
ist, dass Proteine, die am Immunsystem und an der Aktivierung der Immunantwort beteiligt
sind, hauptsichlich an PS Partikeln zu finden sind, wihrend CA Mikropartikel die geringste
Menge dieser Proteine in der Protein-Corona aufweisen. Im Gegensatz dazu wiesen CA Par-
tikel die grofste Menge an Ionen- und Metalltransportproteinen auf. Die geringere Anzahl an
Immunsystem-assoziierten Proteinen in der Protein-Corona von CA Partikeln kann, neben
dem (-Potential, ein weiterer Grund fiir eine geringere zellulire Aufnahme sein, insbeson-
dere bei Immunzellen wie Makrophagen. Makrophagen kénnen sowohl Krankheitserreger als
auch bestimmte Stoffe durch Phagozytose aufnehmen, einem spezialisierten und Rezeptor-
vermittelten Aufnahmemechanismus 268, 501}, 502]. Dabei koénnen an der Partikeloberfli-
che adsorbierte Serumproteine, d.h. Opsonine wie Fetuin a oder Komplement C3, mit den
Zellmembranrezeptoren interagieren und die Phagozytose von Mikropartikeln durch Makro-
phagen initiieren [503} 504], wie es bereits fiir P-MPP in Abschnitt 3.2.3 (Physikochemische
Eigenschaften von scheinbar gleichen Partikeln) beschrieben wurde. So kénnten PS Partikel
aufgrund der hoheren Anzahl von Opsoninen in ihrer Protein-Corona in gréfterer Zahl oder
leichter aufgenommen werden als CA Partikel. PVC und PLA Partikel wiesen eine grofe
Menge an Proteinen auf, die an der zelluldren Adhésion und der zellularen Mobilitéit beteiligt
sind, welche die Interaktion mit den Zelllinien erkldren kénnten. Die zellulére Interaktion mit
den unterschiedlichen Polymerpartikeln hatte keinen toxischen Einfluss auf Zellen, wie eine
Analyse mittels MTT indizierte. Damit konnte gezeigt werden, dass ein potentiell toxischer
Einfluss von Mikropartikeln nicht von den Polymeren an sich hervorgerufen wird. Allerdings
war der Einfluss der biobasierten Partikel auf die ROS-Produktion bei Makrophagen erh&ht
im Vergleich zu erdélbasierten Partikeln. Bei Epithelzellen fiihrte die Inkubation mit den bio-
basierten Partikeln im Vergleich zu erddlbasierten Partikeln nur zu einer leichten Erhéhung
der ROS-Produktion. Hierbei ist zu beachten, dass Epithelzellen, im Gegensatz zu Makro-
phagen keine oder eine deutlich geringere Aufnahme der biobasierten Partikeln aufwiesen.
Eine mogliche Hypothese hierzu ist, dass biobasierte Partikel in Makrophagen, beispielswei-
se durch lysosomale Enzyme oder eine pH-Wert Verdnderung, angegriffen werden, und die
freigesetzten Monomere oder Oligomere einen Einfluss auf die zellulidre Entwicklung haben.
Allerdings konnte dies bisher weder be- noch widerlegt werden. Zusammenfassend unterstrei-
chen diese Ergebnisse die Hypothese, dass die Oberflicheneigenschaften des Mikropartikels

fiir die zelluldre Interaktion eine wichtigere Rolle spielt als der Polymertyp an sich.
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3.3 Wie verhalten sich Mikroplastikpartikel in Zellen?

In der Literatur wie auch in der vorliegenden Arbeit wurde die Aufnahme von Mikroparti-
keln in verschiedenen Zelllinien beobachtet. Es konnte bis jetzt noch keine zelluldre Freiset-
zung von Mikropartikeln gezeigt werden, allerdings schon von Nanopartikeln [485, 505|. Des
Weiteren wurden verschiedene zelluldre Effekte in Hinblick auf die mitochondriale Aktivitét
oder DNA-Integritit nach der Inkubation mit Mikroplastikpartikeln beschrieben, welche eine
Ko-Lokalisierung nahelegen [506], 507]|. Dadurch ergibt sich die Frage nach dem Verbleib der
Mikropartikel nach der zelluldren Aufnahme. Genauso unklar ist das Verhalten von aufgenom-
menen Mikropartikeln bei der Zellteilung und die eventuelle Verteilung an Tochterzellen. Fiir
die Analyse des intrazelluldren Verbleibs der Mikropartikel wurde eine Fluoreszenzfarbung von
ausgewdhlten Organellen (Mitochondrien, Endoplasmatisches Retikulum (ER), Golgi Appa-
rat, frithe und spite Endosomen, sowie Lysosomen) durchgefiithrt. Dabei wurden Mitochon-
drien aufgrund der beschriebenen mitochondrialien Effekte nach einer Inkubation mit Mi-
kropartikeln ausgewihlt. Der Golgi-Apparat und das ER wurden untersucht, da sie Teil der
intrazelluldren Transportmaschinerie sind und als Endpunkt nach der Caveolin-vermittelten
Aufnahme beschrieben wurden [267|. Der Transport nach der Endozytose erfolgt iiber Vesikel
wie Endosomen, welche eine hierarchische Alterung iiber frithe Endosomen und spéte En-
dosomen durchlaufen [508, [509]. Spite Endosomen fusionieren anschliefend mit Lysosomen
[508L 509]. Aus diesem Grund wurden diese beiden Organellen, Endosomen und Lysosomen,
untersucht. Zusétzlich wurde das komplette Zytoplasma als Kontrolle fiir die Internalisierung
der Partikel angefiarbt . Fiir eine einfachere Partikel-Lokalisation in Zellen wur-
den fluoreszierende PS Partikel verwendet. Eine Untersuchung der Gréfenabhingigkeit in der
Ko-Lokalisation mit Zellorganellen wurde durch die Verwendung von unterschiedlich grofsen
(0,2, 0,5 und 3 pm) Partikeln realisiert. Alle aufgenommenen Partikel konnten im Zytoplasma
gefunden werden . Interessanterweise wurde flir 3 pm Partikel trotz einer Internali-
sierung keine Gelbfarbung mit dem Zytoplasma gefunden, wie es bei den kleineren Partikel der
Fall war und was auf eine Ko-Lokalisation schliefsen 14sst. Dies ldsst sich durch eine Verdréin-
gung des Zytoplasmas erklaren, wodurch eine ungefarbte Hohle im Zytoplasma zuriickbleibt.
Abhéngig von der Partikelgréfe wurden ebenfalls einzelne Partikel im Endoplasmatischen Re-
tikulum (0,2 und 0,5 pm, A) oder in frithen und spéten Endosomen (0,5 nm) gefunden
(Abb. 21| B). Unabhéngig von der Grofe wurden keine Partikel in Mitochondrien, Lysosomen
und dem Golgi Apparat beobachtet. Daher konnte die zuvor beschriebene mitochondriale
Schiadigung nicht auf einem direkten Kontakt zwischen den Mitochondrien und den Partikeln

zuriickgefiihrt werden. Fiir die 3 nm Partikel ist aufgrund des im Vergleich zu den Organellen
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grofsen Partikeldurchmessers eine Lokalisierung mit Organellen nicht zu erwarten. Eine Exo-
zytose von Goldnanopartikeln (2-40 nm) iiber Lysosomen wurde in der Literatur beschrieben
[485] 505]. Koval und Preiter zeigten eine Translokation von 0,2 bis 0,75 pm IgG-PS Partikeln
in Lysosomen. Grofere Partikel (1 pm) wurden jedoch nicht in den Lysosomen gefunden [420,
510]. Da hier keine Partikel in den Lysosomen gefunden wurden, kénnte man davon ausge-
hen, dass keine Exozytose von Partikeln zu erwarten ist. Um einen mdoglichen Exozytoseweg
besser abschétzen zu kénnen, wurden zusitzlich Endosomen durch eine Antikérperfarbung
gegen EEA1L (frithe Endosomen) und Rab7 (spéite Endosomen) untersucht. EEA1 (engl. ear-
ly endosome antigen 1) ist ausschlieflich in frithen Endosomen lokalisiert und spielt durch
die Vermittlung von Membranfusionen eine wichtige Rolle im endosomalen Transport [511].
Das Protein Rab7 (engl. ras-related protein Rab-7), wurde vorwiegend in spiten Endosomen
gefunden und ist am Transport von Endosomen von frithen zu spéten endozytischen Zellkom-
partimenten beteiligt [512]. Fiir 0,5 pm Partikel wurde in den spiten Endosomen fiir beide
Zelllinien eine Translokation beobachtet . Dem hierarchischen endozytischen Weg
folgend sollten die kleinen Partikel, wenn sie die spéaten Endosomen erreicht haben, auch in den
Lysosomen zu finden sein [513]. Allerdings muss bedacht werden, dass Rab7-Proteine nicht
nur in den spédten Endosomen, sondern auch in den spéten Phagosomen und Makropinosomen
exprimiert werden [513-516]. Dies ist auch bei EEA1 der Fall, sodass die EEA1-Farbung des
friihen Endosoms auch die Farbung des friihen Phagosoms oder Makropinosoms darstellen
kann [513, 516]. Da die zelluldre Aufnahme bei beiden Zelllinien hauptséchlich auf Phagozy-
tose beruht [517], konnte dies ein Hinweis darauf sein, dass 0,5 pm grofe Partikel im frithen
und/oder spédten Phagosom lokalisiert sein konnten. Zusammen mit der fehlenden Lokalisie-
rung in den Lysosomen kdnnte dies bedeuten, dass die Partikel nach dem Phagosom kein
Phagolysosom bilden [420, 510, [515]. Folgt man der Annahme, dass die frithen und spéiten
Phagosomen zusdtzlich zu den Endosomen gefirbt werden, kénnte dies die Unterschiede in
der Lokalisierung der 0,2 pm und 0,5 pm Partikeln erkldren. Hier werden kleine Partikel wie
0,2 um PS Partikel iiber einen anderen endozytischen Weg aufgenommen (z. B. Clathrin- oder
Calveolin-vermittelter Weg), als 0,5 pm Partikel die moglicherweise durch Phagozytose oder
Makropinozytose aufgenommen wurden [268} 517] und in ein Phagosom oder Makropinosom
verpackt werden. Da 0,2 nm Partikel méglicherweise iiber Clathrin- oder Calveolin-vermittelte
Wege anstelle von Phagozytose oder Makropinozytose aufgenommen wurden, wird kein Pha-
gosom /Makropinosom gebildet und daher auch keine Ko-Lokalisation festgestellt [268] (517,
518|. Lysosomen sind dafiir bekannt, dass sie an der Beseitigung von Krankheitserregern be-

teiligt sind, weshalb eine Ko-Lokalisierung mit PS Partikeln nach der Aufnahme vermutet
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wurde 261}, 1519, 520]. Die fehlende Ko-Lokalisierung mit Lysosomen kénnte darauf zuriickzu-
fiithren sein, dass die Zellen die Partikel nicht als Bedrohung oder Krankheitserreger erkennen,

welcher entfernt werden muss.

Zellkern

Zytoplasma

Endoplasmatisches
Retikulum

[#)

Zellkern 0,5 pm PS-YG

Abbildung 21: Ko-Lokalisation von PS Partikeln unterschiedlicher Gréfe (0,2 und 0,5 pm)
mit ausgewdhlten Zellorganellen in murinen Makrophagen (ImKC). A: Ko-Lokalisation im
Zytoplasma und dem Endoplasmatischen Retikulum. B: Ko-Lokalisierung von 0,5 pm Parti-
keln mit Endosomen. Friithe und spéte Endosomen wurden mit Antikérpern angefirbt (EEA-1
bzw. RabT7). Die jeweiligen Organellen sind in rot dargestellt. Zusatzlich wurden die Zellkerne
mittels HOECHST (blau) gefdrbt. Die PS Partikel weisen eine griine Fluoreszenz auf. Eine
Ko-Lokalisation wird durch eine gleichzeitige Farbung (Gelbfarbung) zwischen den rot ge-
farbten Organellen und griin fluoreszierenden Partikeln angezeigt, hervorgehoben durch weife
Pfeile. Skalenbalken wie angegeben. Nachdruck mit freundlicher Genehmigung des Verlags.
Modifiziert nach Jasinski, J., V6lkl, M., Hahn, J., Jérome, V., Freitag, R., & Scheibel, T.
Polystyrene Microparticle Distribution After Ingestion by Murine Macrophages. Journal of
Hazardous Materials, 457, 131796 (2023). Copyright (1969) Elsevier.

59



3 SYNOPSIS

Es wurden Unterschiede zwischen den Makrophagen-Zelllinien festgestellt, da nur wenige
0,5 pm grofke Partikel in den spiten Endosomen/Phagosomen in J774A.1-Zellen und keine in
den frithen Endosomen/Phagosomen gefunden wurden. Im Gegensatz dazu wurden in ImKC
sowohl in friithen als auch in spiten Endosomen 0,5 pm grofse Partikel identifiziert. Dies koénnte
durch den Phénotyp der Zellen erkldrt werden, da die Geschwindigkeit der Phagosomenreifung
vom Aktivierungsstatus der Makrophagen abhingt [521]. Hier zeigten die M1-Makrophagen
eine langsamere Phagosomenreifung im Vergleich zu M0- und M2-Makrophagen. Es kann
davon ausgegangen werden, dass Mikroplastikpartikel in Makrophagen iiber Phagozytose auf-
genommen und anschliefend in Phagosomen abgeschniirt werden. Die Geschwindigkeit und
das Ausmak der Phagosomenreifung kann je nach Aktivierungsstatus der Makrophagen un-
terschiedlich sein [521]. Wie in dieser Teilarbeit durch Matthias V6lkl gezeigt, wiesen nicht-
aktivierte (M0) ImKC mehr CD80 (M1-Marker) auf als J774A.1. Dies konnte die Kinetik
der Phagosomenreifung beeinflussen. Bei ImKC-Zellen kénnte diese Reifung langsamer sein,
sodass eine Ko-Lokalisierung der Partikel im frithen und spiten Endosom sichtbar ist. In
J774A.1 reifen die Phagosomen schneller, was zu einer vergangenen und nicht mehr nachweis-
baren Ko-Lokalisierung mit dem frithen Endosom/frithen Phagosom fiithren wiirde. Generell
sind die Ko-Lokalisationsergebnisse mit Vorsicht zu interpretieren, da wir nur einen Zeit-
punkt analysiert haben (nach einer 15-stiindigen Inkubation) und die Moglichkeit besteht,
dass die Partikel entweder die Organellen noch nicht erreicht haben oder bereits aufterhalb
der Organellen transportiert wurden. Hier wire eine kinetische Analyse erforderlich, um die
intrazelluldren Wege aufzudecken. Daneben wurde das Verhalten der Partikel wihrend der
Zellteilung, sowie eine mogliche Partikelfreisetzung mittels Zeitraffer-Mikroskopie an leben-
den Zellen (engl. live-cell time-lapse microscopy) analysiert . Die Beobachtung der
zelluldren Aufnahme zeigte starke Unterschiede innerhalb einer Zellpopulation. So wurden
Zellen beobachtet, die viele Partikel aufnahmen, wihrend andere Zellen keine Partikel inter-
nalisierten. Dies war bereits anhand mikroskopischer Analysen, beispielsweise der konfokalen
Mikroskopie in der ersten Studie (3.2.1 Grofen- und Zelllinienabhéngigkeit), zu beobachten
und unterstreicht diese Ergebnisse. Durch eine Untersuchung mit M1 und M2 gezielt pola-
risierten Makrophagen war es moglich, eine Teilerklarung dafiir zu liefern. Dabei waren M1
polarisierte Makrophagen deutlich effektiver in der Partikelaufnahme als unpolarisierte oder
M2 polarisierte Makrophagen. Fiir die Zellteilung konnte gezeigt werden, dass die Verteilung
der Partikel an die Tochterzellen zuféllig und nicht symmetrisch ablduft. Eine Halbierung der
Partikel bei der Zellteilung wurde nicht gezeigt. Das konnte beispielsweise in mit

roten Kreisen hervorgehoben gezeigt werden.
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t7sh

Abbildung 22: Analyse der Aufnahme und Freisetzung, sowie der Verteilung wihrend der
Zellteilung von 3 pm PS Partikeln in murinen Makrophagen (ImKC) tiber 25 Stunden. Die
Partikelverteilung wahrend der Zellteilung wurde mit roten Umkreisungen markiert. Blaue
Markierungen zeigen apoptotische Zellen (blaue Umkreisung) mit aufgenommenen Partikeln,
wobei die durch die Apoptose freigesetzen Partikel durch die Nachbarzellen aufgenommen
(blaue Pfeile) werden. Skalenbalken wie angegeben. Nachdruck mit freundlicher Genehmigung
des Verlags. Modifiziert nach Jasinski, J., Volkl, M., Hahn, J., Jérome, V., Freitag, R., &
Scheibel, T. Polystyrene Microparticle Distribution After Ingestion by Murine Macrophages.
Journal of Hazardous Materials, 457, 131796 (2023). Copyright (1969) Elsevier.

Eine Zelle mit vier aufgenommenen Partikeln resultierte in zwei Tochterzellen, wobei eine

Tochterzelle drei Partikel und die andere Tochterzelle einen Partikel enthielt. Dies wurde
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zusitzlich durchflusszytometrisch quantifiziert und bestétigt. Mittels Zeitraffer-Mikroskopie
konnte keine aktive Freisetzung der Partikel beobachtet werden. Allerdings wurden bei Zelltod
die von der entsprechenden Zelle internalisierten Partikel, wie alle Zellbestandteile, freigesetzt
blaue Kreise). Diese kénnen dann von Nachbarzellen, ebenfalls wie alle anderen Zell-
bestandteile, aufgenommen werden. Auch dies konnte mittels Zeitraffer-Mikroskopie
blaue Pfeile) gezeigt werden. Da nur wenige Partikel in bestimmten Organellen (Endoplas-
matisches Retikulum, Endosomen) gefunden wurden, kann angenommen werden, dass die
Partikel nicht aktiv in bestimmten Organellen angereichert werden. Wahrend die Partikel
durch den Zelltod freigesetzt wurden, wurde keine aktive Exozytose beobachtet. Benachbarte
Zellen nahmen die freigesetzten Partikel zusammen mit Zelltriimmern wieder auf. Daher kann
prasumiert werden, dass die aufgenommenen Partikel nicht in groker Zahl freigesetzt werden,

was zu einer Akkumulation fithrt und somit potenzielle Langzeiteffekte moglich sind.

3.4 Wie verhalten sich Modell-Polymermikropartikel in 3D Zellsystemen?

2D-Zellkulturen konnen nicht alle mechanischen und biochemischen Signale, die in vivo vor-
handen sind, originalgetreu nachbilden [327, 522]. So iiberwiegen bei 2D-Zellkulturen die
Wechselwirkungen von Zelle zu Plastik und nicht die entscheidenden Wechselwirkungen von
Zelle zu Zelle und Zelle zu extrazelluldrer Matrix (EZM) [522, 523]. Um eine realistische-
re Einordnung der Interaktion mit Mikroplastik zu erhalten, wurden im letzten Teilprojekt
multizelluldre Sphiroide aus Leberepithelzellen geziichtet. Sphéroide bilden sich durch Aggre-
gation und Selbstorganisation von Zellen, wenn eine Oberfliche fehlt an welcher sie anheften
kénnen. Die Selbstorganisation ahmt dabei natiirliche Prozesse nach, die wihrend der Em-
bryogenese, Morphogenese und Organogenese ablaufen 522, |524]. Sphéroide kénnen in einem
Grofsenbereich von bis zu 700 pm die architektonischen und funktionellen Merkmale von na-
tiirlichem Gewebe imitieren (330, 522|. In diesem Teilprojekt wurden selbst hergestellte PS
Partikeln mit definierter Oberfliche verwendet (siehe 3.1.2 Herstellung von fluoreszierenden
Partikeln mittels NITEC), und deren Anwendung in 2D und 3D Zellkultur untersucht. Dabei
war die definierte Oberfliche besonders wichtig, da in 3.2.3 (Physikochemische Eigenschaften
von scheinbar gleichen Partikeln) bereits gezeigt wurde, dass kommerzielle Partikel Unter-
scheide aufweisen und nicht zwangsldufig vergleichbar sind. Da bereits in den vorangegangenen
Teilstudien gezeigt wurde, dass das (-Potential eines der wichtigsten Oberfléchencharakteri-
stika fiir die zelluldre Interaktion ist, wurde dieses auch fiir die selbst hergestellten Partikel
bestimmt. Dies lag mit -24,1 £+ 3,7 mV in KCI, beziehungsweise -17,8 + 1,2 mV in Zellmedi-

um, iiber dem der kommerziell erwerbbaren PS Partikel. Allerdings waren die Unterschiede
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unter Zellkulturbedingungen nicht signifikant. Die Untersuchung der Partikel-Zellinteraktion
wurde mit den bereits vorher verwendeten Zelllinien (J774A.1, ImKC, STC-1 und BNL CL.2)
durchgefiihrt, um die Ergebnisse mit denen aus 3.2.1 (Grofen- und Zelllinienabhéangigkeit)
vergleichen zu kénnen 2D Monolayer). Dabei konnten Unterschiede zu kommerziel-
len PS Partikel aufgezeigt werden, da auch in STC-1 Zellen eine Internalisierung der Partikel
festgestellt wurde. Kommerzielle PS Partikel mit diesem Durchmesser (2 pm) zeigten keine
Internalisierung in STC-1 Zellen. Fiir die anderen Zelllinien wurde, analog zu den kommerziel-
len PS Partikel, eine Internalisierung beobachtet. Fiir die 3D Zellkultur, also die Bildung und
Analyse von Sphéaroiden, wurden die Epithelzellen weiter verwendet. STC-1 (Darmepithel-)
Zellen zeigten jedoch keine Sphéroidbildung, wohingegen fiir BNL CL.2 (Leberepithel-) Zellen
Sphéroide sowohl mittels der liguid overlay Technik, als auch mit nicht-adh&siven Hydrogelen

geziichtet werden konnten.

2D Monolayer
J774A1 ImKC

I . ‘ oL €2 Spharold

Makrophagen

STC-1 BNL CL.2

Epithelzellen

Abbildung 23: Zelluldre Interaktion von selbst hergestellten PS Partikeln in 2D Zellmonolay-
ern (Makrophagen J774A.1 und ImKC, sowie Epithelzellen STC-1 und BNL CL.2). Zusétzlich
wurden aus BNL CL.2 Epithelzellen Sphéaroide auf Methylcellulose geziichtet (3D) und mit
PS Partikeln inkubiert. Fiir die Analyse mittels Fluoreszenzmikroskopie wurden das Aktinzy-
toskellets (rot) und die Zellkerne (blau) gefdrbt, wihrend die Partikel eine griine Fluoreszenz
aufweisen. Skalenbalken wie angegeben.

Bei der liquid overlay Technik wird die Anheftung von Zellen an Gewebekulturplatten ge-
hemmt und gleichzeitig die Zell-Zell-Aggregation gefordert [522, 525|. Dabei werden die Zel-
len in einer Suspension auf flache Gewebekulturschalen mit wenig haftenden Oberflichen wie

Agarose ausgesit. Die resultierenden Sphéroide waren jedoch sehr grof (ca. 500- 1000 pm)
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und eher flach. Alternativ wurden nicht-adhésive, 12%-ige Methylcellulose-Hydrogele verwen-
det, welche die EZM imitieren sollen [526} 527|. Die resultierenden Sphéroide waren deutlich
kleiner (100- 200 pm) und zeigten eine sphérische Form, allerdings fiihrte die hohe Visko-
siit des Hydrogels teilweise zu einer ungleichméfigen Verteilung auf der Kulturplatte und
daher zu inhomogenen Sphéaroiden. Die Inkubation der selbst hergestellten PS Partikel mit
Lebersphiroiden zeigte eine Translokation der Partikel in den Sphéroiden (Abb. 23|BNL CL.2
Sphéroid). Bereits in 2D wurde fiir BNL CL.2 Zellen eine Aufnahme der Partikel beschrieben.
Daher wire eine Translokation der Partikel durch die zelluldre Aufnahme der Epithelzellen
denkbar, welche die Partikel in das Sphéiroidinnere exkretieren. Allerdings konnte bis jetzt
nicht abschliefsend gekldrt werden, ob die Partikel nicht auch zufillig im Sphéiroid gefunden
wurden und beispielsweise die Zellen um die Partikel herum gewachsen sind. Dies kdnnte unter
Anderem mittels Zeitraffer-Mikroskopie (live-cell time-lapse microscopy) untersucht werden.
Nichtsdestotrotz unterstreicht die Translokation auch in Sphéroiden die vielfiltige Anwend-

barkeit der mittels NITEC-Reaktion hergestellten PS Partikel.
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Noxic effects of polystyrene
microparticles on murine
macrophages and epithelial cells

Julia Rudalph®7, Matthias Volkl>?, valérie Jérome?, Thomas Scheibel 434555 g
Ruth Freitag D4

Microplastic (MP) contamination has been identified as an ecological problem with an increasing
impact on everyday life. Yet, possible effects of MP at the cellular level are still poorly understood.
Here, the interaction of murine macrophages (J774A.1, ImKC) and epithelial cells (STC-1, BNL

CL.2) with well-characterized poly{(styrene) MP particles (MPP) of varying sizes (0.2-6.0 pm) was
studied. Macrophages are expected to actively engulf particles which could be confirmed in this
study, while epithelial cells are found in tissues with direct contact with ingested or inhaled MPP.
Here, the epithelial cells from both investigated cell lines did not ingest MPP in significant numbers.
Concomitantly, no cytotoxic effects nor any influence on cellular proliferation were observed. Cells
from the two macrophage cell lines showed high ingestion of MPP of all sizes, but cytotoxic effects
were observed only for one of them (ImKC) and only at MPP concentrations above 250 pg/mL.
Indications of cellular stress as well as effects on cell proliferation were observed for cell pepulations
with high particle cell interactions.

Large-scale industrial plastic production started in the nineteen-fifties, initially using waste material from the
chemical industry as the basis for the production of polyvinyl chloride (PVC)'~. Low production costs, proper-
ties like durability, ductility, and lightweight have promoted the increasing use of plastic. Over eight billion tons
of plastic have been produced since the beginning, and roughly 80% of the produced plastic is assumed to have
accumulated in the environment %. Qver 10 million tons of plastic waste enter the oceans per year®, and the latest
results indicate that the contamination of the terrestrial environment by plastics may be 4-23 times higher®,
Due to (photo-)chemical, mechanical, and/or biological degradation, larger plastic residues tend to disintegrate
into smaller particles®, so-called microplastic (MP) and nanoplastic. MP is defined as plastic fragments with a
size between 0.1 um and 5 mm'® and can today be found in all investigated environmental compartments'' %,
MP has been shown to enter the food chain and to have an impact on the fitness of several species'*~'*.

One of the major microplastic entry points into organisms is the ingestion of contaminated food®*?". Ingested
MPP then migrate through the gastrointestinal tract, where they may interact with the resident tissues and cause
gut toxicity (e.g. inflammation of the gut lining). As a consequence, an impairment of the gut-vascular barrier
can develop, and MPP then gain access to the liver via the portal vein?>?%, Effects have in particular been shown
in the presence of submicron and nanoparticles, i.e. particles with a diameter< 1 um. In one study, polystyrene
(PS) particles < 0.3 um were found in the liver, spleen, blood, and bone marrow of rats after 10 days of feeding™,
while particles with a diameter of 0.1 um were uptaken with a 15- to 250-fold higher frequency by intestinal
tissue compared to larger particles (>0.5 um)*.

Once foreign matter enters the body, among the first responders at the cellular level are cells of the immune
system. Macrophages are specialized in engulfing foreign particular matter via phagocytosis®®. In this context,
exudate and resident macrophages can be differentiated’” Exudate macrophages are found in the bloodstream,
patrolling the whole body ready to reach local inflammation sites?, while resident macrophages are confined
to a specific tissue?®. The latter are usually specialized in cell morphology and function®. Foreign particulate
matter acts as a stimulus to activate macrophages. Macrophages, once activated, prime the immune system in
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(-potential (mV)
MPP size (um) KCl 10% FCS RPMI 1640 DMEMy, 0 DMEM e
0.2 -474+0.3 -267+03 -26301 -269+0.2 -260£02
0.5 -52.8+0.2 —-252+01 -262+01 -252+01 -24.6£02
1.0 -66.1+£0.1 -27.9+0.1 —-29.2+05 -264+0.0 -250£01
2.0 -767+0.3 —29.9+02 -30.7+0.1 -293+02 -27.7+04
3.0 -79.0+0.6 -311+03 —29.6+04 -303+02 -28.6+0.2
6.0 -854+14 —-10.1+0.7 —-11.7+02 -127+04 -11.3+03

Table 1. {-potential analysis of differently sized PS-MPE. MPP were incubated in 1 mM KCl or pre-incubated
overnight in growth media (DMEM or RPMI) or 10% (v/v) FCS in 1 x DPBS. The {-potential was measured in
1 mM KCl (pH 6). Data represent mean + 5D, n=3.

various directions, which inter alia tags them as suitable test cells for cytotoxicity assays®’. The response of mac-
rophages to stimulation ranges from induced cell proliferation, secretion of reactive oxygen species (ROS)®%
and interferon-a and -f%, to delayed hypersensitivity. Phagocytosis goes along with higher oxygen uptake and
enhanced production of ROS, known as respiratory burst*>*. An increase in ROS resulting from MP inges-
tion has been already shown in vivo for different organisms®"%, however, cells grown in vitro seemed to be less
affected®1. At physiological levels, ROS function as “redox messengers” in intracellular signaling and regulation,
whereas an excess of ROS induces cell death by promoting the intrinsic apoptotic pathway*!.

Whereas phagocytosis is a mechanism for the uptake of larger particles (size> 0.5 um) and is observed only in
specialized cell types like macrophages*~**, a second endocytotic uptake mechanism, namely pinocytosis can be
performed by most cell types. Pinocytosis refers to the uptake of fluids or small particles (< 0.5 um). Some cells
can also take up larger particles (1-5 um) by macropinocytosis®. For a given particle, the uptake mechanism
depends on the particle size as well as on its interaction with (specific) receptors to the cellular membrane and
in consequence on the cell type'***. It has been shown that a given macrophage cell line uses different uptake
mechanisms for particles of different sizes. For example, Geiser et al. showed that nanoparticles (0.078 pum in
diameter) were ingested using nonphagocytic mechanisms, whereas 0.2 um and 1 um particles were ingested
by phagocytic mechanisms™.

Direct effects of MMP on cells are considerably less well studied than their effects on the fitness of entire
organisms. Olivier et al. observed cytotoxic effects on murine macrophages (J774A.1) and fibroblasts (1.929) for
0.45 and 3.53 um PS particles at concentrations above 500 ug/mL*. Hwang et al. identified cytotoxic effects of
3 um PS particles at 1000 ug/mL on human dermal fibroblasts®’. Stock et al. showed a reduced viability of Caco-2
cells, a human epithelial cell line, in the presence of 1 um PS particles®’. In most of these studies, MPP were
mainly classified by polymer type, particle shape, and size®*~*%. A few studies emphasized the importance of the
particle surface for cellular uptake and toxicity**-**. In this context, the so-called protein corona, i.e. the highly
dynamic protein layer, which forms on the surface of any particle placed in a protein-containing solution, such
as whole blood or plasma®-%', influences the physicochemical surface properties of MPP like surface charge and
roughness®®* and in turn, the cellular uptake®*2-55,

Although the particle size is widely recognized as decisive for cellular uptake, few comparative investiga-
tions using a series of MPP of a defined and narrow size distribution have been performed so far. Moreover, a
clear understanding of how cells from the primary line of defense of the body (i.e. macrophages as part of the
immune system and barrier-forming epithelial cells) react to exposure to MPP is largely lacking. In this work,
we analyzed the impact of MPP on four murine model cell lines, two macrophage types (J774A.1 from ascites
as an example for exudate macrophages and ImKC as an example for hepatic resident macrophages, i.e. Kupffer
cells), one intestinal (STC-1) and one hepatic epithelial cell line (BNL C1.2). Six batches of graded PS particles,
each with narrow size distribution and covering a range from 0.2 to 6.0 pm were used. Besides uptake, the impact
of the particles on cell metabolism and proliferation was investigated.

Results and discussion

C-Potential of MPP. The {-potential of MFP is assumed to influence cellular uptake®*$%’. Therefore, the
{-potentials of all MPP were measured in 1 mM KCI (pH 6) and after incubation in the different growth media
or fetal calf serum (FCS) diluted in DFBS (Table 1).

The {-potential decreased with increasing MPP diameter from — 47.4 £+ 0.3 mV for 0.2 um particles to
—85.4+ 1.4 mV for 6 um particles in KCL In growth medium and FCS, the {-potential was higher and the pro-
nounced difference observed as a function of the particle size after incubation in KCl solution was not observed
in this case. Instead, all {-potentials fell in the range between — 10 and — 30 mV. Similar effects of incubation in
cell culture media on the {-potential have been observed previously*”*%. Since the effect of FCS-containing culture
media on the {-potential was similar to that of 10% FCS in DPBS, we assume that the observed effects are mainly
due to a corona formed on the MPP by proteins from FCS rather than culture medium-specific components.
Since all culture media used in our study contained FCS, we expect similar protein coronae for all MPP once
they had come into contact with the cell culture media during the experiments. In consequence, all MPP are
expected to show similar surface properties, and their reaction with different cell lines can be compared directly.
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Figure 1. Analysis of size-dependent uptake of PS-MPP by J774A.1 and ImKC macrophages. Analysis was
performed using confocal laser scanning microscopy (CLSM, A), scanning electron microscopy (SEM, B), and
flow cytometry (C, D). (A) Size and number of added particles per cell: 0.2 pm: 750,000, 0.5 um: 48,000, 1 um:
2000, 2 pm: 700, 3 pm: 200, 6 pm: 25. Actin filaments were stained with rhodamine-phalloidin (red), nuclei were
stained with DAPI (blue); FITC-fluorescent MPP are shown in green. Scale bars: 40 um. (B) Representative SEM
images are shown for each cell line in the presence of 2 um MPP. Additional images are shown in Supplementary
Fig. $2. Scale bars: 4 pm. (C,D) Results of flow cytometry measurements of J774A.1 (C) and ImKC (D). Shown

are the percentage of cells in correspondence to the number of interacting particles per cell and the size of the
particles. Light colors represent low concentration, dark colors the high concentration of MPP (see Table 2).
Note that no data was available for 0.2 and 0.5 pm particles due to lacking resolution of the flow cytometer. The

calculation of the number of interacting particles per cell is based on the fluorescence intensity of the particles
(histograms, Supplementary Fig. $1). Data represent mean +SD, n=3.

MPP uptake by macrophages and epithelial cells depends on particle size.

MPP ingestion by the
macrophage cells as a function of MPP size was analyzed using confocal laser scanning microscopy (CLSM) and
scanning electron microscopy (SEM) (Fig. 1A,B, Supplementary Fig. S2). Flow cytometry was used to statisti-

cally quantify the interaction between MPP and macrophages (Fig. 1C,D) using two different concentrations
(low concentration: Ic, high concentration: hc, Table 2) of fluorescent PS-MPP (Supplementary Fig. S1).
According to these data, ingestion of MPPs of all sizes was observed for both macrophage cell lines. J774A.1
cells seemed to ingest more MPP per cell than the ImKC cells. Using flow cytometry, in the case of the micron-
sized particles, the numbers of MPP interacting per cell were obtained based on the fluorescence intensity (Sup-
plementary Fig. S1). No direct quantification was possible for the submicron-sized particles (0.2 and 0.5 um).
However, in that case, a concentration depended shift was detected in fluorescence intensity for the whole cell
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Particle size Low concentration (particles/celly High concentration (particles/cell)
0.2 pm 10 100,000
0.5 pm 10 10,000
1pm 10 1000
2um 10 400
3um 10 100
6 pum 2 25

Table 2. Overview of MPP concentrations used for proliferation tests, flow cytometry, and ROS assays.
For all particle sizes, a low and high concentration, depending on the particle size, was applied. Low
concentration= < 1% coverage of the plate; medium concentration= 1-10% coverage of the plate; high
concentration=20-30% coverage of the plate.

population (Supplementary Fig. S1). For J774A.1 (Fig. 1C), high interaction rates were observed for MPP sizes
between 1 and 3 pm. Increasing MPP concentrations resulted in a rising number of particle-cell interactions
(PCI). In contrast, the majority of the J774A.1 cells did not interact with particles of 6 um, and the 6 um-MPP
were in fact the only ones where no differences could be observed for low and high MPP concentrations. This
effect may be related to the natural function of macrophages. Most air- and water-borne bacteria have a size
between 1 and 4 um®”. Due to their “oversize”, 6 um MPP become less attractive for ingestion. The ingestion of
particles has in principle been reported for sizes up to 10 um for J774A.1, but particle surface modifications with
e.g. IgG or carboxyl groups were necessary in such cases, and ingestion rates were still rather low*3%7-7_For the
liver macrophage cell line ImKC, a similar trend as for J774A.1 was observed. The general tendency for particle
uptake was lower, but a significant (p <0.05) decrease in MPP-cell interactions was found only for 1 pm;, MPP.
As liver macrophages, ImKC cells are expected to be more specialized towards internalizing small particles’".

In case of the intestinal epithelial cells (STC-1), no uptake of MPP larger than 0.2 um was observed using
CLSM and SEM (Fig. 2A,B, Supplementary Fig. S2). Larger MPP merely interacted with the cellular sur-
face, which was detectable with both microscopic methods. This is corroborated by flow cytometry analysis
(Fig. 2C,D). While there was no size effect, the MPP-cell-interactions increased slightly at higher concentra-
tions. The lacking ingestion of particles above 0.2 pm and the low MPP interaction with STC-1 is consistent
with previous studies focusing on nanoparticles, where particles with sizes of up to 0.12 um were ingested by
STC-1 cells via endocytosis ™.

The hepatic epithelial cells (BNL CL.2) did take up MPP <6 um (Fig. 2A,B, and Supplementary Fig. §2), albeit
at numbers smaller than the macrophages. BNL CL.2 cells have been described as non-phagocytotic’” ", but
the ingestion of micron-sized particles could in principle also take place by macropinocytosis*>*". As recently
described, hepatic epithelial cells can take up apoptotic or necrotic cells, since clearance of such cells is sub-
stantial to sustain tissue homeostasis””. Quantification of the interaction using flow cytometry data (Fig. 2D),
corroborated again the CSLM and SEM measurements. At low concentrations, 1-3 pum-sized MPP, showed
nearly no interaction with the cells. In contrast, MPP-cell interactions could be detected at high concentrations.
In case of the 6 um-MPP, almost no interactions took place with BNL CL.2 cells independent of the concen-
tration. As shown in Fig. 2D, there are significant differences in the uptake behavior of the two cell lines. The
intestinal epithelial cells (STC-1 cells) did not interact with particles even at high concentrations, while the liver
epithelial cells (BNL CL.2 cells) showed internalization and higher interaction rates in particular at elevated
MPP concentrations.

Analysis of MPP effects on metabolic activity (MTT assay). Uptake and accumulation of MPP in
intracellular compartments could have a detrimental effect on cellular metabolism. The dose-response of mac-
rophages and epithelial cells to MPP treatment was analyzed using an MTT assay (mitochondrial activity). Cells
were incubated with increasing concentrations of 0.2-6 pm MPP, and the metabolic activity, i.e., MT'T conver-
sion by cellular oxidoreductases, was analyzed after 24 and 72 h of incubation (Fig. 3).

In epithelial cells, no negative metabolic effects were observed, no matter which concentration, MPP size,
or incubation time was considered. This correlates well with the above-shown low tendency for MPP uptake.
MPP merely attached to the cellular surface did not appear to affect cellular metabolism. Macrophages showed
reduced metabolic activity, albeit only at MPP concentrations above 250 ug/mL after 24 h of incubation. These
effects seemed to be related to the MPP size, since the reduction in metabolic activity was the highest for MPPs
with 0.5-3 pm diameter, while 0.2 and 6 um sized MPPs showed little to no effects over the concentration
range tested. This result might be due to different uptake mechanisms for differently sized particles. Particles
with diameters between 0.5 and 3 um are mainly taken up via phagocytosis®™*®, which is an energy-dependent
process®, and this might explain the lower metabolic activity for cells with high phagocytic activity. In case of
the 6 um particles, on the other hand, we had previously observed no tendency for uptake. In consequence, a
pronounced effect on the metabolic activity would have been surprising and was indeed not observed. Uptake
of 0.2 pm sized particles seems to be part of a less energy-intensive uptake mechanism, which in consequence
is less of a burden on the metabolism.

Noticeably, for 2 and 3 um MPP in the low concentration range (10-37.5 ug/mL), we also detected a slight, but
significant (p <0.05) increase in metabolic activity (compared to non-treated cells) for InKC cells. A similar trend
was observed for J774A.1 cells after incubation with 2 pm MPP. This might be related to a hormetic response,
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Figure 2. Analysis of the particle uptake by the epithelial cells (STC-1, BNL CL.2) as a function of size and

concentration. Analysis was performed using confocal laser scanning microscopy (CLSM, A), scanning
electron microscopy (SEM, B), and flow cytometry (C,D). (A) Size and number of added particles per cell:
0.2 um: 750,000, 0.5 pm: 48,000, 1 um: 2000, 2 pm: 700, 3 um: 200, 6 um: 25. Actin filaments were stained
with rhodamine-phalloidin (red), nuclei were stained with DAPI (blue); FITC-fluorescent MPP are shown
in green. Scale bars: 40 pm. (B) Representative SEM images are shown for each cell line in the presence of

2 um MPP. Additional images are shown in Supplementary Fig. S2. Scale bars: 4 ym. (C,D) Results of flow
cytometry measurements of STC-1 (light color) and BNL CL.2 (dark color) at low (C) and high (D) particle

concentrations. The added number of particles per cell are given in the graph as p/c. No data are available

for 0.2 and 0.5 um particles due to lacking resolution of the flow cytometer. Data represent mean+SD, n=3.

Stars represent statistically significant data points (p <0.05) between both cell lines. For better clarity, no
differentiation of significance level is shown.

which leads to a stimulation of the cellular metabolism in response to mild stress®. As recently published, such

a response can be detected using the MTT assay®. An extension of the contact time between cells and particles
(i.e., 72 h incubation) induces a drop in the metabolic activity already at concentrations of 10-100 ug/mL for
both macrophage cell lines. InKC seemed to be more sensitive than J774A.1.

Our results underline the importance of analyzing the size effects of MPP using preparations with narrow
size distributions, as slight differences in size, e.g. between 0.2 and 0.5 pm, already lead to divergent metabolic
responses. Our data further indicated the importance of MPP interaction/uptake, since both macrophage cell
lines only showed a reduced metabolic response in the presence of particles between 0.5 and 3 um, with high PCL.

Effects of MPP size and concentration on the induction of intracellular ROS. ROS generation
was analyzed after incubation of the cells with MPP of different sizes at low and high concentrations. For this
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Figure 3. Cell metabolic activity after 24 h and 72 h in the presence of MPP. The metabolic activity was
determined using the MTT assay in correlation to cells without particles acting as negative control. Data
represent mean + SD, n=3 biological replicates. Particle sizes: black square=0.2 um, orange circle=0.5 pm,
blue triangle =1 pm, green down-pointing triangle=2 um, yellow diamond=3 pm, purple left-pointing
triangle=6 pm.

purpose, the fluorescence resulting from oxidation of DCFDA by intracellular ROS was detected using flow
cytometry (Fig. 4). In one out of four cell lines, namely ImKC, MPP concentration and size showed a tendency
for higher ROS generation (Fig. 4), while the other three cell lines showed no enhanced ROS production (Sup-
plementary Fig. §3). This finding is in line with work from other groups, also based on the study of entire cell
populations in contact with MPP, i.e. these studies as well showed no statistically significant change in ROS pro-
duction after MP treatment®+. As an exception, the ImKC cells, i.e. cells from the resident liver macrophage cell
line, showed a slight, but significant concentration-dependent rise in ROS. This increase was most pronounced
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Figure 4. The appearance of reactive oxygen species upon increasing particle concentrations for InKC
macrophages. ROS of the whole cell population treated with an increasing particle concentration (striped
bars=low concentration; full bars=high concentration). Quantity is represented in relation to a negative control
without particles (100%). Data represent mean+SD, n=3.

in the presence of 1-3 um MPP. It is known that Kupffer cells (i.e., resident macrophages) react quickly and
non-specifically after phagocytosis of particular matter with an increase in ROS, while peritoneal and alveolar
macrophages (i.e., exudate macrophages) react less strongly®+%.

Flow cytometry was subsequently used to define cellular subpopulations. Here, it was necessary to use the
SSC signal as a basis for PCI, since the fluorescence of the MPPs overlapped with the DCFDA fluorescence signal,
which is why we had to use non-fluorescent particles (Fig. 5A). Either way, a higher SSC correlates with the higher
fluorescence like higher fluorescence correlates with a higher particle count (Fig. 5B,C). The number of cells in
each subpopulation was also taken into consideration for the interpretation of the results. In these experiments,
a strong correlation was found between the level of MPP-cell-interaction and ROS response (Fig. 5B,C) for all
cell lines, except the epithelial cell line BNL CL.2. However, the percentage of cells above the 100% ROS line (i.e.,
the ROS level in non-treated cells) corresponded only for ImKC cells to more than 35% of the entire popula-
tion (Fig. 5C). Either way, an analysis of these small subpopulations might become important when analysing
more complex systems or in vivo conditions, in which case cell-cell interactions get more important and small
subpopulations might have a higher impact as expected.

For the other cells line, this fraction was much smaller. This explains why an increase in ROS was detectable
for the entire InKC population, while no effects could be observed for the other cell lines. STC-1 cells in particu-
lar showed a high ROS response in case of a high PCI, but only a few cells were concerned in their population.
Moreover, on the level of the subpopulations, we also observed a decrease in ROS response (below 100% ROS)
of cells with low PCI, especially among the macrophages. This response could be explained by an inflammatory
response from cells with high PCI also present in the same culture. Such an inflammatory response includes
the secretion of antioxidants and has previously only been described for cells challenged with nanoparticles®.
A secretion of antioxidants would affect cells without or low MPP internalization and would result in a lower
baseline ROS production compared to that of the negative control. Interestingly, the highest detected ROS
responses were seen in case of small (0.2 and 0.5 pm) and large (6 pm) MPP for all cell lines, except for BNL CL.2.
As mentioned in the introduction, small particles (< 0.5 um) are known to be ROS-inducing. Different uptake
mechanisms like phagocytosis for larger particles or less production of antioxidants due to lower uptake rates
for the larger particles could explain the high ROS levels induced in the case of 6 pm particles.

MPP effects on cell proliferation. To investigate the effects of MPP on cell proliferation, cells were incu-
bated with MPP of all sizes at low and high concentrations (Table 2). First, resazurin assays were performed to
examine the impact of MPP on proliferation at the entire population level. In that case, no significant effects were
detected in any of the cell lines (Supplementary Fig. $4). As a result of this finding, we additionally performed
a CFSE assay, since effects might only be seen at the subpopulation level. For ImKC cells, proliferation was sig-
nificantly retarded in presence of particles between 0.5 and 3 pm, when the entire population was considered
(“nonapoptotic cells” gate, Fig. 6A). To estimate the MPP effects on cell proliferation at the sub-population level,
CFSE dilution assays and flow cytometry analysis were combined, while applying the previously discussed gating
strategy (Fig. 5). When analyzing these subpopulations, it became clear that cells with higher PCI also displayed
a higher CFSE intensity, indicative of a lower number of cell divisions (Fig. 6B). The correlation between the
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Figure 5. Correlation between ROS generation and intensity of cell-particle interaction. (A) Representative
gating strategy for rising PCI. Gate NC represents cells with no particle interactions, I-V show increasing

PCI (SSC=side scatter, FSC=forward scatter). (B) The respective ROS intensity for gated cells shown in (A).
(C) Correlation between PCI, normalized ROS-quantity, and gated cell count. ROS quantity was normalized
(control: cells incubated without particles). MFI is the mean SSC value of respectively gated cells. The dashed
line highlights the relevant 100% ROS line, the back-ground ROS production determined in non-treated cells
cultivated at otherwise similar conditions. Used particle concentration: h, Table 2 (black circle=0.2 um, orange
circle=0.5 um, blue circle=1 pm, green circle =2 pm, yellow circle=3 um, purple circle=6 pm).
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Figure 6. CFSE dilution assay after 72 h. CFSE assay was performed in presence of all particle sizes using all
cell lines. Values were normalized (control: cells incubated without particles). As the CFSE intensity per cell is
decreasing with every division, higher values for “CFSE intensity” indicate a reduced number of cell division.
(A) Shows an analysis of the entire population while (B) adapts the same gating strategy for subpopulations as
in Fig. 4A. Low MPP concentration: striped bars, high MPP concentration: filled bars. Black square=0.2 pm,
orange circle=0.5 pm, blue triangle=1 pm, green down-pointed triangle=2 pm, yellow diamond=3 pm, purple
left-pointed triangle=6 um). Data represent mean +SD, n =3 biological replicates, *p <0.05, **p <0.01 compared
to control.

PCI and the observed effect on proliferation was not as pronounced as for the ROS data, but still statistically
significant (p<0.05). As for the ROS assay, these subtle differences between subpopulations were lost when the
population was studied as a whole.

The correlation between high PCI and high CESE is intriguing. It may simply be due to a dilutive effect,
i.e. as cells divided, they dilute both the attached/ingested particles and the concentration of the CFSE labeled
protein. However, cells with high PCI also tended to show increased ROS production in the above experiment,
and increased levels of ROS have been shown to exert an effect on cell proliferation. Oxidative stress induced by
microplastic might lead to DNA damage®. Hence, the accumulation of ROS in cells displaying high PCI might
also influence cell division. A decrease in cell proliferation, has been shown already for high ROS levels in cancer
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cells®. A decrease in cell division, as seen in the CFSE data, correlates well with the highest ROS accumulation
detected in the ImKC cells.

Another possible explanation of the effect of a high PCI on proliferation may again rely on the uptake mecha-
nism. Macrophages need to spend energy on phagocytosing particles. Therefore, less energy is available for cell
division. This dynamic energy budget model has been developed for multicellular organisms and was shown
recently to be applicable for bacteria as well®

Conclusion

Polystyrene microplastic particles (MPP) are well uptaken in the case of exudate and resident macrophages
(Kupffer cells) and much less in the case of hepatic and intestinal epithelial cells. Uptake and interaction rates
were MPP-size as well as cell-type dependent. Such variations are in line with the cell phenotype. Macrophages
are scavenger cells per-se programmed to take-up particulate matter, whereas the material uptake in epithelial
cells is mostly limited to molecular transports. Despite the high uptake by the macrophages, a decrease in meta-
bolic activity could only be measured at very high MPP concentrations, while no negative effects were observed
for epithelial cells. At the subpopulation level, high particle-cell interactions/uptake tended to correlate with an
overproduction of ROS, as well as with a reduction of the proliferative capability for all cell types. Altogether,
we can conclude that scavenger cells are more susceptible to noxic effects of MPP ingestion, which are highly
correlated to the number of MPP found in the cells. While there is little evidence of acute toxicity caused by the
MPP, chronic toxicity due to intracellular accumulation of MPP cannot be excluded at this point and will be
clarified by long-term studies. Our results also demonstrate that considering only the whole cellular population
for analysis of MPP effects might bias the final results, as correlations involving only small cellular subpopulations
may be masked. Hence, for investigations concerning cellular effect of microplastics, there is an urgent need to
perform analysis at cell subpopulations or even better at the single-cell level.

Materials and methods

Materials. If not otherwise indicated, Greiner Bio-One (Frickenhausen, Germany) and Thermo Fisher Sci-
entific (Schwerte, Germany) were used as suppliers for cell culture materials. Penicillin, streptomycin, Dulbeccos
Phosphate-Buffered Saline without Ca®* and Mg?* (DPBS), RPMI1640 (Roswell Park Memorial Institute), and
DMEM), ;, (Dulbecco's Modified Eagle’s Medium; 3.7 g/L. NaHCO;, L-glutamine-free) were obtained from
Lonza (Lonza Group Ltd, Basel, Switzerland). DMEM ;1 (1.5 g/L NaHCO,;, 0.11 mM Na pyruvate, 4 mM r-glu-
tamine) was obtained from ATCC (ATCC LGC Standards GmbH, Wesel, Germany). Modified Eagle Medium
without phenol red (MEM) was obtained from Thermo Fisher Scientific (Schwerte, Germany). Fetal calf serum
(FCS) was purchased from Sigma Aldrich (Taufkirchen, Germany). Based on the respective standard cell growth
media, “conditioned media” were derived as follows: the respective culture supernatant was recovered after 24 h
incubation with cells and sterile-filtered using a 0.2 um cellulose acetate filter before supplementation with
2 mM glutamine. Conditioned media were stored at 4 °C until further use.

Phalloidin-tetramethylrhodamine B isothiocyanate, DAPI, 3-(4,5-dimethyl-2-thiazolyl)-2,5-Diphenyl-
2H-tetrazolium bromide (MTT), 2',7-dichlorofluorescein diacetate (DCFDA), antimycin A from Strepfomyces
sp., and carboxyfluorescein succinimidyl ester (CFSE) were obtained from Sigma Aldrich (Taufkirchen, Ger-
many). AlamarBlue (CellTiter-Blue Cell Viability Assay) was purchased from Promega (Walldorf, Germany).

Non-functionalized (plain) non-fluorescent and fluorescent polystyrene particles (Yellow Green, PS-YG) were
obtained from Polysciences (Polysciences Europe GmbH, Eppenheim, Germany) with the parameter as follows:
diameter of 0.2 um (Cat. # 07304-15 (non-fluorescent), 17151-10 (fluorescent), 5.68 x 10'2 particles/mL, size coef-
ficient of variation (CV)<8%), 0.5 um (Cat. # 07307-15 (non-fluorescent), 17152-10 (fluorescent), 3.64 x 10! par-
ticles/mL, size CV < 3%), 1 um (Cat. # 07310-15 (non-fluorescent), 17154-10 (fluorescent), 4.55x 10" particles/
mlL, size CV <3%), 2 um (Cat. # 19814-15 (non-fluorescent), 18338-5 (fluorescent), 5.68 x 10° particles/mL, size
CV<5%), 3 um (Cat. # 17134-15 (non-fluorescent), 17155-2 (fluorescent), 1.68 x 10° particles/mL, size CV < 5%)
and 6 um (Cat. # 07312-5 (non-fluorescent), 17156-2 (fluorescent), 2.10x 10° particles/mL, size CV < 10%). All
MPP were delivered as a sterile aqueous suspension with a concentration of 2.5% (w/v). According to the supplier,
all MPP are plain particles with little anionic charge due to residues of sulphate ester groups. Non-fluorescent
particles showed no autofluorescence in the ex/em ranges of interest for the intended experiments. Prior to use,
MPP stock solutions were diluted to the desired concentration in the respective growth media.

Cell culture.  Murine cell lines: Macrophages J774A.1 [from ascites, TIB-67, population doubling time: 17 h
(according to supplier information)], intestinal epithelial-like cells STC-1 (CRL3254, population doubling time:
54 h®) and hepatic epithelial cells BNL CL.2 [TIB-73, population doubling time: 40 h (according to supplier
information)] were obtained from the American Type Culture Collection (ATCC, Manassas, USA). The hepatic
macrophage cell line ImKC (Kupffer cells, SCC119, population doubling time: 24 h™?) was obtained from Merck
(Merck KGaA, Darmstadt, Deutschland). ImKC cells were cultivated in RPMI1640 supplemented with 2 mM
glutamine. STC-1, BNL CL.2, and J774A.1 cells were cultivated in DMEM (DMEM ;1 for STC-1 and BNL
CL.2; DMEM, ., for J774A.1). For J774A.1 cells, the medium was additionally supplemented with 4 mM glu-
tamine, 24 mM HEPES, and 0.1 mM sodium pyruvate. All media were supplemented with 10% (v/v) FCS and
100 U/mL penicillin/streptomycin, and are referred to as “growth media” throughout the manuscript. The cells
were cultivated in a standard cell culture incubator (5% CO,/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. For detaching
cells, either 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 ]774A.1 and ImKC, respectively) or 1 x Trypsin/EDTA (for STC-1 and BNL
CL.2) was used.
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C-Potential measurement. The {-potential measurements were performed using the LiteSizer 500 (Anton
Paar Germany GmbH, Ostfildern-Scharnhausen, Germany) and Omega cuvettes (Anton Paar Germany GmbH,
Ostfildern-Scharnhausen, Germany). For {-potential measurements, 2.5 uL of the particle solutions were directly
diluted in 1 mL of a 1 mM aqueous KCl solution (pH 6) and measured immediately. In some cases, 2.5 puL of the
25 mg/mL particle solutions were incubated in 1 mL growth medium (DMEM rec, DMEM, .., and RPMI1640)
or a mixture of 10% (v/v) FCS in DPBS overnight at 37 °C. Thereafter, the particles were collected by centrifu-
gation [17,000¢ for 40 min at room temperature (RT)] and resuspended in 1 mL of the 1 mM KCl solution for
measurement. Three measurements with atleast 100 runs each were performed at 21 °C with an adjusted voltage
of 200 V. 'The {-potential was calculated using the Helmholtz-Smoluchowski equation®.

Flow cytometry. TFlow cytometry analyses were performed using a CytoFLEX § or a Cytomics FC500
(Beckman Coulter, Krefeld, Germany). Both devices are equipped with a 488 nm laser. For each sample, at least
30,000 events were measured. For analysis, cells were washed twice with DPBS, detached by trypsinization or
by citric acid treatment as described above, and suspended in 1 mL culture medium. Cells were then recovered
by centrifugation (200g, 5 min), the supernatant was discarded and the cell pellet was resuspended in 0.5-1 mL
DFBS. Forward scatter (FSC), side scatter (S5C), and FITC fluorescence (525 nm filter) were recorded. Cells
were initially evaluated by scatter properties (FSC/SSC) to select a region (“nonapoptotic cell” gate) representing
single, nonapoptotic cells while disregarding debris, and cellular aggregates. Upon uptake or cellular interac-
tions of MPP, the SSC-fluorescence increased, and defined sub-populations become visible in most cases. Taking
advantage thereof, we defined additional sub-gates to analyze the response of the sub-populations to non-labeled
MPP in terms of production of ROS (ROS assay, DCF fluorescence) and influence on cellular proliferation
(CFSE-dilution assay, CFSE fluorescence). Using labeled MPP (PS-Y(G), the number of particles was also quanti-
fied interacting with the cells.

The quantification of microparticles (1-6 um) is based on the median fluorescence intensity of the particles.
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. Due to the linear relation of the fluorescence
intensity and the number of MPPs (for a plot of the correlation see Supplementary Fig. S1), it was possible to
quantify particle numbers per cell. It should be noted that a differentiation between particle uptake and mere
patrticle adhesion to the cells was not possible using flow cytometry. For sub-micron sized particles, no correlation
was detectable, since the resolution of fluorescence difference between single particles was too low.

Flow cytometry data were evaluated using Flow]Jo software v 10.5.0 (Tree Star, Stanford University, CA, USA,
2018).

For ROS assay, both concentrations of non-fluorescent MPPs do not reveal any fluorescence above the auto-
fluorescence of the cells in the DCF channel (Em. 526 nm).

Qualitative analysis of MPP uptake. TFor the qualitative analysis of the ingestion of the particles by the
cells, 15,000 cells were seeded in each well of an 8-well Ibidi slide (u-Slide 8 Well, ibiTreat, ibidi GmBH, Grafelf
ing, Germany). After 24 h in a cell culture incubator, cells were incubated with flucrescent particles (MPP per
cell: 0.2 pm: 750,000, 0.5 um: 48,000, 1 wm: 2000, 2 um: 700, 3 pm: 200, 6 um: 25) (total cultivation volume:
300 pL). Thereafter, cells were fixed for 15 min at RT with pre-heated 3.7% (v/v) paraformaldehyde in 1 x DPBS.
Afterward, the cells were permeabilized with 0.1% (v/v) TritonX-100 for 10 min at RT. Actin filaments and nuclei
were stained with 100 nM rhodamine-phalloidin and 100 nM DAPI, respectively. The samples were analyzed
using a confocal laser scanning microscope (TCS SP8, 63 oil immersion objective, laser: 408 nm, 488 nm, and
552 nm, Leica Microsystems, Wetzlar, Germany). Z-stacks were taken with a step size 0f 0.2-0.33 um.

The MPP uptake was also analyzed using scanning electron microscopy (SEM). Therefore, 100,000 cells per
slide were seeded on @ 13 mm Nunc™ Thermanox™ slides (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated for 24 h to allow for cell adhesion (total cultivation volume: 120 uL). Then, 5 uL of a 180 mg/L non-
fluorescent particle solution were added to the cells, which corresponds to 20 particles per cell. After another
24 h incubation, the cells were directly fixed using Karnovsky’s reagent (4% (v/v) formaldehyde, 5% (v/v) glu-
taraldehyde, with a final concentration of 32 mM PBS, pH 7.4) for 1 h at RT and afterward dehydrated using
an ethanol series 50%, 70%, 80% for 30 min, 90% and absolute ethanol for 1 h. The overnight air-dried samples
were sputter-coated with gold, and images were obtained using SEM [FEI Apreo Volumescope, Thermo Fisher
Scientific, magnification: 10,000x, 2 kV, Everhart-Thornley detector (ETD)].

Quantitative analysis of MPP uptake. For quantification of the particle-cell-interaction, 700,000 cells
per well were seeded in 6-well culture plates and incubated for 24 h for cell adhesion. Afterward, fluorescent par-
ticles of various sizes were added at two concentrations, low and high, to the cells. Here, the low and high con-
centrations range from 2 to 10 MPP (low) and from 25 to 100,000 per cell (high), respectively, depending on the
MPP size (Scheme 1, Table 2). Particle concentration was scaled in a logarith mic manner for the smallest particle
sizes (0.2, 0.5 um). For the bigger particles, the added number of particles was roughly scaled to correspond in
volume to that added in case of the smaller particles, since otherwise the cells would have been overcrowded. A
maximum concentration of 100,000 particles per cell was added in case of 0.2 um sized particles compared to
roughly 100 particles in case of 6 pm ones. After another 24 h of incubation, the cells were collected as described
above and analyzed using flow cytometry.

MTT assay. The influence of MPP on the metabolic activity of the cells was analyzed using an MTT assay.
This tetrazolium salt-based cell viability assay is a recognized method for the toxicological assessment of PS
microparticles®®’*". Briefly, cells were seeded at 10,000 cells/well in 96-well plates (100 uL medium per well).
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Scheme 1. Relative particle count for low (1) and high (h.) concentration for the respective particle size and the
surface coverage per well. Specific values are given in Table 2.

For STC-1 cells, the seeding cell density was increased to 25,000 per well to accommodate for the slower growth
rate and metabolism. After 24 h of incubation, the medium was aspirated, and 100 pL of the freshly prepared
particle suspension was added. For this purpose, the desired particle concentrations were prepared by diluting
the particle stock solution with the respective growth medium. The cells were then incubated for another 24 h. In
case of the experiments with 72 h incubation time, the seeding density was reduced, i.e. adapted to the different
cellular growth rates, and “conditioned medium” was used. 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). After 24 h of incubation, the
medium was aspirated, and 100 pL of freshly prepared particle dilutions were added for 72 h. After the incuba-
tion with the MPP, the medium was aspirated, cells were then washed with DPBS, and 50 pL freshly prepared
MTT reagent (1 mg/mL MTT in MEM) was added to each well. After 2 h incubation, the supernatant was
removed, and 100 pL of isopropanol were added per well to dissolve the produced formazan crystals. After 5 min
shaking at 600 rpm, the absorbance at 570 nm (reference wavelength 650 nm) was measured using a TECAN
GENios Pro plate reader (Tecan Austria GmbH, Gréding). 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.

Reactive oxygen species (ROS) assay. Intracellular ROS can be labeled with the non-fluorescent
membrane-permeable dye DCFDA®, which is converted into fluorescent 2',7'-dichlorofluorescein (DCF) upon
oxidation by intracellular ROS. For analysis, 150,000 cells/well were seeded in 12-well plates in 1 mL of the
respective culture medium. After 24 h of incubation, the indicated amounts of the freshly prepared particle
suspensions (low and high concentration, Scheme 1, Table 2) were added and the plates were further incubated.
Cells incubated without particles or in the presence of 50 uM (5 uM for ST'C-1) antimycin A under otherwise
identical conditions were used as negative and positive controls, respectively. After 60 min incubation, 37.5 uM
DCFDA was added per well (5 uM for STC-1), followed by another 24 h incubation. 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. Afterward, the DCF fluorescence intensity was measured using flow
cytometry.

Resazurin proliferation assay. Resazurin is converted into resorufin, a highly fluorescent dye, by a reduc-
tion reaction in the mitochondria. Cells were seeded (15,000 cells for J774A.1 and BNL CL.2; 20,000 cells for
ImKC and STC-1, three technical replicates) in 48-well plates. After 24 h of incubation, freshly prepared par-
ticle suspensions (20 pL) were added (“treated” cells), final concentrations are given in Table 2 (low and high
concentrations). Cells incubated without particles under otherwise identical conditions were used as control
(“non-treated” cells). After an additional 24 h incubation, the cell culture medium was removed and 350 pL of
a 10% (v/v in the respective cell culture medium) AlamarBlue solution was added. Samples were incubated for
2.5 h. To estimate the background fluorescence of the AlamarBlue solution (Fy,), three wells without cells and
particles (i.e., exclusively containing the AlamarBlue solution) were incubated. After incubation, aliquots of the
cell culture medium (100 pL) were collected, and the resorufin fluorescence (Ex. 530 nm/Em. 600 nm) was ana-
lyzed using a plate reader (Mithras, Berthold Technologies, Bad Wildbad, Germany). The remaining AlamarBlue
solution was removed from the wells and fresh cell culture medium was added. After two additional cultivation
days, an AlamarBlue assay was performed as described above. For the statistical analysis, the mean value of the
AlamarBlue control (Fy,,,) was subtracted from each value of the same well plate. For the determination of the
change in fluorescence per hour representing cell proliferation, the fluorescence intensity as detected on day
three was subtracted from that of day one (Eq. 1),

Scientific Reports |

(2021) 11:15702 | https://doi.org/10.1038/s41598-021-95073-9 natureportfolio

112



6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

www.nature.com/scientificreports/

(FsampiedS — Fotanzd3) — (Fsampledl — Fotangdl)
A Fuorescence intensity [hour = 135 (1)

with F, . being the fluorescence of the sample (either F, ..o 0r F_ 1 icaied)s Fyjany being the fluorescence of the
AlamarBfue control without cells, d3 being the incubation time of three days and d1 the incubation time of one
day. Based on these values, the mean value and standard deviation were calculated from three replicates.

CFSE-dilution assay. The CFSE dilution assay was performed as previously described with some
modifications”. When a CFSE-labeled cell divides, its progeny contains half the number of carboxyfluorescein-
tagged proteins, hence each cell division can be assessed by measuring the corresponding decrease in cell fluo-
rescence using flow cytometry. For the assay, cells were washed twice with DPBS, and the cell numbers were
adjusted to 5x 10° cells/mL in DPBS. Then, one volume of CESE solution (5 uM in DPBS) was added to reach a
final concentration of 2.5 uM CFSE and 2.5x 10° cells/mL. After 5 min incubation at RT in the dark, the labeling
was quenched by the addition of one volume of FCS. The cells were washed once with DPBS (200g, 5 min) and
resuspended in the respective conditioned medium. 150,000 CFSE-stained cells were then seeded per well in
12-well plates (cultivation volume: 1 mL). After 24 h of incubation, a freshly prepared particle suspension (1-10
uL, concentration-dependent) 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.

Statistical analysis. Statistical analysis was performed using Origin software 2019b (Origin, Northamp-
ton, MA, USA). All data were tested concerning the homogeneity of variances (Levene test). To investigate dif-
ferences in MPP interactions with cells and proliferation results, a one-way ANOVA with a Tukey post hoc test
was used.
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Supplementary Information

The particle concentration is depending on the number of cells in the used assay, as well as on the

total test volume (equation 2),

MPP concentration (ri_i) =

(2)
MPP conc. (%) * number of cells

total test volume (mlL)

*( Pupp (1.05 g ) * Particle volume (cm?®))

cm3

the density of PS-MPP (pupe) is 1.05 g/cm?. Particle volume can be calculated using the respective

particle size
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J774A1

JmKC

STC-1

BNL CL.2

Figure S2. Size-depenent particle uptake analyzed using SEM. All cell lines were incubated in the presence of
the differently sized PS-MP for 24 hours. Macrophages cells (J774A.1, ImKC) showed ingested particles, which
were surrounded by the cell membrane. For epithelial cell lines (STC-1, BNL CL.2), differences were observed in
uptake behavior. STC-1 cells did not show particle ingestion, whereas for BNL CL.2 many particles were found
surrounded by the cell membrane. Scale bar: 4 um.
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Figure $4. Cellular proliferation detected by the change in fluorescence intensity per hour (resazurin assay).
The resazurin assay was performed with all cell lines. Two concentrations of all MPP sizes were used (Table S1,
low concentration: striped bars, high concentration: filled bars). Con: control cells without MPP. Significant
differences were highlighted (*= p < 0.05). Data represent mean + 5D, n=3.
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Properties Influencing Particle-Cell Interactions and Cellular Responses
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Marcel Meinhart, Valérie Jérome, Winfried P. Kretschmer, Ruth Freitag, Jiirgen Senker, An-
dreas Fery, Holger Kress, Thomas Scheibel und Christian Laforsch

* gleichberechtigte Co-Autorenschaft

Das Konzept dieser Teilarbeit stammt zu gleichen Teilen von Anja Ramsperger, Matthias
Vo6lkl und mir. Die Experimente wurden von Anja Ramsperger, Matthias V6lkl, Thomas Witz-
mann, Marcel Meinhart und mir durchgefiihrt. Dabei wurden die Partikel mittels Rasterelek-
tronenmikroskopie, DLS und (-Potentialmessungen, sowie die qualitative zellulire Aufnahme
mittels Rasterelektronenmikroskopie von mir analysiert und ausgewertet. Daten zur weiteren
Partikelanalyse mittels CP-AFM und GPC sowie NMR wurden von Thomas Witzmann und
Marcel Meinhart durchgefiihrt. Quantitative Daten zur Partikel-Zellinteraktion und Interna-
lisierung mittels Konfokalmikroskopie wurden von Anja Ramsperger erhoben. Matthias V6lkl
fiihrte die Experimente zur Zytotoxizitdt durch. Das Manuskript wurde von mir zusammen
mit Anja Ramsperger und Matthias V6lkl verfasst. Valérie Jérome, Winfried Kretschmer,
Ruth Freitag, Jirgen Senker, Andreas Fery, Holger Kress, Thomas Scheibel und Christian
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lung des Manuskripts beteiligt.
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Particles Substantially Differ in Their Material Properties Influencing Particle-Cell Interacti-
ons and Cellular Responses. Journal of Hazardous Materials, 425, 127961 (2022).
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ARTICLE INFO ABSTRACT

Editor: Dr. R Teresa Microplastics and its putative adverse effects on environmental and human health increasingly gain scientific and

public attention. Systematic studies on the effects of microplastics are currently hampered by using rather poorly

Keywords: characterised particles, leading to contradictory results for the same particle type. Here, surface properties and
Micropla.stic e chemical composition of two commercially available nominally identical polystyrene microparticles, frequently
Cellular internalisation used in effect studies, were characterised. We show distinct differences in monomer content, {-potentials and
;;:FM surface charge densities. Cells exposed to particles showing a lower {-potential and a higher monomer content
GPC displayed a higher number of particle-cell-interactions and consequently a decrease in cell metabolism and
EDX proliferation, especially at higher particle concentrations. Our study emphasises that no general statements can

¢-potential be made about the effects of microplastics, not even for the same polymer type in the same size class, unless the
Cytotoxicity

Material properties

physicochemical properties are well characterised.

1. Introduction

Microplastics are found in marine (Eriksen et al., 2014; Imhof et al.,
2017; Lacerda et al., 2019), limnetic (Imhof et al., 2013; Dris et al,,
2015; Klein et al.,, 2015; Piehl et al., 2019), atmospheric (Dris et al.,
2016; Gasperi et al., 2018; Evangeliou et al., 2020) and terrestrial en-
vironments including agricultural soils used for food production (Piehl
et al, 2018; Rillig and Lehmann, 2020; Rillig, 2012). Due to their
worldwide distribution and small sizes (< 5 mm, (Arthur et al., 2008;
Frias and Nash, 2019)), they are considered to pose a risk to environ-
mental and human health (Wright and Kelly, 2017; Prata et al., 2020;
Campanale et al., 2020). The ingestion of microplastic particles together
with food has been shown in a variety of organisms ranging from lower

* Corresponding author.
E-mail address: christian.laforsch@uni-bayreuth.de (C. Laforsch).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.jhazmat.2021.127961

trophic levels up to human beings (Imhof et al., 2013; Wright and Kelly,
2017; Cole and Galloway, 2015; Laist, 1997; Barboza et al., 2020;
Mohamed Nor et al., 2021; Schwabl et al., 2019). However, most plastic
particles may pass the gastrointestinal system (Schwabl et al., 2019;
Nelms et al., 2019), and putative effects, such as inflammation evoked
by particles translocated into tissues, may depend on the material’s
properties. In this context, research on microplastics considered pre-
dominantly the size of the particles as a crucial factor responsible for
observed effects (Triebskorn et al., 2019). Ingested, larger microplastic
particles can induce gut blockage and cause physical tissue damage
(Bjorndal et al., 1994; Wright et al., 2013), whereas microplastic par-
ticles in the lower micrometre size range can become internalised by
cells (Ramsperger et al., 2020; Stock et al., 2019, Rudolph & Volkl et al.,
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2021), one pathway that has been described for tissue translocation
(Wright and Kelly, 2017). For instance, in zebrafish exposed to 5 and
20 pm polystyrene particles, the 20 pm particles were found in the
gastrointestinal tract and the gills, whereas 5 ym particles were also
found inliver tissue (Lu et al., 2016; Deng et al., 2017). Inmussels, it has
been shown that 3.0 and 9.6 pm polystyrene particles were able to
translocate from the gastrointestinal tract into the circulatory system
with a significantly higher proportion for the smaller particles used in
that study (Browne et al,, 2008). Microplastics translocated into the
cireulatory system or tissues can cause inflammation (von Moos et al.,
2012) or necrosis (Wright and Kelly, 2017; Triebskorn et al., 2019; Lu
et al, 2016; Rahman et al,, 2021; Redriguez-Seijo et al, 2017). In
contrast, some studies did not observe tissue translocation or any
adverse effects when exposing organisms or their primary cells to
microplastics (Elizalde-Veldzquez et al., 2020, Riedl et al,, 2021). The
inconsistency in results may be explained by the fact that different
polymer types were used. Given that these different types of microplastic
particles differ in many properties, it is likely that they also elucidate
different effects in ecotoxicological studies. However, the majority of
studies used polystyrene (PS), mostly spherical, microparticles (Brach-
ner et al., 2020; Jacob et al., 2020) as recently stressed by Stock et al.
(2021): “all existing studies dealing with microplastic particle uptake
and toxicity exclusively used spherical, monodisperse model poly-
styrene particles”. Here, it may be assumed that the outcome of studies
using PS microplastics of the same size and shape are comparable with
each other.

However, such monodisperse, spherical PS microparticles are often
funectionalised, for example, with carboxylic or amino groups (Desjar-
dins and Griffiths, 2003; Olivier et al., 2004), which alters their surface
properties and renders them chemically activated. Furthermore, Ram-
sperger et al. (2020) recently showed that also non-functionalised PS
microparticles’ environmental exposure leads to a surface functionali-
sation with biomolecules. This so-called eco-corona enhanced the par-
ticle’s interaction with cells and subsequently their internalisation. In
addition, even in commercially available microparticles without inten-
ded surface functionalisation, the polymerisation method, often sur-
factant-free emulsion polymerisation or dispersion polymerisation
(Ober et al.,, 1085; Telford et al., 2013), may alter the surface properties
of the synthesised microparticles. Since microplastic particles have a
high surface-to-volume ratio, these surface properties can be expected to
exert an influence on their effects. In the end, functionalisation, whether
intended or inherent, may influence the interaction of such particles
with the cellular membranes, potentially even the activation of possible
cellular internalisation mechanisms (Lunov et al., 2011; Patino et al.,
2015). Hence, the outcome of studies using microplastics of the same
type, size and shape may also not be comparable with each other.

However, to date, microplastic particles used for effect and cellular
internalisation studies have mainly been categorized by polymer type,
shape, and size (Wright et al.,, 2013; Stock et al,, 2021), while their
physicochemical surface properties were hardly considered. A fact
highlighted in the comprehensive review of Yong et al. (2020), stating
that results from different studies were contradictory, even if the “same
type” of microplastic particles were used. For instance, Stock et al.
(2019) observed no or only little cytotoxicity for polystyrene particles in
the micrometre size range, whereas Dong et al. (2020) did show cyto-
toxic effects for polystyrene particles in the same size range (Stock et al,,
2019; Yong et al,, 2020; Di Dong et al., 2020),

We hypothesise that this discrepancy originates from the fact that the
supposedly identical microparticles used in the various studies did
nevertheless differ concerning some important yet unacknowledged
properties. In order to investigate this hypothesis, we used supposedly
identical 3 pm plain polystyrene (PS) microplastic particles, both pro-
vided with no surface functionalisation, from two different manufac-
turers (Polysciences and Micromod, referred to as P-MPP and M-MPP,
respectively). According to the suppliers, both particle types (P-MPP and
M-MPP) used were similar in size, chemistay, and surface conditions
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(“slight anionic charge due toresidues of sulphate ester groups”). To test
if both particle types can be regarded as identical, we characterised the
particles’ surface morphology, ¢-potential, surface charge distribution
and further analysed both PS particle types’ chemical composition. We
correlated the observed surface properties of the microparticles with
their interaction and internalisation with two murine macrophage cell
lines. To estimate putative cellular responses evoked by different surface
properties, we measured cell viability and proliferation after treating the
cells with both microplastic particle types.

2. Materials and methods
2.1. Materials

Chemicals were obtained from Merck, Carl Roth, Sigma Aldrich or
Biozym, cell culture materials from Greiner bio-one (Greiner Bio-One
International GmbH, Frickenhausen, Germany), if not otherwise indi-
cated. Plain polystyrene beads in aqueous solution with a nominal
diameter of 3 pm were purchased from Polysciences (Polysciences Inc.,
Warrington, PA, USA, Cat. # 17134-15, 25 mg/mL, 1.7 * 10° particles/
mlL) and Micromod (Micromod Partikeltechnolegie GmbH, Rostock,
Germany, Cat. # 01-00-303, 50 mg/mL, 3.4 * 10° particles/mL). Bath
commercial sources state the polydispersity with a coefficient of varia-
tion to be < 5%, indicating no relevant size differences between the
particle types. Furthermore, the customer services of the two comimer-
cial sources declared that both particle types are prepared by emulsion
polymerisation using a radical initiator. Polysciences further declared to
add 0.05% sodium azide to prevent bacterial growth, whereas the par-
ticles from Micromed are solely suspended in water (information ob-
tained by both providers after request). We calculated the concentration
of sodium azide used in owr experiments to estimate potential interfer-
ence in the cellular response experiments. Sodium azide has a molecular
weight of 65 g/mol resulting in a concentration of 7.7 mM of sodium
azide in the stock solution of P-MPP. Since the particles were further
diluted (max. dilution: 1:17,000 (particle concentration: 1.5 pg/mL) and
min. dilution: 1:17 (particle concentration: 1500 pg/mL)) the concen-
tration of sodium azide in the experiments is further diluted to a range
between 0.45 .M and 0.45 mM. The highest sodium azide concentration
in our experiments (MTT assay with 1500 pg/mL) corresponds to a final
concentration of 0.45 mM sodium azide. Weyermann et al. (2005)
described that in MTT assays, a hypertonic concentration of 300 mM
sodium azide is required to trigger a cytotoxic reaction. Microplastic
particles obtained from Polysciences and Micromod are further abbre-
viated as P-MPP and M-MPP, respectively.

2.1.1. Cell lines and culture conditions

The murine ImKC cell line was obtained from Merck (SCC119) and
cultured in RPMI 1640 medium, the J774A.1 cells (DSMZ GmbH,
ACC170) were cultured in Dulbecco’s Modified Eagle's Medium
(DMEM, Lonza Group Ltd, Basel, Switzerland). To obtain cell culture
growth media, DMEM and RPMI were supplemented with 10% (v/v)
FCS (Sigma Aldrich, St. Louis, USA), 4 mM L-Glutamine (Gibeo, Fisher
Scientific, Schwerte, Germany), and 100 U/mL penicillin/streptomycin
(Lonza Group Ltd, Basel, Switzerland). Both cell lines were passaged
three times a week with a starting cell density of 100,000 cells/mL for
cell maintenance. The cells were collected non-enzymatically by incu-
bation (5 min incubation time for J774A.1, 10 min incubation for InKC)
in pre-warmed (37 °C) citric saline buffer (135 mM potassium chloride,
15 mM sedium citrate) or by scraping.

2.2, Methods

2.2.1. {-potential and dynamic lights scattering (DLS) measurements

The ¢-potential was measured before (stock solution, from manu-
facturer), after washing the particles with Milli-Q water, and after
incubating the particles in two cell culture media (DMEM or RPMI). All
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{-potential measurements were performed in 1 mM KCl to ensure
equimolar salt concentrations and conductivity. For each treatment, 4 1L
of a 25 mg/mL particle solution was diluted in 1 mL of the appropriate
medium (described below) to a final concentration of 0.1 mg/mL. For
the stock solution samples, the particles were diluted in freshly prepared
1 mM KCl and immediately measured. No further preparation of the
particles originating from the stock solution was performed. For washed
samples, loosely bound surfactants had to be removed. Therefore, the
particles were washed with Mili-Q water. The washing procedure con-
sisted of a washing step followed by centrifugation at 17,000g for 20 min
at room temperature. The washing procedure was repeated three times.
After the third wash, the pellet was then resuspended in freshly prepared
1 mM KCl and immediately measured. Compared to the stock solution
and washed samples, a more realistic situation at cell culture conditions
was tested. The particles were incubated in cell culture growth medium
(DMEM or RPMI) overnight at 37 °C. Since the ionic strength of the cell
culture medium is too high for the £-potential measurement, a medium
change to 1 mM KCl using centrifugation was necessary. One centrifu-
gation step at 17,000 g for 20 min at room temperature was performed to
avoid removing a possible protein corona from the particle surface. The
pellet was resuspended in freshly prepared 1 mM KCl and immediately
measured.

The {-potential measurements were performed using Omega cuvettes
(Mat.No.: 155765, Anton Paar Germany GmbH, Ostfildern-
Scharnhausen, Germany) and a LiteSizer 500 (Anton Paar Germany
GmbH, Ostfildern-Scharmhausen, Germany). Three measurements with
at least 100 runs each were performed at 21 °C with an adjusted voltage
of 200 V, and the ¢-potential was calculated using the Helmholtz-
Smoluchowski equation (Drechsler et al., 2020; Smoluchowski, 1916).
For the stock solution particles, the f-potentials were additionally
measured at different pH values using a pH titration. The pH value was
adjusted automatically by the Methrom dosing system (Metrohm GmbH
& Co.KG, Filderstadt, Germany) with 0.1 M HCl or 0.1 M KOH in pH
steps of + 0.5. P-MPP and M-MPP were measured within a pH range
from 2.5 to 10.5 and 2.5 to 11, respectively. Starting at pH 6, HCI was
added to measure at the acidic pH range (pH 6-2.5), or KOH was added
to measure the {-potential at the basic pH range (pH 6-11). For both pH
ranges, separate samples of particles originating from the stock solution
were used. The pH 6 in the 1 mM KCl is stable for at least 1 h, and since
the measurement at one specific pH were performed within 5 min, we
can be sure that the pH values are correct during the measurements.
During this time, no precipitation of surfactants was observed.

For DLS measurements, 2 pL of the comresponding particle solution
was diluted in 1 mL 1 mM KC], resulting in a final particle concentration
of 0.05 mg/mL. The measurements with at least 10 runs each were
performed at 21 °C using the backscatter (angle 175°) using a LiteSizer
500 (Anton Paar Germany GmbH, Ostfildern-Schamhausen, Germany).

2.2.2. Colloidal probe atomic force microscopy (CP-AFM)

Prior to the AFM measurements, tipless cantilevers (CSC38, Mikro-
Masch, Sofia, Bulgaria) were calibrated via thermal noise (Hutter and
Bechhoefer, 1993) and had a spring constant between 0.03 and 0.4 N/m.
Cantilevers were cleaned in Milli-Q water, ethanol, Milli-Q water, and
acetone and treated with air-plasma for 10 min (SmartPlasma, plasma
technology GmbH, Herrenberg-Giilstein, Germany). Silica colloidal
particles (nominal diameter of 4.8 um, microParticles GmbH, Berlin,
Germany) were attached to the cantilevers with 2-components epoxide
glue (UHU Plus Endfest, UHU GmbH & Co. KG, Bithl/Baden, Germany).
Glass slides were cleaned with acetone, isopropancl, ethanel,
ethanol /Milli-Q water (50:50) and Milli-Q water for 10 min each in an
ultrasonic bath at room temperature, After drying with nitrogen, the
substrates were treated in air-plasma for 10 min. One-half of the sub-
strate was covered with 1 g/L polyethyleneimine for an hour before
rinsing with Milli-Q water and drying with argon. Microplastic particles
were washed 3 times with Milli-Q water, and droplets of the suspension
were placed onto the polyethyleneimine-covered side of the substrates
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until the water evaporated. Thereafter, the substrate with particles was
mounted into a liquid cell and rinsed three times with 0.1 mM NaCl to
remove not immobilised microplastic particles.

CP-AFM measurements were performed in a 0.1 mM NaCl-solution
and at slightly acidic pH due to dissolved CO, using an MFP-3D Bio
(Asylum Research Inc., Santa Barbara, USA) mounted on an inverted
optical microscope (Axio Observer Z1, Zeiss, Oberkochen, Germany).
After a first optical alignment, force maps for P-MPP (500 mm?, 10 x 10
pts) and M-MPP (300 nm? 6 x 7 pts) were conducted to determine the
apex of each particle. This allows a precision of nearly 50 nm in the XY
direction. 15-20 particles were evaluated, and each particle was
measured three times with feedback of the lateral deflection. The pre-
cision was sufficient, as there were no significant differences in lateral
deflection between measurements with centred spheres and spheres
with an offset of up to 100 nm. After the alignment of the colloidal probe
and microplastic particle, the measurements were executed with a tip
velocity of 1 ymy/s and a scan rate of 0.5 Hz.

2.2.3. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was carried out on an Agilent
(Polymer Laboratories Ltd., Church Stretton, UK) PL-GPC 220 high-
temperature chromatographic unit equipped with DP and RI detectors
and three linear mixed beds with guard columns (Olexis). GPC analysis
was performed at 150 °C using 1,2,4-wichlorobenzene as the mobile
phase. Both particle types were centrifuged and subsequently dried.
Afterwards, the particles were dissolved (0.1 wt%) in the mobile phase
in an external oven (150 °C) and the solutions were chromatographed
without filoation. The molecular weights of the samples were refer-
enced to polystyrene standards (Mw 518-2,500,000 g/mal, K =
12,100 and Alpha = 0.707).

2.2.4. Nuclear magnetic resonance (NMR)

Both particle types were centrifuged and subsequently dried. For
NMR, both particle types were dissolved in CDClg. 'H and '°C liquid-
state NMR spectra were acquited on an Avance III HD spectrometer
(Bruker, Massachusetts, USA) operating at a Bq field of 16.4 T. The
spectrometer is equipped with a helium-cooled TCI-CryoProbe. The 'H
NMR spectra (vg (1H) = 700.2 MHz) were obtained with a single pulse
(SP) excitation with a pulse length of 3.0 ps comresponding to 30° tip
angle and a recycle delay of 1 s to allow for quantitative analysis of the
spectral intensities. The B3e NMR spectra (vg (13C) = 176.0 MHz) were
acquired with an SP sequence, a 6 ps pulse length corresponding to a 45°
tip angle and a recycle delay of 3 s. During *C acquisition, proton
broadband decoupling was applied using a waltz- 16 sequence with vy
= 3.6 kHz. Both, the 1°C and 'H NMR spectra are referenced to tetra-
methylsilane (TMS).

2.2.5. Energy-dispersive X-ray spectroscopy (EDX)

Both particle types were dried after recovery by centrifugation and
applied on graphite. EDX spectroscopy was carried out using a Zeiss
Ultraplus (Carl Zeiss AG, Oberkochen, Germany) equipped with a
30 mm? Thermo Scientific UlraDry EDS Detector using a beam valtage
of 20 kV.

2.2.6. Scanning electron microscopy (SEM)

100,000 cells per slide were seeded on & 13 mm Nunc™ Therma-
nox™ slides (Thermo Fisher Scientific, Waltham, MA, USA) and incu-
bated for 24 h under cell culture conditions in cell culture growth
medium. 5 pL of a 180 pg/mL particle solutien in cell culture growth
medium was added to the cells (£ 20 particles per cell). After 24 h in-
cubation, the cells were directly fixed using Karnovsky’s reagent (4% (v/
v) formaldehyde, 5% (v/v) glutaraldehyde, with a final concentration of
32 mM PBS, pH 7.4) for 1 h at room temperature and afterwards
dehydrated using an ethanol series 50%, 70%, 80% for 30 min, 90% and
absolute ethanol for 1 h. The overnight air-dried samples were sputter-
coated with platin and depicted using SEM (FEI Apreo Volumescope,
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Thermeo Fisher Scientifie, magnification 8000, 2 kV, Everhart-Thomnley
detector). A 1 mg/mL aqueous particle suspension was dried over-
night on a silicon wafer for the particle characterisation. The samples
were sputter-coated with platin and imaged using SEM (FEI Apreo
Volumescope, Thermo Fisher Scientific, magnification 20,000 and
150,000, 1.5 kV, T2 detector).

2.2.7. Confocal microscopy

The cells were prepared as described in Ramsperger et al. (2020). In
brief, for each particle type and cell line three coverslips (& 18 mm) with
5 x 10 cells per mL were cultivated for 24 h at cell culture conditions in
12 well plates before incubation with the microplastic particles. For the
experimental procedure, the microplastic particle stock solutions were
diluted in Dulbecco’s phosphate buffer saline (DPBS, Merck) to obtain
the same number of particles (P-MFP 1:50; M-MPP: 1:100; microplastic
particles: DPBS, concentration: 500 pg/mlL). 100 |l of each microplastic
particle dilution was directly added to pre-cultured cells in cell culture
growth media resulting in a final microplastic particle concentration of
5 pg/mlL, corresponding to 340,000 particles per mL or seven particles
per cell. After 1 h incubation on ice to allow particle sedimentation, the
well plates were incubated at 37 °C and 5% CO, for 2 h to activate the
cellular metabolism and allow the internalisation of the particles. The
coverslips were washed three times with DPBS to remove unattached
particles. Cells were fixed with 4% PFA and fluorescently labelled with
Alexa Fluor™ Phalleidin 488 (Invitrogen, Carlsbad, USA) as described in
Ramsperger et al. (2020).

To determine the total number of particle-cell-interactions (PCI),
which is defined as a particle in close proximity to a cell, five randomly
chosen regions of interest (ROI) (0.20 mm? each) were selected and
imaged by using a DMI 6000 microscope (LEICA, Wetzlar, Germany,
HCX PL APO 63 x/1.30 oil objective) including a spinning disc unit
(CSU X1, YOKOGAWA, Musashino, Japan) with an EMCCD camera
(Evolve 512, PHOTOMETRICS, Tucson, Arizona, including an additional
1.2 x magnification lens). Procedures were adapted from Ramsperger
et al. (2020). A differential interference contrast (DIC) microscopy
image was acquired from each ROI to quantify the PCI and confocal
stacks of fluorescently labelled cells were acquired using a 488 nm laser
(50 mW, Sapphire 488, COHERENT, Santa Clara, California) at a spin-
ning disc speed of 5000 rpm to excite fluorescence. Axial stacks of the
cells were acquired with a vertical distance of 0.2 pm. As the ImKC cells
are smaller than the J774A.1 cells, the confocal stacks were used to
calculate the area covered by cells within an ROI using the algorithm
described in.

To quantify the number of microplastic particles internalised by the
cells, we screened each sample for 100 PCL, to distinguish between
particles attached to cell membranes or internalised as described in
Ramsperger et al. (2020). The coverslips were screened in the
DIC-channel until 100 particle-cell-interactions were detected, or until
the whole coverslip was screened entirely (e.g., in the case of InKC cells
treated with M-MPP, where less than 100 particle-cell-interactions were
detected).

For better comparability between P-MPP and M-MPP treatments and
different cell lines, a standardisation was performed to the same area
covered by cells on a coverslip (17.7 mm? which corresponds to 7%
coverage of a coverslip resulting in a mean of 20,000 cells per coverslip).
This has been performed as the two cell lines showed different areas
covered with cells due to the different sizes of the cells (mean individual
cell size J774A.1: 810 = 190 ym? and IMKC: 350 + 20 um?, caleulated
from ROI images of the fluorescent channel). The number of PCI were
extrapolated to a whole coverslip. As the areas on the coverslips covered
by cells differ between replicates and cell lines each coverslip was
standardised (Mean cell area 4+ SE: J774A 0.1 P-MPP: 18.4 £+ 0.25 mmz,
M-MPP: 32.6 + 1.5 mm?% ImKC P-MPP: 3.6 + 0.03 mm? M-MPP:
6.4 + 0.26 mm?).
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2.2.8. Metabolic activity assay (MTT)

J774A.1 and ImKC cells were detached with ciwate buffer as
described above and 10,000 cells in 100 pl, were seeded per well ina 96-
well plate and cultured at cell culture conditions for 24 h. Afterwards,
freshly prepared particle dilutions (1.5, 15, 37.5, 75, 112.5, 150,
750-1500 pg/mL in the corresponding cell culture growth medium,
concentrations are correlating to used concentrations in the literature
(Stock et al,, 2019; Harvilchuck and Carlson, 2006) were added for
another 24 h. Additionally, two control treatments were performed.
Cells that were not exposed to microplastic particles are defined as
non-treated cells representing 100% metabolic activity (‘negative con-
rol’), and cells treated with 0.3% Triton X-100 are defined as cells
representing 0% metabolic activity (‘positive control’). During experi-
mental setting of the assay we analysed (under cell-free conditions) the
influence of the microplastic particles on the absorbance measurement.
We showed that even the highest amount of microplastic particles used
does not interfere with the absorption measurement. After 24 h incu-
bation, the cells were washed with DPBS and 50 L freshly prepared
MTIT reagent (1 mg/mL 3-(4,5-dimethyl-2-thiazolyl)-2,5-Diphe-
nyl-2H-tetrazolium bromide (MTT) in serum-free Modified Eagle Me-
dium without phenol red) was added to each well. After 2 h incubation,
the MTT reagent was removed, and 100 L isopropanol were added per
well. After 5 min rotating at 600 rpm, the absorbance at 570 nm
(reference wavelength 650 nm) was measured using a TECAN GENios
Pro plate reader (Tecan Austria GmbH, Groding). Each cell line - MPP
type and concentration was run in triplicate (except for ImKG, where 6
biological replicates were used for 0-150 pg/mL microplastic particle
concentrations), and each experiment was run in 6 technical replicates.

2.2.9. Proliferation assay

100,000 cells were seeded in 1 mL growth medium per well ina 12-
well plate and left to settle for 3 h at cell culture conditions. Afterwards,
the cells were treated with 37.5, 150 and 1500 pg/mL of either particle
suspension (£ 25, 100, 1000 particles per cell). The cells were collected
after 0, 24, 48 and 72 h with citric saline buffer as described above and
resuspended in 1 mL cell growth medium. Cell number was evaluated
using the automated fluorescence cell counter Luna II (Logos Bio-
systems, Gyeonggi-do, Korea). A 2 uL sample of the cell suspension was
mixed with 18 pL Staining-Mix (Acridine Orange and Propidium iodide,
proprietary concentrations, Logos Biosystems) and loaded into the
chamber of a PhotonSlide (Logos Biosystems). Cells incubated without
particles at otherwise identical conditions were used as reference.

2.3, Statistical analysis

Statistical analysis was conducted either using Origin software
2019b (Origin, Northampton, MA, USA) or R studio software (Version
1.2.5019, R Core Team 2020). All data were tested for normal distri-
bution (Shapiro-Wilk test) and homogeneity of variances (Levene test).
To investigate differences between the particle types in the £-potential-
measurements a one-way ANOVA with a Tukey post hoc test was used.
For PCI and internalisation experiments and MTT, a Kruskal-Wallis test
with a Games Howell post hoc test (p-adjust method for multiple nest-
ing: Bonferroni Holm) was conducted to check for differences between
meatments. For the MTT assay, outliers of > 15% of the overall mean
were excluded from the statistical analysis. For the proliferation ex-
periments, a one-way ANOVA with a Tukey post hoc test was used.

3. Results

3.1. Surface structures and size distributions of P-MPP and M-MPP
Scanning electron microscopy (SEM) analysis revealed that the

morphological surface structures of the P-MPP and the M-MPP differed

(Fig. 1A). Apart from that, both particle types showed a highly mono-
disperse size dismibution in the SEM images, which we further
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Fig. 1. (A) SEM images show differences in
surface morphology of both particle types. (B
and C) ¢-potential measurements of P-MPP
(blue) and M-MPP (red) particles. The ¢-poten-
tial measurements were performed in 1 mh KCl
at pH 6 (B) and selected pH values during a pH
titration {C). (B) Both particles were measured
in stock solution and after incubation in MilliQ
water as well as after incubation in two cell
culture media (DMEM and RPMI) supplemented
with 10% (v/v) FCS. (C) For the titration, stock
particles were used. Data points represent

mean + SD, n 3. The surface charge of P-MPP
was significantly more negative than that of M-
MPP, regardless of the pH of the medium used.
B Mean ¢-potential C 10, (For interpretation of the references to color in
0l teq, M-MPP this figure legend, the reader is referred to the
non-washed -78.4 mV +0.4 mV 10 PRrTY web version of this article.)
& washed -803mV+07mV 5 ol
£
E DMEM -28.6 mV £ 0.1 mV ‘_;' -30
RPMI 31.0mvVi01mv E -401
£ .50 "
° .
o [
non-washed -1.6mV+0.1mV W 60
-704 . P-MPP
& washed -0.7mV+02mV 80 . .
- - |
Z DMEM “1.5mV £0.0 mV 90 .
RPMI 1.5mV 0.1 mV 2 4 8 10 12

confirmed by using dynamic light scattering (DLS). Here, the diameter of
P-MPP was 3.1 &+ 0.4 ym and that of M-MPP 3.0 + 0.5 pm, showing that
P-MPP and M-MPP did not differ significanty in size.

3.2, Differences in particles” {-potentials

We measured the {-potentials at pH 6 of both particle types after the
incubation in three different media (Milli Q-water and two cell culture
media DMEM and RPMI) (Fig. 1B). The initial {-potentials of both par-
ticle types were slightly altered by incubation in Milli Q-water from
—78.4 £ 0.4 mV (initial) to —80.3 £ 0.7 mV for P-MPP (p < 0.01) and
from —1.6 &£ 0.1 mV (initial) to —0.7 £ 0.2 mV for M-MPP (p < 0.05).
The incubation of P-MPP in both cell culture media supplemented with
10% v/v FCS showed a significant change in {-potential from
—-784+04mV (initial) to -2864+01mV in DMEM and
—31.0+ 0.1 mV inRPMI(p < 0.01). For M-MPP no significant changes
in {-potential were observed after incubation in both cell culture media
(from -164+0.1mV to —-15+£00mV in DMEM and from
—1.6 £0.1mV to —1.5 + 0.1 mV in RPMI) (Fig. 1B). This shows that a
considerable difference in the ¢-potentials of both particle types remains
under cell culture conditions. To investigate the effect of pH on the
{-potentials, a pH tiration was performed. Here, the {-potential of the P-
MPP taken from the stock solution of the supplier decreased from
—47 mV at pH 2.5 to —85 mV at pH 10.5, whereas the {-potential of the
M-MPP changed from + 1.5 mVatpH 2.5 to —6.9 mV at pH 11 (Fig. 1C).
Overall, the surface charge of P-MPP was significantly more negative
than that of M-MPP, regardless of the pH of the medium used.

3.3. Particles” chemical composition and surface charge distribution

For a better understanding of where the differences of the {-potential
of both particle types may originate from, we measured the particles’
chemical compositions and average PS chain lengths by using liquid-
state nuclear magnetic resonance (WMR), energy dispersive Xray
(EDX) spectroscopy, and gel permeation chromatography (GPC) (Fig. 2

127

pH value

and Table 1). The NMR spectroscopic analysis showed that both particle
types display a similar and small number of carboxylic groups on their
surfaces. For P-MPP, we found no characteristic NMR signals for co-
monomers and surfactants. However, P-MPF exhibits a content of 3%
of negatively charged chain-terminating sulphate (-SO4) units with a
number-averaged molecular weight (M,) of 38,100 g/mol and a poly-
dispersity of 5.0, indicating a higher meolecular weight disoibution
compared to M-MPP. The negative {-potential of P-MPP indicates that
the sulphate groups are preferentially exposed on the particles” surfaces.
EDX analysis confirmed the presence of sulphur on the P-MPP surface,
which was absent on the M-MPP. We further analysed surface charge
distribution by colloidal probe atomic foree microscopy (CP-AFM). We
deduced the effective Debye length from this method, which deseribes
the range of the electrostatic repulsive forces for like-charged swfaces.
We found a constant effective Debye length of about 24 nm in multiple
P-MPP given by the curves’ slope (Fig. 3A and B) as well as on one and
the same particle (Fig. S1B). This indicates a homogeneously distributed
negative surface charge of P-MPP.

The significantly smaller £-potentials for M-MPP suggest that fewer
charged groups are assembled on the particle surfaces compared to P-
MPP. Chemical composition analysis of M-MPP revealed a content of 1%
charge-neutral chain-terminating benzoic acid ester units which con-
firms the measured low -potential. The smaller number-averaged mo-
lecular weight (M,) of 9500 g/mol corresponds to shorter polymer
chains with a polydispersity of 2.3, resulting in more end groups. One
might assume that considering the higher molecular weight distribution
of P-MPP compared to M-MPP, the density of two beads should be
different. However, the difference in density is defined by the difference
in defects (functional groups), in the present case, essentially end groups
resulting from the initiator. Despite the difference in the molecular
weight distribution of P-MPP and M-MPP, the number of end groups is
too small to cause significant differences in density. More importantly,
the radical polymerisation mechanism in styrene droplets leads to a
preferred accumulation of defects on the surface of the resulting parti-
cles, but to a lesser extent, in the bulk material. Thus, we focused on the
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Fig. 2. Analysis by 'H and '°C liquid-state NMR of the 3 um-sized P-MPP and M-MPP. (A) Chemical composition with estimated proportions and labelling of the
characteristic units. The chemical structure of the surfactant is exemplarily expressing observed ester and sugar groups. (B) *H NMR spectra and (C) **C NMR spectra
including assignment of characteristic resonances. Spectra, proportions and characteristic chemical units are given in a colour code (black refers to both particle
types, blue refers to P-MPP, red represents M-MPP). Resonances within the grey regions are assigned to the repeating unit of PS and the other region represents

the surfactant.
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Table 1

Results of the GPC Measurement. M,, number average molecular weight, M.,
weight average molecular weight, Polydispersity  molecular weight distribu-
tion. Each sample was measured twice and averaged.

M, (g/mol) M, (g/mol) Polydispersity
P-MPP 38,072 190,385 5.04
M-IMPP 9462 22,145 2.34

physicochemical properties of the particles’ surfaces. Small character-
istic resonances for ether and sugar groups containing surfactants were
observed for M-MPP. They might provide sufficient charges to match the
observed low {-potentials and prevent self-aggregation of the particles.
The force curves for M-MPP gained by AFM differed strongly between
measurements on different particles (Fig. 3C). Moreover, only weak
attractive van-der-Waals forces were observed compared to P-MPP, and
the effective Debye length of the electrostatic repulsive forces differed
between 9 nmand 22 nm. These varying effective Debye lengths suggest
that the surface charge is heterogeneously distributed on the M-MPP’s
surfaces, which was subsequently verified by measuring four different
spots on the same M-MPP (Fig. S1A). For two spots, electrostatic
repulsive forces and attractive van-der-Waals forces were found,
whereas the other two spots showed only slightly repulsive electrostatic
forces. Therefore, M-MPP showed not only surface charge heterogene-
ities between single particles but on the very same particle.

MNext to differences in surface charge, P-MPP and M-MPP also differ
in their residual monomer content as shown by the 'H- and *C NMR
spectra. In P-MPP, 3% of residual styrene monomers were dissolved
within the PS particles, whereas in M-MPP 2%, were found (Fig. 2B and
C).

3.4. Particle-cell interactions and subsequent internalisation

Our results show, that although both particle types are sold as plain
polystyrene microplastic particles of similar size and surface charac-
teristics, distinet differences exist, in particular, regarding the surface
properties and monomer content. Both properties may alter the inter-
action with cells which we investigated by using two murine macro-
phage cell lines (J774A.1 and ImKC). In this context, SEM analysis
revealed a qualitative difference on the type of particle-cell-interactions
(PCI). A PCI consists of particles being solely attached to cellular

P

)
o

M-MPP
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membranes (Fig. 4, indicated by white arrows) or particles being
covered by cellular membranes and, therefore, internalised (Fig. 4,
indicated by orange arrows). For both analysed cell lines, the SEM im-
ages depicted that P-MPP were more often internalised than M-MFP.
Subsequently, this qualitative observation was confirmed by spin-
ning disc confocal microscopy (Fig. 5). Incell line J774A.1, the observed
PCI were 150 times more frequent for P-MPP than for M-MPP, and P-
MPP were significantly internalised 80 times as often. Similarly, the
ImKC cells, significantly more often interacted (factor of 260) with P-
MPP than with M-MPP, and P-MPP were by a factor of 360 more often
internalised than M-MPP (all differences for both cell lines were highly
significant p < 0.001) (Fig. 6; factors rounded to the nearest integer).

3.5. Cellular responses MTT results

To test if differences in PCI and internalisation are affecting the cells,
we measured the metabolic activity (Fig. 7) and proliferation (Fig. 8) of
both macrophage cell lines upon exposure to both particle types. InKC
cells showed a significant increase in metabolic activity after weatment
with 15 and 37.5 pg/mL P-MPP (p < 0.05) and a significant decrease for
1500 pg/mL P-MPP compared to the negative contrel (p < 0.05).For the
J774A.1 cell line, we did observe a trend towards a lower metabolic
activity with arising P-MPP concentration, but the differences compared
to non-treated (100% metabolic activity, negative control) were not
statistically significant. The M-MPP did not significantly affect the
metabolic activity from either cell line at particle concentrations tested.

Furthermore, we analysed possible effects on cell proliferation upon
exposure to a low, medium, and high cencentratien (37.5 pg/mlL,
150 pg/ml, 1500 pg/mL) for both particle types. In the case of cells
incubated with P-MPP cell counts showed a dependence on the particle
concentration for both cell lines. For the ImKC cell line, 150 pg/mL
yielded a significant lower cell count after 72 h compared to the control
(p < 0.05) and a slight increase at 37.5 pg/mL. J774A.1 was not affected
by the latter concentrations. The highest concentration of P-MPP
significantly inhibited the proliferation for both cell lines (p < 0.001).
Growth rates and cell counts for M-MPP did not show significant dif-
ferences (p > 0.05) for both cell types (Fig. 8) at any used concentration.

4. Discussion
Overall, our findings show that chemical composition and surface

Fig. 3. Scheme of a CP-AFM measurement (A)
of P-MPP (B) and M-WMPP (C). (A) CP-AFM
measurements were performed with a silica
colloidal probe (grey, 4.8 pm) attached to a
cantilever on polystyrene beads (green, 3 um, P-
WPP and M-MPP) and cbtained in an aqueous
solution of 0.1 mM NaCl (calculated Debye
length » 30nm) and pH 56. Semi-
logarithmic force-separation curves of more
than ten particles are plotted and the straight

B P-MPP c
jump in contact
Zz 17 =z 173
= El i = ]
© 1 o ]
2 2
S 0.1 ; S 0.1 -
0.01 T - 0.01
0 40 80 120 0

Separation [nm]

129

40 80 120
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solid lines indicate exponential Debye fits.
Force curves in (B) show a constant effective
Debye length of 24 nm indicating a homoge-
neously distributed surface charge for P-MPP.
In contast, the effective Debye length differs
(9-22 nm) for each of the particles seen in (C)
suggesting a heterogeneously distributed sur-
face charge for M-WMPP. The M-MPP also show
an additional slowly increasing force below
10 nm separation. This indicates a steric repul-
sive force. Whereas the curves of P-MFP show a
jump in contact at the same separation induced
by attractive van-der-Waals forces. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version
of this article.)
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characteristics of nominally identical microplastic particles from
different suppliers significantly differ and suggest that these differences
influence PCI and cellular responses on two murine macrophage cell
lines.

The differences in the surface properties of P-MPP and M-MPP par-
ticles most likely originate from the differences in the synthesis condi-
tions. Our results indicate that different radical initiators were used,
affecting surface morphology, surface charge, and chemical composi-
tion. The pronounced difference in the {-potentials of P-MPP and M-MFPP
was surprising since the supplier described both particle types as bearing
a slightly negative surface charge due to the presence of sulphate ester
groups. However, whereas in the case of P-MPP, we did observe anionic
sulphate groups on the surface, most likely originating from the chosen
initiator (Moad et al,, 1982; Van Berkel et al., 2003), we did not find
such evidence for M-MPP. In M-MPP, the heterogeneously distributed
slightly negative {-potential on the surface is most likely caused by a
small portion of carboxyl groups probably formed by oxidation reactions
during the pelymerisation process (Beachell and Smiley, 1967; Yousif
and Haddad, 2013; Arraez et al,, 2019), The NMR spectroscopic data
indicate that a similar process was presumably active in the synthesis of
P-MPP, but the contribution to the P-MPP surface net charge and charge
distribution is negligible compared to the anionic groups from the used
initiator. Moreover, whereas the highly charged P-MPP show a homo-
geneously distributed surface charge, the much lower surface charge of
M-MPP is widely and heterogeneously distributed over the surface.
Since they cannot rely on electrostatic repulsion for colloidal stabilisa-
tion, M-MPF seem to be stabilised by charge-neutral surfactants. In
contrast, in P-MPP the absence of characteristic NMR signals for
co-monomers and surfactants indicates that the interaction with sister
particles and, therefore, also cell membranes is predominantly electro-
statie. Given the high surface-to-volume ratio of microplastic particles,
not only the overall charge but also the charge distwibution may affect
how cellular membranes and particles interact, since owr findings show
that the homogeneously charged P-MPP show significantly higher PCI
compared to the heterogeneously and significantly less charged M-MPP.

Frohlich (2012) deseribe in their comprehensive review that,
amongst other properties, the surface morphology of a particle can play
a role in how the particles interact with cells. Our SEM analysis depicts
that the surface sttucture was slightly more pronounced in P-MPP
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Fig. 4. Qualitative study on particlecell-
interaction (PGI) and internalised microplastic
particles via SEM of J774A.1 and ImKC mac-
rophages incubated with the two different
microplastic particle types. The cells were
incubated with 20 particles per cell for 24 h.
The P-MPP are more often covered by cellular
membranes and therefore internalised (orange
arrows) by both cell lines compared to the M-
WPP, being sclely attached to membranes of
both cell lines (white arrows). Scale bar: 10 pm.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)

compared to M-MPP, which might affect PCI and the propensity for
internalisation. For human epithelial cells, a cormrelation of the surface
roughness with the likelihood of internalisation has been shown, with a
rougher surface of a nanoparticle leading to a higher internalisation
compared to smooth particles (Niu et al., 2015). This is consistent with
our results, where P-MPP become internalised more often than the
smoother M-MPP. In contrast, other studies showed a decreased cellular
internalisation of rougher compared to smoother nanoparticles (Piloni
et al., 2010; Kim et al,, 2021), indicating that the surface roughness is
not the dominant factor wiggering PCI and internalisation. This has
already been highlighted by Schrade et al. (2012), suggesting that sur-
face charge is meore important for internalisation than surface
morphology. For instance, Musyanovych et al. (2011), e.g. showed that
PS nanoparticles with an anionic surfactant with a {-potential of
—60 mV (in KCl, —28 mV in cell culture medium with 10% FCS) were
internalised by HeLa cells more often than nanoparticles stabilised with
a non-ienic surfactant and having a Z-potential of —bmV (in KCl,
—12 mV in cell culture medium with 10% FCS). This is in concordance
with our findings that beth murine macrophage cell lines showed a
higher number of PCI and internalised particles for the more negatively
charged P-MPP compared to M-MPP. This may be explained by the main
biological function of macrophages, which is the internalisation of
negatively charged bacteria via phagocytosis (Frohlich, 2012). Gebicki
and James (1962) described the {-potential of bacteria with —22 mV at
pH 7.0, which is in the range of the P-MPPs {-potential in cell culture
media. Besides, with 3 um in diameter the PS particles used in our ex-
periments are within the size range of bacteria (Levin and Angert, 2015).

Another aspect of potential relevance for PCI and internalisation is
the formation of a corona on the surface of the particles altering their
initial surface properties (Lundqvist et al., 2008; Tenzer et al., 2013;
Monopoli et al., 2012). The changes in ¢-potential recorded after incu-
bating the particles in cell culture media are highly indicative of the
formation of a protein corona (Partikel et al., 2019). It has already been
shown that the protein corona formation is influenced by the surface
properties like modification with chemical groups or surface charge
(Lundqvist et al.,, 2008; Tenzer et al., 2013; Shannahan et al.,, 2013; Cao
et al, 2019; Saavedra et al,, 2019). Our results show that the initially
higher negative {-potential of P-MPP seems to be more altered by the
incubation in cell culture media than that of M-MPP, although the
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difference in #-potential between the particles remain after the incuba-
tion. This indicates the formation of a more pronounced protein corona
on P-MPP, which may additienally explain the distinetly higher numbers
of PCI and internalised particles. However, most of the findings of pro-
tein corona formation were reported for nanoparticles (Lundqvist et al.,
2008; Tenzer et al, 2013; Monopoli et al,, 2012; Shannahan et al.,
2013). Ithas to be noted that care must be taken when comparing nano-
and microparticles, as the particles reactivity is much higher for smaller
particles (Buzea et al., 2007) and the internalisation mechanisms by
macrophages may be different depending on the particle size (Koval
et al,, 1998). Nevertheless, it has been shown that the internalisation of
3 pm PS particles coated with biomolecules forming an eco-corona into
cells is enhanced compared to uncoated microplastic particles (Ram-
sperger et al, 2020), indicating that the coating of a particle is an
important factor for PCI and internalisation.

Distinct differences between P-MPP and M-MPP in {-potential, sur-
face charge distribution and residual monomer content may also explain
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Fig. 5. Representative images for the differentiation of
microplastic particles artached to cellular membranes and
internalised particles. Differential interference contrast
(DIC) microscopy images (left column) of M-MPP-cell in-
teractions with cells from the J774A.1 (A) cell line and cells
from the ImKC cell line (B). Fluorescence images were ac-
quired by spinning disc confocal microscopy (right side) of
the same cells from DIC images with fluorescently labelled
filamentous actin (false colour maximum intensity projec-
tion, arbitrary units). X¥-, YZ- and XZ-projections of three-
dimensional confocal stacks allow the differentiation of
microplastic particles attached to cell membranes from
internalised microplastic particles. Circles indicate micro-
plastic particle positions. Only those particles being
completely covered by the filamentous actin were consid-
ered to be internalised (A and B lower panel), whereas the
other particles were only attached to cellular membranes.
Scale bars: 10 pm.

the observed differences in cell metabolism and cell proliferation.

No cellular responses were observed for M-MPP in any of the ex-
periments. In contrast, P-MPP induced a significant reduced metabolic
response in both cell lines in the highest used concentration (1500 pg/
mL). The lower metabolic activity is reflected by an inhibited cell pro-
liferation in both cell lines, indicating that the properties of the used PS
particles interfere with the viability of the cells. Further, the ImKC cells
showed an increase in metabolic activity for the lowest concentrations
(15 pg/mL and 37.5 pg/mL) only when exposed to P-MPP. This is
characteristic for a hormesis effect, showing an increase in metabolic
activity at low concentrations of a contaminant with a continuous drop
at higher concentrations (Calabrese and Why, 2008; Gopi and Rattan,
2019). The higher sensitivity observed by the ImKC compared to the
J774A.1 cells may arise from the fact that the cell lines originate from
different body compartments. The J774A.1 cell line was derived from a
murine reticulum cell carcinoma (Ralph and Nakoinz, 1075), whereas
the ImKC cell line was established from murine resident liver Kupffer
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cells (Wang et al,, 2014). Kupffer cells were described to be more sen-
sitive to stress factors than some other macrophage cell lines (Tanifum
et al,, 2018), whereas J774A.1 cells have generally been described as
less sensitive to particle exposure. For instance, J774A.1 cells exposed to
similar concentrations of 2 ym carboxylated-PS particles (Mutzke et al.,
2015) or sulphate-functionalised 4 pm PS particles (Stock et al,, 2019)
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did not show cytotoxicity.

The observed cellular responses of the P-MPP compared to the M-
MPP may originate from the higher amount of residual styrene mono-
mers in P-MPP. It has been shown that styrene monomers induce
particularly hepatotoxic effects (Harvilchuck and Carlson, 2006;
Withey, 1976), which could explain the stonger cellular response of
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Fig. 8. GCell proliferation of J774A.1 and ImKC cell lines in a time and concentration-dependent manner for P-MPP and M-MPP. Each experiment was performed in
12-well tissue culture plates. M-MPP did not significantly influence cell proliferation independent of the concentration. Gells incubated with P-WMPP showed almost

no proliferation at 1500 pg/mL and a significantly lower cell count for ImKC at 150 pg/mL after 72 h. Data represent mean =+ SD, n

ImKC cells. Upon cellular internalisation, these monomers might leach
into the cytoplasm. Leaching of residual monomers is a known problem
in biomedical applications e.g., dental braces (Kloukos et al,, 2013).
Furthermore, the higher number of internalised P-MPP could induce cell
damage, leading to reduced cell proliferation. Recently, Goodman et al,
(2021) showed a reduced proliferation ability for a human lung
epithelial cell line after the exposure to 1 and 10 ym PS particles. An
increase in particle internalisation has been shown to induce oxidative
stress (Schirinzi et al., 2017; Hwang et al.,, 2019), which is known to
damage DNA (Townley et al., 2012) and leads to bioenergetic failure
(Fang and Maldonado, 2018) and, therefore, might lower the prolifer-
ation rate as well. In addition, the internalisation of particles occurs
most probably by an energy-dependent mechanism like phagocytosis
(Hirsch, 1965). The higher internalisation rate of P-MPP might therefore
result inless energy available for cell proliferation compared to M-MPP,
which are internalised less frequently. Hence, various particle properties
may act synergistically in causing adverse effects. Swrface charge and
morphology enhance particle internalisation, and residual monomers
and increased numbers of internalised particles may affect the viability
of the cells. However, since these effects occurred only at higher con-
centrations, the relevance for exposure to animals and humans is still
debatable. Nevertheless, microplastic particles oceurring in nature may
exhibit a huge variety of chemical and physical properties, which may
alter particle cell interaction even at lower concentrations. Further,
microplastic contamination in nature is expected to distinctly rise in the
future (Lebreton and Andrady, 2019), enhancing the number of ingested
or inhaled microplastic particles and might lead to chronic exposure to
particles having properties that potentially cause adverse effects.

5. Conclusion
Overall, our results show that nominally “identical” plain poly-

styrene microparticles from different manufacturers differ highly in
their chemical composition and surface properties resulting in

11

3 and were slightly offset.

pronounced differences in PCI and the proportion of internalised parti-
cles by murine macrophages. Particles showing a more negative {-po-
tential and a higher residual monomer content induced a significant
metabolic response in a sensitive cell line and altered cell proliferation,
especially at higher particle concentrations. Our study paves the way to
explain the discrepancy in the results of previously published effect
studies while highlighting the need for well-characterised microplastic
particles in hazard assessment studies as particles from different man-
ufacturers lead to non-comparable results. It further emphasises that no
general conclusions can be drawn concerning the toxicity of micro-
plastics per se, even for the same type of polymer in the same size range
having the same shape. Hence, only a detailed characterisation of
microplastics’ chemical composition and surface properties allows for
comparability between toxicological studies and enables unravelling
those properties that may render specific types of microplastics
hazardous.
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Fig. 8. Force map (left) of a M-MPP, and the corresponding semi-logarithimic force-separation curves (right) (B) and of
a P-MPP (C). Obtained in an aqueous solution of 0.1 mM NaCl (1 = 30 nm) in a slightly acidic pH 5 -6 through dissolved
COs, which also reduces the calculated Debye length. The straight solid lines rvesemble the exponential Debye fit Foree
Maps show the relative height in XY-direction close to the apex of a particle. Colored pixels show the measurement locations
of the force curves displayed right. The brighter the pixel the closer is the measurement location to the apex. Varying
attractive van-der-Waals and repulsive electrostatic forces (measured Debye length 11 nm — 20 nm) with measurement
location are visible for M-MFF in A. For 2 spots (solid squares & curves) we found van-der-Waals and stronger electrostatic
forces than for the other 2 spots (open squares & dashed curves) In contrast, P-MFPP show constant attractive van-der-Waals
and repulsive electrostatic forces (measured Debye length 26 nm) for every measurement location. The jump into contact is

also always visible.
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ABSTRACT: Microplastic particles are pollutants in the environment with a Protein Cell medium
potential impact on ecology and human health. As soon as microplastic particles ps pr%za"n? neubation
get in contact with complex (biological) environments, they will be covered by ‘e

an eco- and/or protein corona. In this contribution, protein corona formation

was conducted under defined laboratory conditions on polystyrene (PS)

microparticles to investigate the influence on surface properties, protein corona

evolution, particle—cell interactions, and uptake in two murine epithelial cells. To 5 © _ Different protein
direct protein corona formation, PS particles were preincubated with five model )@ preoatings
proteins, namely, bovine serum albumin (BSA), myoglobin, f-lactoglobulin,
lysozyme, and fibrinogen. Subsequently, the single-protein-coated particles were
incubated in a cell culture medium containing a cocktail of serum proteins to
analyze changes in the protein corona profile as well as in the binding kinetics of
the model proteins. Therein, we could show that the precoating step has a critical
impact on the final composition of the protein corona. Yet, since proteins building the primary corona were still detectable after
additional incubations in a protein-containing medium, backtracking of the particle’s history is possible. Interestingly, whereas the
precoating history significantly disturbs particle—cell interactions (PClIs), the cellular response (i.e., metabolic activity, MTT assay)
stays unaffected. Of note, lysozyme precoating revealed one of the highest rates in PCI for both epithelial cell lines. Taken together,
we could show that particle history has a significant impact on protein corona formation and subsequently on the interaction of
particles with murine intestinal epithelial-like cells. However, as this study was limited to one cell type, further work is needed to
assess if these observations can be generalized to other cell types.

KEYWORDS: microplastic, particle history, particle—cell interaction, particle ingestion, cytotoxicity, LC—MS/MS, QCM-D

Conont -

Epithelial cells

B INTRODUCTION mainly investigated in the case of nanoparticles (i.e., diameter <
0.1 pm?>*) 1619232526 Begides particle size,””® surface
modifications like carboxy or amine groups influence protein
corona formation and (:omposition.l“'1 129=31 Noteworthy, it has
been shown that protein corona composition can influence the
cellular uptake of particles. In the case of a protein corona

Microplastic particles (MPs), defined in a size range of 0.1 ym to
5 mm," can nowadays be found in all environmental compart-
ments.”~* It is known that MP also enters the food chain and
evokes several effects on various species.”> When MP gets in

contact with various (biological) environments, biomolecules L .
. . 1 containing immunoglobulins and complement factors from
and microorganisms adsorb on several particles” surface and

form a so-called eco-corona, which can severely change the human plasma on pristine particles, a stealth effect was observed

particle properties, for instanée, the bioavailability. 10—13 where cells did not recognize thfe particlgs anymore, ’ but this is

In case particles get in contact with proteins, a so-called dep e.ndent o cel! ope. In previous studies, the uptake of SmaH

protein corona will be formed covering the particles, 7 pristine poly(lactic acid) (PLA) and polystyrene (PS) particles
)

described by the so-called Vroman effect. The protein corona is E:O'SSI%IE)_ IC)O:fiirt':gcfl}ll:;ri’(r)lnv:rll&cleﬁl ;ejtt_:lrilnig (litillllinha(lcireil) lﬁtei
hereby a highly dynamic protein layer, where proteins adsorb se.r%l.lln 233 Hepatic epithelial cells (e.g, BNL CL2) ingested
within seconds, though the proteins will be displaced over time ’ patic epithelial 8 -~) 1ng

by proteins with a higher affinity for the particle surface.'®™>" P T—

However, recent studies have shown that the protein corona is Received:  August 4, 2022 !5! “
!7

more complex and less dynamic than originally thought. In Accepted:  September 20, 2022 ?\ /
Published: October 4, 2022 f/ &

=S

p/ 6

particular, protein—protein interactions play a more important
role than those described by Vroman.”*® Hence, it can be
stated that the mechanism of protein corona formation is still
not fully understood. So far, protein corona formation has been

© 2022 The Authors. Published b;
American Chemical Societ; https://doi.org/10.1021/acsami.2c13987
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large PS particles (PSPs) with up to 3 ym in diameter.”> The
tocus was on whether and how the history of a particle, i.e., the
environment in which it has been incubated first, influences
protein corona evolution and, therefore, the particles’
interaction with cells (PCI). Therefore, PS particles (PSPs)
were precoated with five different model proteins (bovine serum
albumin, BSA, myoglobin, f-lactoglobulin, lysozyme, and
fibrinogen) followed by a subsequent incubation in cell culture
medium containing a cocktail of serum protein {ie., fetal calf
serum). Changes in particle charges in correlation with the
protein corona were assessed by {-potential measurements. The
adsorption/desorption of proteins (i.e., binding kinetics) was
measured by quartz crystal microbalance with dissipation
meonitoring (QCM-D). An in-depth analysis of changes in
protein corona composition was performed using liquid
chromatography—mass spectrometry (LC—MS)/MS analysis.
Finally, the impact thereof on cellular uptake and cytotoxicity
was investigated in murine epithelial cells.

B MATERIALS AND METHODS

If not otherwise stated, cell culture materials were purchased from
Thermo Fisher Scientific (Schwerte, Germany) and Greiner Bio-One
(Frickenhausen, Germany). Dulbecco’s phosphate-buffered saline
without Ca®* and Mg®" (DPBS), fetal calf serum (FCS), penicillin,
and streptomycin were obtained from Sigma-Aldrich (Taufkirchen,
Germany). Dulbecco’s modified Eagle’s medium (DMEM, 1.5 g/L
NaHCO,, 0.11 mM Na pyruvate, 4 mM L-glutamine) was obtained
from ATCC (ATCC LGC Standards GmbH, Wesel, Germany).
Modified Eagle’s medium without phenol red (MEM) was obtained
from Thermo Fisher Scientific (Schwerte, Germany).

Phalloidin-tetramethylrhodamine B isothiocyanate, 4',6-diamidino-
2-phenylindole {DAPI), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphen-
yl-2H tetrazolium bromide (MTT) were obtained from Sigma-Aldrich
(Taufkirchen, Germany).

As polystyrene particles, nonfunctionalized fluorescent particles
(Yellow Green, PS-YG) were received from Polysciences (Polysciences
Europe GmbH, Eppenheim, Germany) with the parameter as follows:
diameter of 0.2 gm (Cat. #17151-10, 5.68 X 10% particles/ml, size
coefficient of variation (CV) < 8%) and 3 gm (Cat. #17155-2, 1.68 X
107 particles/mL, size CV < 5%). All PS particles (PSPs) were plain
particles in a sterile aqueous suspension (2.5% (w/v)) with a slight
anionic charge. Before use, PSP stock solutions were diluted to the
required concentration in cell culture medium supplemented with 10%
FCS (cempes).

The model proteins bovine serum albumin (BSA fraction V),
myoglobin {(from the equine heart), flactoglobulin {from bovine
milk), lysozyme (from chicken egg white), and fibrinogen (from bovine
plasma) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Molecular weight and net charge {according to the database) are shown
in Table 1.

Table 1. Proteins Used in This Study with Abbreviations,
Molecular Weight, Net Charge (=Difference between
Positively and Negatively Charged Amino Acids at pH 7.0),
and Theoretical pI According to the ProtParam Database

molecular weight theoretical
protein name abbreviation (kDa) charge pl
BSA BSA 66.4 —-17 5.60
myoglobin myo 16.9 +0 7.36
f-lactoglobulin lac 18.3 —8 4.38
lysozyme lys 14.3 +8 9.32
fibrinogen fib a-chain: 63.1 +1 7.73
f-chain: 50.9 +7 8.66
y-chain: 47.6 —11 546
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Protein Coating of PS Particles. The particles (3 pL of the 23
mg/ml, aqueous solution) were incubated overnight at 37 °C in the cell
culture incubator (37 °C, 5% CQ,, 95% humidity) in 1 mL of a 15 mg/
mL solution of the respective proteins. Afterward, the particles were
centrifuged at 17,000¢ for 30 min at room temperature (RT). The
resulting pellet was washed 3x with Milli-Q (MQ) water (17,000g, 30
min, RT). If necessary, the particles were incubated in cell culture
medium (ccm) or in cem supplemented with 10% FCS (ccmpes)
overnight in the cell culture incubator. The particles were again
centrifuged and washed with water, as described

Sodium Dodecyl-Sulfate Polyacrylamide Gel Electrophore-
sis (SDS-PAGE). Discontinuous polyacrylamide gel electrophoresis
(PAGE) was performed using 12.5% SDS gels. Laemmli loading buffer
with f-mercaptoethanol was added to the particles after preincubation
with model proteins or incubation in ccmgeg. The particles were heated
up to 95 °C for 10 min and afterward centrifuged (17,000g, 3 min, RT).
The resulting supernatant was applied to the gel Finally, the gel was
silver-stained.

¢-Potential Measurement. The lf—})otential measurements were
performed, as described previously.”*" In brief, for the {-potential
measurements of the control, 3 ¢«LL of the particle solutions was diluted
in 1 mL of a 1 mM aqueous KCI solution {pH 6). The precoated or
ccmpgg-incubated particles were centrifuged (17,000g for 30 min, RT)
and afterward resuspended in 1 mL of the 1 mM KCl solution. To
determine the {-potential, a LiteSizer 500 (Anton Paar Germany
GmbH, Ostfildern-Scharnhausen, Germany) was used. Here, three
measurements with at least 100 runs each were performedat 21 °C with
an adjusted voltage of 200 V, and for calculation, the Helmholtz—
Smoluchowski equation was used.*

Sample Preparation for Analysis of the Protein Corona
Composition. For proteome analysis, the treated microplastic
particles (200—1000 uL) were centrifuged for 10 min (29,000g). The
supernatant was discarded, and the resulting pellet was resuspended
with 2X Laemmli buffer (0.5 M tris—HCI, pH 6.8, 20% glycerol (v/¥),
40 g/L SDS, 10% 2-mercaptoethanol (V/V), 0,002% bromophenol
blue), vortexed shortly, and incubated for 5 minat 95 °C. Afterward, the
samples were vortexed again and centrifuged for 5 min at 30,000g.
Samples were then transferred to polyacrylamide gradient gels (mini-
PROTEAN TGX 4—20%, Biorad, Germany), which were run until gel
pockets were drained. By using Roti Blue staining solution (Roth,
Germany), gels were stained overnight. Protein-containing areas were
excised and destained. Before enzymatic digestion, proteins in the gel
pieces were reduced with 45 mM dithiothreitol (DTT) (30 min, 55 °C)
and alkylated with 100 mM iodoacetamide in the dark (2 for 15 min
each, RT). Gel pieces were washed twice for 15 min with 50 mM
NH,HCO,, and sequential in-gel digestion was performed, first using
Lys-C (4h, 37 °C, 70 ng lysyl endopeptidase, Mass Spectrometry Grade
(FUJIFILM Wako Pure Chemical Corporation)) followed by trypsin
(incubation overnight, 37 °C, 70 ng trypsin (sequencing grade modified
trypsin, Promega, Germany)). Supernatants were collected, pooled,
and dried using a vacuum centrifuge (Vacuum concentrator, Bachofer,
Germany). Peptides were extracted using 70% acetonitrile (ACN).

LC—MS/MS Analysis for Analysis of the Protein Corona
Composition. LC—-MS/MS was performed usingan EASY-nL.C 1000
(Thermo TFisher Scientific) connected to an LTQ Orbitrap XL
(Thermo Scientific). Samples were dissolved in solvent A {0.1% formic
acid}, loaded ona trap column (PEP-Map100 C18, 75 zm X 2 cmn, 3 m
particles (Thermo Fisher Scientific)), and separated using a reversed-
phase column {PepMap RSLC C18, 75 ym X 50 cm, 2 ym particles,
Thermo Scientific) at a flow rate of 200 nL/min. A 30 min gradient was
applied from 2 to 50% solvent B (0.1% formic acid in ACN), followed
by a washing step with 85% solvent B for 10 min. For data acquisition, a
top-five data-dependent collision-induced dissociation {CID) method
was used. The proteomic data were processed as follows: spectra were
analyzed using MASCOT V2.6.2 (Matrix Science Limited, U.K.),*® and
the different subsets of the Uniprot/Swissprot databases (see Table S1)
were used. Identified proteins were filtered for an FDR < 1%, a
MASCOT score above 50, and a minimum of two significant sequences.

Scanning Electron Microscepy (SEM). Seventy microliters of the
precoated and ccmgeg-incubated particles were dried overnight on a

https/fdoiorg/ 101027 facsami. 213987
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Figure 1. Protein corona analysis using silver-stained SDS-PAGE (A, C) and {-potential measurements (B, D). 0.2 (A, B) and 3 um (C, D) PS particles
(PSPs) were analyzed after customized protein coating (first round of coating, striped bars) using pristine particles (pri), BSA, myoglobin (myo), -
lactoglobulin (lac), lysozyme (lys), and fibrinogen (fib) and after further incubation in cell culture medium containing a cocktail of serum proteins

(cempgcg, second round of coating, filled bars).

silicon wafer. Two nanometer platin sputter-coated samples were
imaged using SEM (FEI Apreo Volumescope, Thermo Fisher Scientific,
magnifications 80,000X and 150,000%, 1.5 kV, ETD or T2 detector).

Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D is known to be a determination method for film
thickness and, therefore, for the adsorption or desorption of molecules
or binding kinetics.””~* The QCM-D experiments were performed
using a Q-Sense A3 system (Q-Sense, Goteborg, Sweden). For
adsorption reactions onto Au chips (S MHz, QuarztPro, Jarfalla,
Sweden), we did not use beads, which might not have led to a
homogeneous spreading, hence leaving the naked surface area exposed.
Instead, the chips were spin-coated with a $% (w/v) PS solution (in
ethyl acetate), as liquid PS allows for full coverage of the chip surface.
For the measurements, 15 mg/mL of the respective aqueous protein
solutions was applied to the chips and incubated for 4 h (at RT,
“precoating”). Afterward, cell culture medium without (ccm) and with
10% FCS (cemgcg) was applied and the chips were incubated overnight
at room temperature. Then, the chips were rinsed with Milli-Q water.

For calculation of the adsorbed mass (Am), the Sauerbrey equation
was used?

Am = —CAE,/n (1)

C is the mass sensitivity constant (here: C = 17.7 ng/cm™>*Hz™"),
AF is the frequency shift, and n is the overtone number. The presented
data show the values of the third overtone (AF;/3).

Cell Culture. The murine intestinal epithelial-like cells STC-1 (CRL
3254) and hepatic epithelial cells BNL CL.2 (TIB-73) were obtained
from the American Type Culture Collection (ATCC, Manassas). Cells
were cultivated in DMEM supplemented with 10% (v/v) FCS and 100
U/mL penicillin/streptomycin in a standard cell culture incubator (5%
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C0,/95% humidity) at 37 °C. Both cell lines were passaged three times
a week at a starting concentration of about 100,000 cells/mL. For
detaching cells, 0.05% (for STC-1) or 0.25% (for BNL CL.2) trypsin/
EDTA was used.

Qualitative Analysis of PSP Uptake. For qualitative analysis of
the cellular uptake of PSP, 15,000 cells/well were seeded in an 8-well
Ibidi slide (-Slide 8 Well, ibiTreat, ibidi GmBH, Grifelfing, Germany).
After a 24 h incubation under cell culture conditions, fluorescent
particles were added (0.2 gm: 15,000 PSP per cell; 3 ym: 20 PSP per
cell) (total cultivation volume: 300 uL) for a further 24 h incubation.
Thereafter, cells were fixed for 15 min at RT with preheated
paraformaldehyde (3.7% (v/v) in 1X DPBS). Cells were then
permeabilized with 0.1% (v/v) Triton X-100 for 10 min at RT. By
using 100 nM rhodamine-phalloidin and 100 nM DAP], actin filaments
and nuclei were stained, respectively. Samples were investigated using a
confocal laser scanning microscope (CLSM) (TCS SP8, 63X oil
immersion objective, laser: 408, 488, and 552 nm, Leica Microsystems,
Wetzlar, Germany). Z-stacks were recorded with a step size of 0.2—0.33
pm.

Quantitative Analysis of Particle—Cell Interaction (PCl). As
recently described, the quantification of particle—cell interactions was
performed using flow cytometry.>® In brief, 800,000 cells per well were
seeded in 6-well culture plates and incubated for 24 h. Thereafter,
fluorescent particles were added ata density of 12,000 PSP per cell (0.2
pum) or 4 PSP per cell (3 ym). After a further 24 h incubation, cells were
collected by trypsinization and recovered using centrifugation (200g, S
min). After resuspension in 0.5 mL DPBS, samples were analyzed using
flow cytometry. Flow cytometry analyses were performed using a
CytoFLEX S (Beckman Coulter, Krefeld, Germany). At least 30,000
events were measured for each sample. Forward scattering (FSC), side

https://doi.org/10.1021/acsami.2c13987
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scattering (SSC), and FITC fluorescence (525 nm filter) were
recorded. The calculation of interacting particles per cell was
performed, as previously describad.*

MTT Assay. The influence of coated PSP on the metabolic activity
of the cells was analyzed using an MTT assay, as a well-established
method for the toxicological assessment of P$ microparticles.* ™ The
experiments were performed, as previously described.” Briefly, BNL
CL.2 cells were seeded at 10,000 cells in 100 g¢L/well in 96-well plates.
For STC-1 cells, the seeding density was 25,000 cells/well. After 24 h of
incubation, the medium was aspirated and 100 pxL of particle
suspension freshly prepared in the growth medium was added. The
cells were then incubated for another 24 h, and afterward, cells were
washed with DPBS, and 50 L of freshly prepared MTT reagent (1 mg/
mL MTT in MEM) was added. After 2 h of incubation, the supernatant
was replaced by 100 zL of isopropanol. After shaking at 600 rpm for §
min, absorbance was measured at 570 nm (reference wavelength 650
nm) using a TECAN GENios Pro plate reader (Tecan Austria GmbH,
Groding). 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.

Statistical Analysis. For statistical analysis, Origin software, 2019b
(Qrigin, Northampton, MA) was used. All data were tested concerning
the homogeneity of variances (Levene test), and to investigate
differences in PSP interactions with cells, a one-way analysis of variance

(ANOVA) with a Tukey post hoc test was used.

B RESULTS

Protein Corona Formation on Polystyrene Particles
Depends on the Incubation Cenditions. The protein
corona of PSP was first analyzed using SDS-PAGE and
measuring the {-potential (Figure 1). To customize the corona
formation, five different model proteins (BSA, myoglobin,
lactoglobulin, lysozyme, and fibrinogen) were preincubated with
0.2 and 3 gm particles. The coating was confirmed for all model
proteins using SDS-PAGE (Figure 1A,C). After a subsequent
incubation in cell culture medium (ccmypeyg), additional proteins
were detectable, originating from FCS. In comparison to pristine
particles (“pri”), customized protein corona formationinduced a
change in the {-potential of the particle surface. Lysozyme-
coated PSP showed a positive potential, which coincides with
the positive protein net charge (Table 1). PSPs coated with the
other model proteins showed a slightly lower {-potential in
comparison to uncoated ones (i.e., pristine PSP). Upon further
incubation in cell culture medium containing a cocktail of serum
proteins (ccmpqg, filled bars), the differences between the
groups were leveled and the (-potentials became akin
independently of the underlying first-layer model protein.

The compeosition of the protein corona after the second round
of coating was further analyzed using LC-MS/MS. For
comparison, pristine PSPs only subjected to incubation in the
cell culture medium containing a cocktail of serum proteins
(cempeg) were used (“pristine”). The top-five binding proteins
are presented in Table 2. After precoating with BSA and
lysozyme, these model proteins were still detected in a high
quantity, indicating that these proteins still constituted the main
component of the protein corona after incubation in cempcs. In
the case of myoglobin, lactoglobulin, and fibrinogen as well as for
the pristine PSP, the main component after incubation in cemgcg
was hemoglobin subunit 5. In the case of the pristine PSP, the
second major component of the corona is BSA, which
incidentally is the main component of FCS. Noteworthily, the
emPAl values,** which allow the estimation of the protein
abundance, were higher for the precoated particles than for
those solely incubated in ccmpeg This indicated that more
proteins adsorbed when PSPs were subjected to two rounds of
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Table 2. Quantitative Analysis of Protein Corona
Composition Using LC—MS/MS“

pristine
hemoglobin fetal
subunit £ (2.99)
BSA (2.76)

serotransferrin (1.34)

hemoglobin subunit o
(1.08)

Factoglobulin-coated

BSA-coated
BSA (4.74)

hemoglobin fetal
subunit £ (3.13)

globin C1 (1.7)
apolipoprotein A-I
(0.66?

lysozyme-coated

myoglobin-coated

hemoglobin fetal
subunit 8 (3.04)

BSA (2.08)

myoglobin (0.86)

hemoglobin subunit &

(0.64)

fibrinogen-coated

a-2-HS-glycoprotein a-2-HS-glycoprotein secreted
(0.96) (0.64) phosphoprotein 24
{0.38)
hemoglobin fetal subunit 3 lysozyme (8.19) hemoglobin fetal
(5.47) subunit # (12.03)
BSA (3.05) hemoglobin fetal fibrinogen §f chain
subunit 3 (7.09) (6,69
globin C1 (2.4) fibrinogen / chain fibrinogen ¥-B chain
(4.1 3% (3.85
B-lactoglobulin (1.1) fibrinogen y-B chain fibrinogen o chain
(231 (2.93
peptidoglycan recognition ~ BSA (2.07) apolipoprotein A-I

protein 1 (1.02) (1.72)

“3 pm PSPs were preincubated with model proteins (BSA,
myoglobin, #actoglobulin, lysozyme, and fibrinogen) and afterward
incubated in cell culture medivm containing 10% FCS (cemggs). The
respective preincubated protein is highlighted in bold fonts. Pristine
PSPs (i.e., without preincubation) incubated in ccmpcg were included
for comparison. The emPAI value, which allows estimating protein
abundance, is given in parentheses, Only the five most abundant
proteins are shown. The complete list can be found in Table S2.

coating. This suggests that the presence of a protein film on the
polystyrene material conditioned the surface and favored
subsequent binding of additional proteins when available from
the environment. Importantly, the final protein corona
composition seemed to be highly dependent on the model
protein used for precoating, Likely, particles got a “signature” or
“history” depending on the surrounding medium they
experienced.

Incubation of protein-coated particles in ccmgeg did not show
apparent differences between the respective model proteins
when analyzing the particles using SEM, so myoglobin-coated
particles were chosen exemplarily (Figure 2). For 0.2 yim PSPS,
the further incubation in ccmpeg led to a thicker-looking layer
around the particles. Differences in the particle size according to
the protein layer could be provoked by either the size of the
protein corona or the magnification. The smaller particles
needed a higher magnification, which allowed us to identify the
thin protein layer around the particles’ surface. The amount of
adsorbed protein on PS was further quantified using a quartz
crystal microbalance with dissipation monitoring (QCM-D;
Figure 3}). QCM-D can be used as a method to determine the
layer thickness on films and thus the adsorption or desorption of
molecules on the surface.” >° In our experimental settings, we
used a PS solution (5% (w/v)) rather than a bead suspension to
achieve a homogeneous coverage of the chip surface.

Here, all proteins, except lysozyme, adsorbed indistinguish-
ably on the surface (PS). Lysozyme showed significantly lower
adsorption to PS. For BSA, a small amount of protein seemed to
be washed off or displaced by proteins of the FCS, and the
overall adsorbed mass increased upon the follow-up coating,
The additional protein adsorption out of the FCS-containing
medium (cempsg) was in total less compared to the adsorption

https/fdoiorg/ 101027 facsami. 213987
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protein-coating

ccmg-coating

protein-coating ‘ccmFCS-coating

0.2 um PS
3umPS

Figure 2. Surface morphological changes upon protein coating of PS particles. Exemplary SEM images of myoglobin-coated PSP, which were in some
cases further incubated in ccmgcg, as indicated. The SEM images of pristine and PSP coated with the other model proteins are shown in Figure S1. Scale
bars: 0.2 ym PS: 0.2 ym, 3 ym PS: 1 ym.
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Figure 3. Interaction between protein-coated PS surfaces and fetal calf serum was measured using a quartz crystal microbalance. Frequency shift was
plotted as a function of time (A) and the resulting adsorbed mass according to the Sauerbrey equation (eq 1, B). Gold chips were coated with PS and
incubated with 15 mg/mL of the appropriate protein (p). Afterward, cell culture medium (cm) with (ccmycg, filled line) or without (ccm, dashed line)
FCS was added and everything was incubated overnight. PSPs were washed with water (h). In panel B, “h -> p”, “p - > cm”, and “cm -> h” depict the
differences in the mass adsorption when changing the medium from water (h) to aqueous protein solution (p), to cell culture medium (cm), and finally

to water (h). Data mean =+ standard deviation (SD), n = 3 replicates.

of the BSA precoating. In contrast, after the incubation with ccm,
the total mass of adsorbed protein (BSA) decreased over time.
In the case of myoglobin and lysozyme precoating, additional
protein adsorption was detected upon incubation in cell culture
media (ccmpcg and ccm). This additional adsorption was in a
similar size range compared to the first adsorption during
precoating. When adding cell culture medium (with and without
FCS), fibrinogen was washed off to a small amount, and during
the incubation in ccmpgg, there was a small increase in adsorbed
mass. When adding medium without FCS, the protein mass
decreased slowly over time, indicating washing-off effects. When
washing with water, a lot of protein was washed off, indicating
the presence of loosely bound proteins.

Particle—Cell Interactions (PCls) and Cellular Effects of
Protein-Coated PSPs. To investigate the influence of the
protein corona on the particle—cell interaction, we used murine
epithelial cells (hepatic BNL CL.2 and intestinal STC-1), which
are not specialized for gparticle ingestion or removal of pathogens
unlike macrophages.”~*” Both cell types have shown cell line-
dependent differences in the particle uptake of pristine PS
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particles, as published previously.** BNL CL.2 cells are known
to engulf PS particles up to 3 um, whereas STC-1 cells only
internalized particles below 0.5 ym. Particle—cell interaction
(PCI) using protein-precoated PSPs was analyzed using
confocal laser scanning microscopy (CLSM) and showed
differences compared to pristine ones (Figure 4). STC-1 cells
took up myoglobin-coated 3 ym PSP, which was not the case for
pristine particles. In addition, 0.2 ym myoglobin-coated PSP
showed higher PCI compared to pristine particles, indicating
that the particles got stuck on the cell surface. The BSA- and
fibrinogen-coated PSPs interacted with the cell surface but were
not found inside the cells. For BNL Cl.2 cells, no significant
differences were found since all particle types were ingested.
Compared to STC-1 cells, BNL Cl.2 cells showed higher PCL

While CLSM could distinguish between internalized particles
and particles interacting with the cell surface, it only provided
qualitative data. Flow cytometry was used to quantify the PCI
(Figure S).

BSA-coated particles showed a similar interaction as the
pristine ones in the case of 0.2 ym PSP with STC-1 cells.

https://doi.org/10.1021/acsami.2c13987
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STC-1

BNL CL.2

0.2 ym

myoglobin BSA pristine

lactoglobulin

lysozyme

fibrinogen

Figure 4. Particle uptake by epithelial cells (intestinal epithelial cells: STC-1 and hepatic epithelial cells: BNL CL.2) in the presence of green-
fluorescent protein-coated particles was analyzed using CLSM. As a control, noncoated and water-washed particles (pristine) were used. Actin
filaments were stained with rhodamine-phalloidin (red), nuclei were stained with DAPI (blue); FITC-fluorescent PSPs are shown in green. Scale bar:

40 pm.

Fibrinogen-coated PSP showed a lower PCI (lower fluorescence
signal) compared to the pristine particles, whereas lysozyme-
coated ones showed the highest PCI (highest fluorescence
signal). For the 3 um particles, the quantification of PCI showed
significant differences in the case of lactoglobulin- and
fibrinogen-coated particles (compared to the other precoated
and pristine particles). Lactoglobulin-coated particles showed
less interaction (65% of the cell population with no particle
interaction). Fibrinogen-coated particles showed almost no

145

interaction (85% of cell population without interaction). BSA-
coated particles (0.2 pym) showed a similar interaction in
comparison to pristine ones with BNL CL.2 cells. Myoglobin-
and lysozyme-coated particles showed higher PCI compared to
pristine ones, with lysozyme-coated particles revealing the
highest cell interaction. Using 0.2 um fibrinogen-coated
particles, two cell populations were detected. The population
with the lower fluorescence signal showed lower PCI and more
cells compared to the population with a higher fluorescence

https://doi.org/10.1021/acsami.2c13987
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Figure S. Flow cytometry analysis to quantify particle—cell interactions of pristine (pri) and protein-coated 3 #m PSP with intestinal (STC-1) and
hepatic (BNL CL.2) epithelial cells (lower panel, bar charts). Data mean & SD, n = 3 biological replicates. For 0.2 #m particles (upper panel), no
quantification of PCI was possible. ns, nonsignificant, * <0.05, ** <0.01, *** <0.001.

signal (=higher PCI). This indicated that some cells interacted
with more particles than with pristine ones, whereas the main
cell population interacted with fewer particles. The quantifica-
tion in the case of 3 ym particles showed, in general, alower PCI
of protein-coated particles upon incubation with BNL CL.2
cells, compared to pristine PSP. Here, BSA-, myoglobin-, and
lysozyme-coated particles showed similar interaction rates. In
contrast, lactoglobulin- and fibrinogen-coated particles showed
significantly less PCIs. Like, with STC-1 cells, fibrinogen-coated
particles interacted least with BNL CL.2 (53% of cell population
without particle interaction).

To finally analyze cellular effects caused by the protein
coating, an MTT assay was performed for all particle—cell
combinations (Figure S2). No cytotoxic effects were detected,
even at high particle concentrations (100,000 gg/mL and 100
ug/mL for 0.2 and 3 pm PSP, respectively). Only myoglobin-
coated particles with 0.2 ym diameter induced in BNL CL.2 cells
a slightly reduced, nonsignificant metabolic activity compared to
the other precoated particles.

B DISCUSSION

According to the Vroman effect, some proteins form a protein
corona upon contact with particle surfaces and will be replaced
over time by other proteins with a higher affinity to the particles’
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surface.'*® Here, we observed differences in protein corona
composition, depending on protein precoating, ie., the
composition of the first protein corona, which is in accordance
with the model from Docter et al,, in which proteins build a
multilayer protein corona involving different protein—protein
interactions.”””* Therefore, it is assumed that the protein
corona on particles is quite complex but at the same time quite
stable.

In our study, proteins building the first corona were still
detectable after additional incubations in protein-containing
medium allowing backtracking of the particle’s history.
Comparing the results gained from QCM-D and LC—MS/MS
measurements showed significant differences in the case of
lysozyme and fibrinogen pretreatment. In the case of lysozyme
precoating, lysozyme was identified as the most abundant
protein in the protein corona, using LC—MS/MS as an
analytical tool. In contrast, using QCM-D, lysozyme showed
the lowest protein adsorption on the PS surface. In addition, the
adsorbed protein mass increased significantly when incubated
with an FCS-containing medium. Based thereon, lysozyme was
expected to be found way less abundant than was the case. For
fibrinogen, there was a lot of protein desorption after incubation
in cell culture medium. Here, it was also expected to find less
fibrinogen than detected using LC—MS/MS. This can be

https://doi.org/10.1021/acsami.2c13987
ACS Appl. Mater. Interfaces 2022, 14, 47277-47287



6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

explained by the high sensitivity of LC-MS/MS, allowing the
identification of proteins down to the attomole range. Asa result,
especially QCM-D data should be interpreted carefully. Further,
P8 was applied as a small film on the gold chip, which could lead
to effects of different surface curvatures and topographies.
Additionally, the QCM-D measurements were performed at
room temperature since there was no temperature control
possible during this time point of analysis. These results revealed
that there is no one-to-one data transfer possible from one
experimental setup to another, comparing the protein
adsorption to a film (QCM-D) versus to a particle (LC—MS/
MS), as reported previously.'®” Browne et al. reported
differences in BSA adsorption to a PS surface when comparing
an oxidized and untreated PS film, underlying that the pure PS
film surface may not be comparable with a PS particle surface,
which can include traces of additives.*"** As reported recently,
protein conformation experienced substantial changes when
adsorbing on a surface in a protein-type-, particle size-, and
charge-dependent manner. In particular, whereas BSA and
myoglobin adopted a conformation state different from the
native one (i.e., a-helix content was decreased and random coil
content increased) after binding on gold nanoparticles, this was
not the case for lysozyme.*” However, the reported conforma-
tional changes were observed for nanosurface. Whether such
structural changes are responsible for the differences in protein
interactions observed in our case can only be speculated upon,
especially since we investigated particles in the micro- to
submicrometer range. Additional experiments, beyond the
scope of this contribution, will be required to investigate this
in detail.

Comparing the amount of PCI using flow cytometry revealed
differences depending on particle size and model proteins used
for coating. In general, the influence of the protein precoating
tends to be more visible for the submicron particles than for the
larger ones. In detail, for 0.2 gem PSP, lysozyme-coated particles
showed a higher PCI compared to the pristine MP, whereas this
was not true for 3 gm PSP. This might be related to the
previously described size difference influence on the protein
corona composition.””*®*! It is known that fewer proteins can
interact with the surface of smaller particles.”’28 Additionally,
we cannot exclude that during incubation with the cells some
aggregation of the coated particles might occur. In this context, it
can be expected that for smaller particles a broader variety of
aggregates displaying various sizes will form, which can then
influence the bioavailability (i.e., cellular uptake). Interestingly,
using humnan epithelial cells, Wen et al. observed that the coating
of gold nanoparticles with BSA, myoglobin, or lysozyme
significantly decreased the cellular uptake efficiency in a
protein-type-dependent manner but was not related to any
aggregation of the protein-coated nanoparticles.*®

Taking together the results of the {-potential measurement,
the LC—MS/MS data, and the particle—cell interaction analysis,
the precoating with lysozyme is noteworthy. As lysozyme is the
only positively charged (at neutral pH) used model protein with
the highest theoretical pI, the precoating with lysozyme and PSP
leads to the only positive {-potential, which is following the
protein charge.*” Even though no differences in the {-potential
were found after the incubation in cell culture medium (ccmgpc-s)
compared to those in the other model proteins, lysozyme
precoating revealed one of the highest rates in PCI for both
epithelial cell lines. Using LC—MS/MS showed a high affinity of
lysozyme for PS compared to serum proteins and a high

particle—protein interaction compared to the other, neutral or
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negatively charged, model proteins. It has been reported that
lysozyme-coated gold nanoparticles are internalized by murine
fibroblasts via clathrin-dependent endocytosis,**** confirming
the cellular interaction with lysozyme-coated particles. On the
other hand, particles with a precoating leading to the enrichment
of hemoglobin subunit £ in the protein corona showed a lower
PCI. Based on that, we assume that (i) hemoglobin has a high
affinity for PS and (ii) hemoglobin could slightly hinder the
interaction with the cellular membrane. A decreased cellular
internalization of hemoglobin-coated nanoparticles in alveolar
lung cells was described previously,®® which is in line with our
results. The precoating had no significant effect on the cellular
response (i.e, metabolic activity, MTT assay) of the two tested
cell lines. Since no cytotoxic effects were found in previous
studies when using a comparable particle concentration with
pristine particles,******57 and none of the used proteins are
known to be toxic to cells, this result was anticipated.

In a greater perspective, the effects of environmentally treated
particles cannot be excluded though since the proteinadsorption
seems to depend on the history of the particles. Possible toxic
components from the environment might be present on an MP
surface and also accurnulate.’® ' In terms of protein corona,
every ingestion by an organism will lead to additional protein
adsorption, e.g, by proteins present in saliva, gastrointestinal
bowels, or blood.2*%2%* At each stage, which is designated by a
change in the environment (e.g., pH), proteins might ad- and
desorb or proteins will be substituted. In particular, a decrease in
pH, e.g, due to gastric acid, could lead to changes in the
particles’ surface charge and protein adsorption.65 Based
thereon, evolving protein compositions dependent on a
particle’s history will be presented on the surface, similar to
stamps in a passport. Considering the impact of the particle’s
history on the PCI, it is reasonable to assume that excretion
mechanisms and/or accumulation in organs (e.g., liver and
spleen) will also be influenced.“~*" Taken together, it is
possible to backtrack a microparticle’s history, which will enable
to understand protein corona formation in more complex
systems, like seawater, terrestrial environment, or digestive tracts
of organisms.

B CONCLUSIONS

In summary, differences in the protein—particle interaction and
based thereon particle—cell interaction in murine epithelial cells
were detected after covering differently sized PS microparticles
with model proteins. Based on the first protein layer (model
proteins), differences in the protein corona composition were
detected when incubating the particles further in cell culture
medivm containing a cocktail of serum proteins. Using
proteomic analysis, it was possible to trace the particles” history.
We hypothesize that based on the present proteins on the
particles’ surface, the interaction with the cellular surface may
change. Our results allow a deeper understanding of the
behavior of proteins of the protein corona when introducing the
particles to a second environmental systemn and emphasize the
need for further analyzing the particles’ environmental history,
especially for toxicological studies.
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Overview of the databases used in the proteomic analysis
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proteins in the corona using LC—MS/MS (Table 52);
SEM images of different protein-coated PS particles
(Figure S1); and metabolic activity of cells incubated in
the presence of protein-coated particles (Figure S2)
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Table S1. Overview of the databases used in the proteomic analysis for all samples.

Pre-coating Database Subset
Pristine SwissProt -
BSA UniProt Bos taurus
Myoglobin UniProt Equus caballus
B-Lactoglobulin UniProt Bos taurus
Lysozyme UniProt Gallus gallus
Fibrinogen UniProt Bos taurus
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Table 52. Complete list of identified proteins in the corona using LC-MS/MS. 3 um PS particles were pre-incubated in model
proteins (BSA, myoglobin, B-lactoglobulin, lysozyme, and fibrinogen) and afterward incubated in ccmpes. The respective
model protein is highlighted in bold fonts. Pristine PSP (i.e., without pre-incubation) incubated in cecmegs were included for
comparison. The emPAl value, which allows the estimation of protein abundance, is given in brackets.

Pristine BSA-coated Myoglobin-coated
Hemoglobin fetal subunit p (2.99) BSA {4.74) Hemoglobin fetal subunit 3 {3.04)
BSA (2.76) Hemaoglobin fetal subunit B (3.13} BSA (2.08)

Seratransferrin (1.34})
Hemoglobin subunit o (1.08}
a-2-HS-glycoprotein (0.96)
Cathelicidin-2 {0.73})
Apalipopratein A-l1 (0.45)
a-l-antiproteinase (0.38)
Fetuin-B {0.3)

Gelsolin {0.21)
a-fetoprotein (0.11)
Lactotransferrin (0.1)
a-2-macroglobulin (0.09}
Complement factor B (0.09)
Complement C3 (0.08)

B-Lactoglobulin-coated

Globin C1(1.7)

Apolipoprotein A-l (0.66)
a-2-HS-glycoprotein (0.64}
Keratin, type | cytoskeletal (0.33)
Vitronectin (0.33)

Keratin 1 (0.28}

Apolipoprotein E (0.23}
Antithrombin-1ll {0.15}
Serotransferrin (0.1}

Lysozyme-coated

Myoglobin (0.86)

Hemoglobin subunit a (0.64}
Secreted phosphoprotein 24 (0.38})
a-2-HS-glycoprotein (0.34)
Vitronectin {0.15}

C4b-binding protein a chain (0.11}
Gelsolin (0.1}

Complement factor B (0.09)
Plasminogen (0.08)

Fibrinogen-coated

Hemoglobin fetal subunit p (5.47)
BSA (3.05})

Glohin C1 (2.4}

B-lactoglobulin {1.1)
Peptidoglycan recognition protein 1
(1.02)

a-2-HS-glycoprotein (0.97)
Vitronectin {0.75}

Apolipoprotein E (0.66)
Antithrombin-Ill {0.22})
a-1-antiproteinase (0.18)
Prothrombin (0.11})

Coagulation factor V (0.03)

Lysozyme {8.19)

Hemoglobin fetal subunit B (7.09}
Fibrinogen B chain (4.13)
Fibrinogen y-B chain (2.31}

BSA (2.07}

Globin C1(1.65)

Fibrinogen o chain {1.14)
a-2-HS-glycoprotein (0.97)
Apolipoprotein E (0.84}
Vitronectin (0.63)
a-1-antiproteinase (0.63)
Apalipoprotein A-l (0.48)

SERPIN demain-cantaining protein
(0.3}

Plasminogen {0.23}

Keratin, type | cytoskeletal 10 (0.23)
Uncharacterized protein (0.2}
Complement component C9 (0.14)
Complement component 3 (0.13)
Keratin 1 (0.13}

Cdb-binding protein a chain (0.11)
Gelsolin (0.09})

Uncharacterized protein (0.04}
Coagulation factor V (0.03}

Hemoglobin fetal subunit § (12.03)
Fibrinogen B chain {6.69)
Fibrinogen y-B chain (3.85)
Fibrinoegen a chain {2.93)

Apolipoprotein A-1(1.72})

Glohin €1 (1.66}

Plasminogen (1.18)

Vitronectin {0.75}

Complement component C9 (0.3)
BSA (0.24)

a-2-HS-glycoprotein (0.21)
Coagulation factor Xl B chain (0.18)

Coagulation factor XlIl A chain {0.16}
Complement component 3 (0.15}
Uncharacterized protein (0.08}
Complement compaonent C6 (0.07)
Complement component 5 (0.04}

Mg cell culture medium supplemented with 10% fetal calf serum
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Figure S2. Metabolic activity of cells incubated in the presence of protein-coated particles. The metabolic activity was
determined using the MTT assay. Data represent mean * SD, n = 3 biological replicates.
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6.4 Teilarbeit IV

Influence of the Polymer Type of a Microplastic Challenge on the Reaction of
Murine Cells

Autoren: Julia Jasinski, Matthias Vo6lkl, Magdalena V. Wilde, Valérie Jéréme, Thomas
Frohlich, Ruth Freitag und Thomas Scheibel

Die Konzeptionierung sowie alle Experimente dieser Teilarbeit wurden von Matthias Vélkl,
Magdalena Wilde und mir durchgefiihrt. Die verwendeten Celluloseacetat Mikropartikel wur-
den von mir hergestellt. Die Partikelanalyse mittels DLS, (-Potentialmessungen und Raste-
relektronenmikroskopie, sowie die qualitative Analyse der zelluldren Aufnahme mittels Ra-
sterelektronenmikroskopie und Konfokalmikroskopie wurde von mir durchgefiihrt und ausge-
wertet. Zusitzlich wurde der Resazurin Assay und eine Lebend-/Totfarbung der Zellen von
mir durchgefiihrt und ausgewertet. Daten zu den zelluldren Effekten (Zytotoxizitat) wurden
von Matthias Volkl erhoben. Magdalena Wilde analysierte die Protein-Corona mittels LC-
MS/MS durch und analysierte die Daten. Das Manuskript wurde von mir verfasst. Valérie
Jérome, Thomas Frohlich, Ruth Freitag und Thomas Scheibel waren an der Konzeptionie-

rung, wissenschaftlichen Diskussionen und der Fertigstellung des Manuskripts beteiligt.

Der Artikel wurde am 05.03.2024 im Journal Journal of Hazardous Materials verdffentlicht.
Nachdruck unter freundlicher Genehmigung des Verlags. Jasinski, J., Volkl, M., Wilde, M.
V., Jérome, V., Frohlich, T., Freitag, R. & Scheibel, T. Influence of the Polymer Type of a
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polystyrene particles (PS). Other studies on polymer microparticles made, e.g., of polyethylene (PE), polyvinyl
chloride (PVG), polypropylene (PP), or poly (ethylene terephthalate) (PET), cannot easily be directly compared
to these PS studies, since the used microparticles differ widely in size and surface features. Here, effects caused by
pristine microparticles of a narrow size range between 1 - 4 pm from selected conventional polymers including
PS, PE, and PVC, were compared to those of particles made of polymers derived from biological sources like
polylactic acid (PLA), and cellulose acetate (CA). The microparticles were used to investigate cellular uptake and

assess cytotoxic effects on murine macrophages and epithelial cells. Despite differences in the particles* prop-
erties (e.g. ¢-potential and surface morphology), macrophages were able to ingest all tested particles, whereas
epithelial cells ingested only the PS-based particles, which had a strong negative {-potential. Most importantly,
none of the used model polymer particles exhibited significant short-time cytotoxicity, although the general
effect of environmentally relevant microplastic particles on organisms requires further investigation.

1. Introduction

Plastics are, per definition, made out of pettoleum-based polymers,
like polyethylene (PE), pelystyrene (PS), or polypropylene (PP), often
supplemented with additives, such as pigments, surfactants or plasti-
cizers [1-3]. Commodity plastics have advantageous properties and the
list of their applications is long, including inter alia use as package
material and foils, in textiles, or as pipes [4-6]. Nevertheless, plastic
recycling rates are low, leading to increasing environmental pollution
[4,6-8].

Once in the environment, large plastic pieces can disintegrate, e.g. by
photodegradation (UV irradiation), into smaller fragments until they
reach the micrometer size range [9-11]. Plastic particles <. b mm are
defined as microplastie [2,12,13]. Over the past decade, there hasbeena
notable rise in attention towards microplastics, with instances of their
global dispersion even reaching uninhabited areas [14-17]. One po-
tential solution being explored to address this issue involves the inves-
tigation of biodegradable polymers. These polymers can be degraded
and catabolized in the presence of microorganisms, such as bacteria or
fungi, and disappear within a reasonable amount of time from the
environment [18-22],

Due to their ubiquitous presence, microplastics inevitably interact
with organisms of all kinds causing different types of stress. In animal
studies using mussels, daphnids, fish, or mice, the exposition to larger
microplastics (5-80 pm) leads to physical tissue damage and blockage of
the gastrointestinal ract, and in consequence to metabolic perturbations
[23-27]. Smaller microparticles can reach the circulatory system and
accumulate in different tissues like the liver, gut, and spleen, where they
induce inflammation, oxidative stress, or necrosis [28-30]. Once
ingested by cells, microparticles can induce different noxic effects, such
as inflammatory cytokine release, loss of phenotypical cellular behav-
jors, oxidative stress reactions (ROS production), or DNA damage
[31-34].

Regarding the in vitro experiments, the most investigated polymer
type is PS [29,35-38], even though this is not the most abundant
polymer found as plastic waste in the environment [14,39,40]. How-
ever, PS particles are commercially available in a wide size range with
different modifications like chemical groups, magnetic, or fluorescent
properties [32,41]. Much less is known about other polymer micropar-
ticles such as PE, poly (vinyl chloride) (PVC), and the biologically
degradable poly (lactic acid) (PLA) [8,29,33]. Previously published
works analyzed cellular effects using different polymer microparticles
(e.g. PVC, PET, PP, and PE), the particles were, in most cases, compar-
atively large (10 - 100 pm in diameter) and polydisperse, making a direct
comparison between the different polymer types difficult [29,31,33,42].
As a consequence, the impact of varying polymer types on the envi-
ronmental and cellular effects of microplastic particles remains insuffi-
ciently explored. Differences between the polymer types could include
varying surface properties such as the surface charge, the hydropho-
bicity, and potential surface modifications with chemical groups, which,
in return, influence the formation of a protein corona within a biological
environment [43,44]. These parameters are further crucial when
cellular interactions are investigated [45-53]. In addition, the particle
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size is important for particle-cell interactions [32,45,46,54,55]. Mac-
rophages are a cell type that specializes in the ingestion of pathogens
(and particles) via phagocytosis, of foreign matter of up to a size of about
10 pm [32,56,57]. Other cell types, such as epithelial cells, do not show
phagocytosis. However, these cells have been shown to engulf particles
up to 0.5 pm via pinocytosis [32,48,54,55].

Here, we used commercially available, pristine polymer micropar-
ticles (MP), made of PS, PE, PVC, and PLA, within a comparable size
range of 1 — 4 ym to study cellular responses. In addition, we used in-
house generated cellulose acetate (CA) microparticles as bio-based
controls. We assessed particle surface properties (using techniques
such as Scanning Electron Microscopy (SEM), {-potential, and Dynamic
Light Scattering (DLS) measurements), explored the formation of pro-
tein corona (analyzed through LC-MS/MS), and examined particle-cell
interactions (utilizing Confocal Laser Scanning Microscopy). These in-
vestigations aimed to pinpoint distinctive effects resulting from the
polymer type on particle-induced cellular responses. This was achieved
by employing complementary assays that scrutinized cytotoxicity,
metabolic activity, and oxidative stress.

2, Materials and methods
2.1. Materials

If not otherwise stated, Greiner Bio-One (Frickenhausen, Germany)
and Therme Fisher Scientific (Schwerte, Germany) were used as sup-
pliers for cell culture materials. Penicillin, streptomycin, Dulbecco’s
Phosphate-Buffered Saline without Ca®* and Mg®* (DPBS), DMEM nza
(Dulbecco’s Modified Eagle’s Medium; high glucose, 3.7 g/L. NaHCOs, L-
glutamine-free) and RPMI1640 (Roswell Park Memorial Institute) were
obtained from Lonza (Lonza Group Ltd, Basel, Switzerland). DMEM rcc
(high glucose, 1.5 g/L NaHCOg, 0.11 mM Na pyruvate, 4 mM L-gluta-
mine) was obtained from ATCC (ATCC LGC Standards GmbH, Wesel,
Germany). Modified Eagle Medium without phenol red (MEM) was
obtained from Thermo Fisher Scientific (Schwerte, Germany). Fetal calf
serum (FCS) was purchased from Sigma Aldrich (Taufkirchen,
Germary).

3-(4,5-dimethyl-2-thiazolyl)— 2,5-Diphenyl-2 H-tetrazolium bro-
mide (MTT), was obtained from Sigma Aldrich (Taufkirchen, Germany).
AlamarBlue (CellTiter-Blue Cell Viability Assay) was purchased from
Promega (Walldorf, Germany). For fluorescence staining of cells, Cell-
Tracker Red CMTPX Dye (Cat. # C34552) and Hoechst 33342 (Cat. # H-
3570) were obtained from Thermo Fisher Scientific (Schwerte,
Germary).

Dichloromethane (DCM) was obtained from Thermo Fisher Scientific
(Schwerte, Germany). Polyvinyl alcohol (PVA), and cellulose acetate
(CA) were obtained from Sigma Aldrich (Taufkirchen, Germany).

Non-functionalized (plain) non-fluorescent 2 pm polystyrene (PS)
particles (Cat. # 19814-15, 5.68 %107 particles/ml) were obtained
from Polysciences (Polysciences Europe GmbH, Eppenheim, Germany).
They were delivered as a sterile aqueous suspension with a concentra-
tion of 2.5% (w/v). According to the supplier, the plain particles havea
slight anionic charge due to residues of sulfate ester groups. Plain



6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

J. Jasinski et al.

polylactic acid (PLA) particles with a size of 2 ym (Cat. # 11-00-203,
2.4 x10% particles/mL) were obtained from Micromod (Micromod
Partikeltechnologie GmBH, Rostock, Germany). The PLA particles were
delivered as a sterile aqueous suspension with a concentration of 1% (w/
v). Plain polyethylene (low-density polyethylene, LDPE) particles with a
size of 1- 4 pm (Cat. # CPMS-0.96 1-4 ym - 0.2 g, size CV < 10%) were
purchased from Cospheric (Cospheric LLC, Santa Babara, CA, USA). The
LDPE particles were delivered as a powder (0.2 g) and were resuspended
in 3 mL of a sterile aqueous solution with 0.1% (w/v) Tween 20,
resulting in a 1.5% (w/v) PE suspension (5.4 x107 particles,/mL, based
on particle size analysis using a camsizer (Micromrac Retsch GmbH,
Haan, Germany)). Sterile plain polyvinylchloride (PVC) particles with a
size of 1.4 um (8.3 =107 particles/mL, size CV < 10%) were purchased
from Quantum Design (Quantum Design GmBH, Darmstadt, Germany).
All particles showed no autofluorescence in the excitation/emission
wavelength ranges of interest for the intended experiments. Before use,
MP stock sclutions were diluted to the desired concentration in the
respective growth media.

2.2. Production of cellulose acetate (CA) particles

To produce cellulose acetate (CA) microparticles, a pre-mix matrix
emulsification setup according to Sawalha et al,, 2008 was used [58]. As
introduced for PLA according to Sawalha et al, CA was dissclved in
dichloromethane (DCM) to gain a stock solution of 5% (w/w). PVA was
dissolved in MilliQ water (1% w/v) to prepare an aqueous stock solu-
tion. 11 mL of a non-solvent solution (comprising 8 mL 30% (w/w)
methanol-water and 3 mL of the 1% aqueous PVA solution) was pre-
pared. Then, 0.5 mL of the CA solution and 1.15 mL DCM were added to
the nen-selvent solution. The solution was stirred for 1 min in a closed
glass vessel (700 rpm). This pre-mix was passed approximately 10 times
through a sterile filter (Whatman® Puradisc 13, PFTE filter) witha 1 pm
pore size. The filter was exchanged after 3 filtrations. The resulting
suspension was left overnight under gentle stirring (70 rpm) to evapo-
rate the DCM. The microparticles were washed five times in MilliQ water
by centrifugation (17,000 g, 30 min, RT) and then stored in sterile MilliQ
water until further usage.

2.3. {-potential and DLS measurement

The C-potential and dynamic light scattering (DLS) measurements
were performed using the LiteSizer 500 (Anton Paar Germany GmbH,
Ostfildern-Scharnhausen, Germany) and Omega cuvettes (Anton Paar
Germany GmbH, Ostfildern-Scharnhausen, Germany). The particle sus-
pensions were diluted in 1 mL of a 1 mM aqueous KCl solution (pH 6.0)
yielding a concentration of 0.05 mg/mL particles and were measured
immediately. In some cases, 0.056 mg/mL of the particle suspensions
were incubated in 1 mL cell medium (DMEMarcc, containing 10% (v/v)
FCS) overnight at 37 °C. Thereafter, the particles were collected by
centrifugation (17,000 g for 30 min at room temperature (RT)) and
resuspended in 1 mL of the 1 mM KCl solution for measurement. Three
measurements with at least 100 runs each were performed at 21 °C with
an adjusted voltage of 200 V. The {-potential was calculated using the
Helmholtz-Smoluchowski equation [59]. The DLS measurements were
performed at 21 °C with at least 10 runs each using the backscatter angle
(175°).

2.4. Scanning electron microscopy (SEM) particle characterization

A 0.5 mg/mL pristine aqueous particle suspension was dried over-
night on a silicon wafer for particle characterization. The samples were
sputter-coated with platin and imaged using SEM (FEI Apreo Volume-
scope, Thermo Fisher Scientific, magnification 50,000x, 2 kV, Everhart-
Thornley detector).
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2.5. Sample preparation for analysis of the protein corona composition

To perform proteome analysis, pristine microplastic particles were
placed in a cell culture medium (DMEM) containing 10% (v/v) FCS and
incubated overnight at 37 °C in a standard cell culture incubator (5%
COy/ 95% humidity). The resulting samples were then processed for LC-
MS/MS analysis, using previously described methods [26,60]. Briefly,
the microplastic particles were centrifuged at 20,000 g for 30 min and
the supernatant was removed. The resulting pellet was resuspended in
2x Laemmli buffer (0.5 M tris—HCI, pH 6.8, 20% glyceral (v/v), 40 g/L
SDS, 10% 2-mercaptoethanol (V,/V), 0.002% bromophenol blue), briefly
vortexed, and incubated at 95 °C for 5 min. Samples were transferred to
denaturing polyacrylamide gradient gels (NuPAGE™ 4 to 12%, Bis-Tris,
Mini-Protein-Gel, Thermo Fisher Scientific, U.S.A), and run at 200 V for
5 min. The gels were stained overnight with ROTI Blue staining solution
(Roth, Germany), subsequently the protein-containing areas were cut
out and destained using acetonimile (ACN) diluted 1:1 with 50 mM
NH4HCO3. Before enzymatic digestion, proteins in the gel pieces were
reduced with 45 mM dithiothreitol (DTT) at 55 °C for 30 min and
alkylated with 100 mM iodoacetamide in the dark (2x for 15 min each at
room temperature). The gel pieces were then washed twice with 50 mM
ammonium bicarbonate for 15 min, and a sequential in-gel digestion
was performed. Starting with lysyl endopeptidase Lys-C (4 h, 37 °C, 70
ng, mass spectrometry grade, FUJIFILM Wako Pure Chemical Corpora-
tion, USA), followed by trypsin (37 °C, overnight incubation, 70 ng
modified porcine trypsin, sequencing grade, Promega, Germany) per gel
piece (ca. 0.5 x1.0 cm). Peptides were extracted using 70% ACN, their
supernatants were collected and dried with a vacuum centrifuge (vac-
uum concentrator, Bachofer, Germany).

2.6. LC-MS/MS analysis for determination of the protein corona
composition

The LC-MS/MS analysis was conducted using an Ultimate 3000 RSLC
(Thermo Fisher Scientific, U.S.A) connected to a Q Exactive HF-X mass
spectrometer (Thermo Scientific, U.S.A), following previously described
procedures [26]. In summary, the samples were dissolved in solvent A
(0.1% formic acid), loaded onto a trap column (PEP-Map100 C18, 75 um
x 2 em, 3 um particles, Thermo Fisher Scientific, U.S.A), and separated
using a reversed-phase column (PepMap RSLC C18, 75 ym x 50 cm, 2
pm particles, Therme Scientific, U.S.A) at a flow rate of 250 nL./min. A
30-minute gradient was applied from 3 to 25% solvent B (0.1% formic
acid in ACN), followed by a 5-min increase to 40% solvent B. Subse-
quently, a washing step with 85% solvent B was performed. For data
acquisition, a top-fifteen data-dependent method was used. The
following proteomic data process was applied: spectra were analyzed
using MASCOT V2.6.2 (Matrix Science Limited, UK), using a Bos taurus
subset of the Uniprot database [61]. Identified proteins were subse-
quently filtered for an FDR < 1%, a MASCOT score above 50, and a
minimum of 2 significant sequences. The resulting proteins were then
categorized based on their biological or molecular funetion aceording to
the UniProt database. The abundance of the categorized proteins was
determined by dividing the sum of the emPAI score of the specific
category by the sum of the emPAI scores of all found proteins for the
distinct polymer particle [62].

2.7. Cell culture

The hepatic macrophage cell line InKG (Kupffer cells, SCC119) was
obtained from Merck (Merck KGaA, Darmstadt, Deutschland) and was
cultivated in RPMI1640 supplemented with 2 mM glutamine. Murine
macrophages J774A.1 (from ascites, TIB-67), intestinal epithelial-like
cells STC — 1 (CRL-3254), and hepatic epithelial cells BNL CL.2 (TIB-
73) were obtained from the American Type Culture Collection (ATCC,
Manassas, USA). These cells were cultivated in DMEM (J774A.1 in
DMEM{onza, STC-1, and BNL CL.2 in DMEMarcc). For J774A.1 cells, the
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medium was additionally supplemented with 4 mM glutamine, 24 mM
HEPES, and 0.1 mM sodium pyruvate. All media were supplemented
with 10% (v/v) FCS and 100 U/mL penicillin/streptomycin, and are
referred to as “complete cell medium” throughout the manuscript. The
cells were cultivated in a standard cell culture incubator (5% CO»/ 95%
humidity) at 37 °C. For cell maintenance, all cell lines were passaged
three times a week. For detaching cells, either at 37 °C pre-warmed cizric
saline buffer (135 mM potassium chloride - 15 mM sedium citrate, 5-
and 10-min incubation at 37 °C for J774A.1 and ImKC, respectively) or
1x Trypsin/EDTA (for STC —1 and BNL CL.2) was used.

2.8. Scanning electron microscopy for particle-cell interaction

The analysis of particle-cell interaction using SEM was performed as
described previously [32,63]. In brief, 100,000 cells per slide were
seeded on @ 13 mm NuncTM Thermanox™ slides (Thermo Fisher Sci-
entific, Waltham, MA, USA) and were incubated overnight in complete
cell medium at cell culture conditions. Afterward, particle suspensions
were added to the cells, corresponding to 30 particles per cell. After an
additional 24 h incubation at cell culture conditions, the cells were fixed
using Karnovsky’s reagent (4% v/v formaldehyde, 5% v/v glutaralde-
hyde, 32 mMPBS, pH 7.4) for 1h at RT and afterward dehydrated using
an ethanaol series of 50%, 70%, 80% for 30 min, 90% and absolute
ethanol for 1 h. The overnight air-dried samples were then sputtered
with platin, and analyzed using SEM (FEI Apreo Volumescope, Thermo
Fisher Scientific, magnification 20,000x, 2 kV, Everhart-Thornley
detector).

2.9. Confocal laser scanning microscopy

Cells were seeded with 15,000 cells/well in Ibidi slides (u-Slide 8
Well, ibiTreat, ibidi GmBH, Grafelfing, Germany) and incubated for 5 h
at cell culture conditions. Afterward, polymer microparticles were
added (to a density of 10 particles/cell), and further incubation oceurred
overnight. For localization of non-fluorescent particles using confocal
laser scanning microscopy (CLSM), the cytoplasm of the cells was fluo-
rescence stained using a GellTracker (2 pM in serum-free cell culture
medium) for 30 min at 37 °C. In addition, nuclei were stained using
Hoechst 33342 (1.5 pg/mL in complete cell medium) for 10 min at
37 °C. After the incubation time, the staining solution was removed and
250 uL of fresh pre-warmed complete cell medium was added. The
analysis of the particle-cell interaction at living, non-fixed cells was
performed using CSLM with an environmental control chamber (TCS
SP8, 63x oil immersion objective, with 3x software zoom, laser: 408 nm,
and 552 nm, at 37 °C, 5% CO,, Leica Microsystems, Wetzlar, Germany).
Z-stacks were made with a step size of 0.33 pm.

2.10. Resazurin assay

The resazurin assay was performed as previously deseribed [32]. In
brief, the cells were seeded (15,000 cells for J774A.1, ImKC, and BNL
CL.2; 20,000 cells for STC-1, three technical replicates) in 48-well plates.
After 24 h of incubation, freshly prepared particle suspensions were
added (“reated” cells) to yield final concentrations of 20 particles/ cell.
As a control, cells were incubated without particles at otherwise iden-
tical conditions (“control” cells). After an additional 24 h of incubation,
the cell medium was removed, and 350 pL of a 10% (v/v in the
respective complete cell culture medium) AlamarBlue solution was
added. The samples were incubated for 2.5 h. To estimate the back-
ground fluorescence of the AlamarBlue solution (Fplank), three wells
without cells and particles (i.e, exclusively containing the AlamarBlue
solution) were incubated. After incubation, aliquots of the cell culture
medium (100 pL) were collected, and the resorufin fluorescence (Ex.
530 nm / Em. 600 nm) was analyzed using a plate reader (Mithras,
Berthold Technologies, Bad Wildbad, Germany). The remaining Ala-
marBlue solution was removed from the wells, and fresh cell culture
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medium was added. After two, four, and six additienal cultivation days,
the assay was repeated as described. For the analysis, the mean value of
the AlamarBlue control (Fpiank) Was subtracted from each value of the
same well plate. The conversion of AlamarBlue of each day (day n) was
determined using Eq. (1),

_ (Feompie 1 — Foppe  dit)

69
(Fuomror 7 — Fupud7)

AlamarBlue  conversiongy

n

With Feample being the fluorescence of the sample (either Fiegted 07
Feontrol) Folank being the fluorescence of the AlamarBlue contrel without
cells, dn being the incubation of the distinct days (1, 3, 5, and 7 days).
Based on these values, the mean value and standard deviation were
calculated from three replicates.

2.11. Live/dead staining

To observe potential cytotoxic effects, live/dead staining was per-
formed. Here, the cells were seeded in 48 well plates (50,000 cells/well).
The samples were incubated for 24 h under cell culture conditions
before adding the particles (at a particle concentration of 30 particles/
cell). Cells in the absence of particles acted as a control. After overnight
incubation, the cells were washed twice with 1x DPBS and were stained
afterward with calcein-AM (live, 2 uM) and ethidium-homodimer (dead,
4 uM) for 30 min at RT. After washing with 1x DPBS, the samples were
analyzed using fluorescence microscopy.

212, MTT assay

The influence of MP on the metabolic activity of the cells was
analyzed using an MTT assay. This tetrazolium salt-based cell assay isa
well-established method for the toxicological assessment of PS micro-
particles [64-66]. The experiments were performed as previously
described [32]. Briefly, cells were seeded at 10,000 cells/well in 96-well
plates (100 pL medium per well), For STC-1 cells, the seeding cell den-
sity was increased to 25,000 per well to accommodate for the slower
growth rate and metabolism. After 24 h of incubatien, the medium was
aspirated, and 100 UL of the freshly prepared particle suspension was
added. The desired particle concentrations were prepared by diluting
the particle stock solution with the respective growth medium (1:100 —
1:10000). The cells were then incubated for another 24 h. After the in-
cubation with MP, the medium was aspirated, cells were then washed
with DPBS, and 50 pL freshly prepared MTT reagent (1 mg/mL MTT in
MEM) was added to each well. After 2 h incubation, the supernatant was
removed, and 100 L of isopropanol were added per well to dissolve the
produced formazan crystals. After 5 min of shaking at 600 rpm, the
absorbance at 570 nm (reference wavelength 650 nm) was measured
using a TECAN GENios Pro platereader (Tecan Austria GmbH, Groding).
Cells incubated without particles or with 0.3% Triten X-100 in the
respective cell culture medium, at otherwise identical conditions, were
used as negative and positive controls, respectively.

 ABST T Ouanpis

- 160
ABSS 0

metabolic activity [%) 2
With Abssyo sample being the mean value of the measured absorption
of the test sample, and Abssyo plank being the mean value of the measured

absorptien of the negative control.

2.13. Reactive Oxygen species

Reactive oxygen species (ROS) were measured with the membrane-
permeable but non-fluorescent dye 2,7-dichloroftucrescein diacetate
(DCFDA). DCFDA is oxidated inside the cells by ROS to the fluorescent
2, 7-dichlorofluorescein (DCF). The fluorescence intensity can be
correlated to the amount of ROS inside the cells. Briefly, 150,000 cells
per well were seeded in a 12-well plate in 1 mL growth medium and
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incubated for 24 h (37 °C, 5% CO,, 95% humidity). Afterwards, freshly
prepared particle suspensions in complete growth medium were added
using the respective concentration. 50 M Antimycin A (5 1M for STC-1)
was added in the case of the positive control. After 60 min, 37.5 pM
DCFDA (5 uM for STC-1), was added per well, and the cells were incu-
bated for another 24 h. For $TC-1, the Antimycin A and DCFDA con-
centration was lower, since the pre-test showed a reduction in viability
athigher concentrations. Cells were then collected, washed in DPBS, and
measured using flow cytometry at 525 nm (Cytomics FC500, Beckman
Coulter, Krefeld, Germany). The ROS amount was calculated according
to Eq. (3).

= M eamgie 110 (&)

ROS  amount  [%] AFT
vo

With MFIample being the mean fluorescence intensity of the green
fluorescence of the test sample, MFIyc being the mean fluoreseence in-
tensity of the green fluorescence of the negative control (ie., cells
incubated without MP).

2.14. Statistical analysis

Statistical analysis was performed using Origin software 2019b
(Origin, Northampton, MA, USA). All data were tested referring to the
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homogeneity of variances (Levene test). To investigate differences in the
size and the proliferation results, a one-way ANOVA with a Tukey post
hoc test was used.

3. Results
3.1. Particle properties differ based on the underlying polymer material

Since particle characteristics like surface chemistry, surface charge,
or particle size are known to be important for their uptake by cells [45,
47-49,561-53], the properties of the used particles were analyzed
regarding their surface meorphology (scanning electron microscopy
(SEM)), size (dynamic light scattering (DLS)), and charge (£-potential)
(Fig. 1). CA, PE, and PLA showed a more irregular and rough-leoking
sirface morphology compared to PS and PVC particles. Both,
biological-derived and potentially biodegradable synthetic polymer
types (PLA and CA) further showed a larger size distribution (Fig. 1 A).
MNevertheless, all particle diameters were below 3 pm (between 1 -
2.5 ym) according to DLS measwrements (Fig. 1 B) and, therefore, in a
size range suitable for cellular particle ingestion [32,56,57]. DLS data
showed a non-significant trend for particle aggregation after incubation
in cell culture medium supplemented with 10% fetal calf serum (FCS),
more or less pronounced depending on the polymer type (Fig. 1 B). The

PVC

Z

{-potential [mV]

Q“’&Q"&‘\\ &Q\,‘?*é@cj“&

<(,/ & / (%4 p
< Q QY oF &

Fig. 1. Particle characterization using scanning electron microscopy (SEM, A; pristine particles), dynamic light scattering (DLS, B; grey: petroleum-based micro-
particles, green: bio-based microparticles), and ¢-potential (C) measurements. DLS and ¢-potentials were measured directly or after incubation in cell culture medium
(“cem™) in 1 mM KCL DLS and ¢-potential. Data represent mean + SD, n 3. *  p < 0.05, Scale bar (SEM): 2 pm.
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{-potential of the MP differed widely in 1 mM KCl (i.e., PS = PE = PVC >
CA > PLA). After incubation in cell culture medium (cem), the C-po-
tential of all MPs aligned around — 25 mV (Fig. 1 C), except for CA
particles showing a significantly lower {-potential of about — 7 mV. In
detail, after cem treatment, the {-potential decreased by approximately
1.5-fold for PE, PVC, and CA and 3.2-fold for PS. In contrast, for PLA, it
inereased by 7.3-fold. This observed trend in the {-potential arises from
the interaction invelving a comparable composition of serum proteins
binding to the surface of the particles [32,60,67]. In most cases (except
for CA), thematerial type does not play an important role in terms of MP
surface charge after incubation in cell culture medium.

LC-MS/MS was subsequently used to identify the serum proteins
from the medium bound on the particles’ surface [60] (Table 1, Fig. 2).
For all polymer microparticles, BSA was the most abundant protein in
the protein corona according to the emPAI score [68], and only few
differences were seen when looking at the next four most abundant
proteins (Table 1).

To compare the proteins in the protein corona, they were classified
according to the biological process they are involved in or their mo-
lecular function. Here, significant differences were identified (Fig. 2).

The protein corona covering PE and PS microparticles showed a
similar protein composition regarding proteins that are involved in ox-
ygen wansport (PE: 22%, PS: 20%), cell adhesion or cellular mobility (PE
and PS: 8%), but differed in the abundance of wansporter proteins,
which are more often found in the corona of PE (41%, PS: 279%), and
uncharacterized proteins, which are more abundant in the corona of PS
particles (11%, PE: 2%). Noteworthy, proteins involved in the immune
system and the activation of the immune response were mainly found in
the corona of PS particles (15%, PE: 8%, PVC: 10%, PLA: 6%), whereas
the corona of CA microparticles showed the lowest amount of these
proteins in the protein corona (5%). In contrast, the corona of CA par-
ticles revealed the highest abundance of jon and metal transporter
proteins (39%). PVC and PLA particle coronae showed a high abundance
of proteins involved in cellular adhesion and cellular maobility (18% and
16%, respectively). In consequence, whereas the {-potential analysis
displayed similar values for almost all materials (except CA) after in-
cubation in ccm, the composition of the protein corona apparently de-
pends on the underlying polymer material and, hence, can influence the
way MPs interact with cells.

3.2. Differential analysis of particle uptake as a function of polymer type
and cell line

To investigate the polymer-dependent particle-cell interactions, an
analysis of the qualitative cellular uptake was done as previously
described for comparable PS particles [32] for chosen four murine cell
lines (macrophages (J774A.1 and ImKC) and epithelial cells (STC-1 and
BNL CL.2}). The qualitative uptake analysis was done as previously
described for comparable PS particles. The MP ingestion was analyzed
using scanning electron microscopy (SEM, Fig. 3) and confocal laser
scanning microscopy (CLSM, Fig. 4). PS particles were additionally used
for comparison.

Both macrophage cell lines tock up PS particles (Figs. 3, 4),

Table 1
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100 4

Abundance [%)]

0 T
PE

PS PVC PLA CA

Fig. 2. Classification of identified proteins after quantitative analysis of the
protein corona composition after incubation in cell culture medium using LC-
MS/MS. The proteins were categorized according to the biological process

they are involved in or their molecular function, namely __| oxygen tansport,
cell adhesion/ cytoskeleton/ cell mobility, immunity/ immune sys-
tem, 8H ion or metal ransport, [ ] lipid transport/ lipid metabolism, [l
protease/ hydrolase/ peroxidase, [li] protein trans-
port, - transport proteins (vitamins, hormones) and [l other.

protease inhibitor,

consistent with previously published data, where PS particles with a
diameter < 10 pm were ingested by macrophage cell lines [32,55-57].
Additionally, macrophage cell lines (J774A.1 and ImkC, Fig. 3) ingested
PLA particles. In case of polymer particles made of CA, PE, and PVC, the
ingestion by macrophages (J774A.1 and ImKC) could only be indicated
using SEM (Fig. 3). CLSM analysis was performed to confirm MP
engulfment, i.e, by getting a virtual cross-section through the cells by
fluorescent staining the cytoplasm and nuclei (Fig. 4). With this method,
MP ingestion could be verified for all MP types, and the ingested par-
ticles could be identified as grey and white spots in the red-stained
cytoplasm (Fig. 4, white arrows). Multiple CA particles were detected
near macrophage cells, suggesting that their ingestion was compara-
tively less effective or preferred when compared to the other types of
microplastic particles analyzed.

Hepatic epithelial cells (BNL CL.2) ingested PS particles (Fig. 3), as
reported previously [ 32]. Using CLSM, the ingestion of CA particles was
also aobserved (Fig. 4), butnot the uptake of other MP (PE, PLA, PVC). In
case of intestinal epithelial cells (STC-1), no particle ingestion was
observed at all using SEM (Fig. 3) and CLSM (Fig. 4). Nevertheless,
particle-cell interactions could be seen for all MP types, whereby the
interaction with CA particles was less frequent than for the other MPs
(Fig. 4). The lack of microparticle ingestion in STC-1 cells coincides with
the lack of appropriate uptake mechanisms for macrometer-sized ma-
terial, like phagocytosis or macropinocytosis as previously reported [32,
69,70].

Quantitative analysis of the protein corona composition after incubation in cell culture medium using LC-IMS/MS. Listing of the five most abundant proteins found in
the protein corona for each polymer type. The complete list can be found in Table S1. The emPAI value, given in brackets, allows estimation of the protein abundance.

PE PS PVC PLA CA

BSA (13.12) BSA (7.32) BSA (3.18) BSA (2.38) BSA (1.88)

Hemoglobin fetal subunit p Hemoglobin fetal subunit p Hemoglobin fetal subunit p (1.51) Hemogl obin fetal subunit p Apolipoprotein A-I (1.68)
9.02) (5.32) (1.51)

Apolipoprotein A-1(3.97) Globin Al (2.99)
(1.28)
Serotransferrin (3.33) Hemoglobin p (2.17)

Globin C1 (2.35) «-2-HS-glycoprotein (1.61)

Keratin, type I cytoskeetal 14
Globin C1 (1.07)

Serotransferrin (1.03)

Uncharacterized protein (1.20) Serotransfertin (1.13)
Globin C1

(1.07)

o-2-HS-glycoprotein (0.95)

Hemogl obin fetal subunit p
(1.00)
Globin C1 {0.62)
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Hepatic macrophages Intestinal epithelial Hepatic epithelial
(ImKC) cells (STC-1) cells (BNL CL.2)

Macrophages (J774A.1)

PE

PS

PVC

PLA

CA

Fig. 3. Particle uptake by macrophages (J774A.1 and ImKC) and epithelial cells (intestinal: STC-1 and hepatic: BNL CL.2) analyzed using scanning electron mi-
croscopy (SEM). White arrows point to pelymer particles as an example. For each polymer particle type, 30 particles per cell were added. Scale bars: 5 um.

3.3. Influence of polymer particles on cellular reactions 809%). However, no general clear trend could be identified regarding cell
line or polymer type-specific cellular stress response. For example, BNL
Putative cellular effects caused by the interaction with MP were CL.2 cells did not show a decreased metabolic activity at the highest

analyzed using live/dead staining, as well as the resazurin, MTT, and concentration of PVC particles, whereas this was the case in the other
ROS assays. This allowed us to identify different noxic effects such as cell lines, The observed decrease in metabolic activity was minor and
immediate toxicity (live/dead staining), the effect on the proliferative specifically evident only at the highest particle concentration. This
capacity of the cells (resazurin assay), the effect of MP on metabolic might be indicative of mechanical stress on the cells, likely resulting
activity (MTT assay), and the impact on the amount of intracellular from an excess of particles within the system.

reactive oxygen species (ROS assay). For all MP types, no cytotoxicity In the case of macrophage cell lines (J774A.1 and ImKC), incubation
was observed using live/dead staining (Fig. 52), and the resazurin assay with PLA particles led to a noteworthy elevation in ROS levels (Fig. 5).
(Fig. S3). The MTT assay revealed a marginal reduction in metabelic This increase in ROS levels was not apparent in epithelial cells, possibly

activity following PVC incubation at the highest concentration (100 MP/ due to the absence of particle ingestion by these cells. Moreover, the
cell) for J774A.1, ImKC, and STC-1 cells, as opposed to the metabolic augmented ROS levels were more pronounced at higher particle con-

activity observed with PS or the control group without particles centrations compared to lower ones, suggesting a cellular response
(referred to as "mock™ (Table S2). ImKC cells showed additionally linked to the ingestion of particles. Noteworthy, an incubation with CA
slightly reduced metabolic activity for PE particles at the highest con- particles showed a statistically significant increase in the amount of ROS
centration. For PLA particles, a slighty reduced metabolic activity was in all eell lines at higher particle concentrations. In this context, the
detected in BNL CL.2 cells at the highest particle concentration. Overall, lowest increase was observed for STC-1 epithelial cells and the highest

MTT results also indicate low toxicity (metabolic activity always = for J774A.1 macrophage cells. This again correlates with the ingestion

163



6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

J. Jasinski et al. Journal of Hazardous Materials 465 (2024) 133280

J774A.1 BNL CL.2

Fig. 4. Particle ingestion analysis in macrophage (J774A.1, ImKC) and epithelial cells (STC-1, BNL CL.2) using confocal laser scanning microscopy (CLSM). 10 non-
fluorescent particles per cell were added. The cytoplasm (CellTracker, red) and nuclei (Hoechst, blue) were fluorescently stained. White arrows show exemplary
microparticles. Scale bars: 10 um. The corresponding fluorescence images (without brightfield) are shown in Fig. S1.
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Fig. 5. ROS assays for all cell lines incubated with different polymer microparticles, ROS of the whole cell population was induced with two different particle

concentrations (striped bars: low concentration, filled bars: high concentration).
p < 0.05, Data for PS particles are taken from [32].

represent mean = SD, n 3. *
rate of the CA particles.

Mo cell line showed a significant change in ROS amount upon the
incubation with PS and PVC particles. In case of PE particle incubation,
all cell lines showed a higher ROS amount at higher particle concen-
trations compared to low concentrations.

4, Discussion

This work analyzed the uptake and cytotoxic effects of pristine mi-
croparticles from synthetic polymers (PS, PE, PVC) and polymers
derived from biclogical sources (PLA and CA) with a narrow size range
between 1 - 4 pm. The investigated polymer microparticles showed
polymer-specific particle properties and cellular interaction, as well as
distinet cellular effects (Fig. ©).

The ¢-potential of the pristine particles varied between — 77 mV (PS)
and — 3 mV (PLA). The variation was toned down after the incubation in
serum-containing medium. While the -potential after incubation in cell
culture medium and the ingestion rate were indistinguishable for most
particles, CA showed lower values in both. Both parameters, the {-po-
tential, and the ingestion rate are highly coherent, explaining this
observation. The £-potential influences the particle-cell interaction, and,
therefore, enhances the ingestion by cells [47,63]. The surface charge
further influences the protein corona formation, which is expected to
have an additional influence on particle-cell interactions [47,50,63,71].
The formation of a protein corona on the surface of particles is primarily
governed by the interplay of protein-particle interactions and
protein-protein interactions [50,72,73]. Several factors influence this
process, including the individual protein’s abundance in the surround-
ing medium (meaning that highly abundant proteins tend to be more

100% ROS amount is depicted from a negative control without particles. Data

prevalent in the protein corona), the secondary soucture of the proteins,
and the hydrophobicity of the polymer particles [50,72,73]. It is
important to note that since all polymer particles were exposed to the
same cell culture medium (i.e., same protein cocktails), any discrep-
ancies in the composition of the protein corona are predominantly
driven by the varying hydrophobic nature of the polymer particles,
which, in turn, impacts the proteins’ affinity for binding to the particle’s
surface. In this context, few immune proteins were found in the CA
protein corena. In contrast, PS showed a high abundance of immune
system-related proteins, correlating with the high number of immuno-
globulins in the serum (the cell culture medium contained 10% (v/v)
fetal calf serum). The protein composition could influence particle
ingestion, as macrophages are recognized for their phagocytic capabil-
ities, a process governed by receptor-mediated endocytosis mechanisms
[32,56,57]. Proteins like fetuin or complement ¢3, i.e. opsonins, which
were found in the protein coronae, interact with cell membrane re-
ceptors and initiate phagocytosis in macrophages [74-76]. As a result,
polymer particles with elevated levels of opsonin proteins within the
protein corona, such as PS, PE, and PVC, may exhibit greater recognition
and ease of internalization compared to polymer particles with fewer
opsonin proteins, as seen with CA. Furthermore, polymer-specific sur-
face groups can interact uniquely with the cellular membrane. Recently,
Kuroiwa et al. showed an aromatic-aromatic interaction between a
macrophage receptor (TIM-4) and the aromatic side chain of polystyrene
particles [77].

Regarding the particle toxicity, no acute cytotoxic effects were
observed at the concentrations employed for any of the tested particles.
Nevertheless, distinet cellular reactions were found when analyzing the
ROS amount. This corroborates previously published results, where no
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PVC
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Fig. 6. Overview of particle properties, ingestion behavior (A), and cellular response (B) of all polymer particles. A: Particle properties: monodispersity based on SEM
images, surface morphology (“Morphology, prominent surface morphology, based on SEM images), {-potential in cell culture medium (*¢-potential” in the same
range as for the other MPs). Uptake in macrophages and epithelial cells: ingestion based on SEM and CLSM. B: Heat maps for the three different used cytotoxicity

assays (Resazurin day 7, MTT, and ROS: highest used concentrations).

immediate cytotoxicity and low changes in the metabolic activity were
found, but significant effects regarding the intracellular ROS or cytokine
production [32,34]. However, all of these increases were solely evident
at the highest particle concentration employed. Notably, the most sub-
stantial rise in ROS levels was elicited by both bio-based particles
(CA4 5 ym PLA» y). These ROS levels (380% at J774A.1% and 250% at
ImKC) are of some concern and must be addressed in further studies.
This contradicts the common use of biopolymers as antioxidant coating
agents in applications like food packaging or medical implants [78].
However, since the biopolymers are often used as coating agents rather
than in particulate form in these applications, the observed differences
could be due to this difference in the polymers® shape. For CA particles,
the SEM images showed a less monodisperse particle size distribution,
and it should be kept in mind, that the combination of micro- and
nanoparticles already showed a higher toxicity in mice than the usage of
homogeneous particle sizes, which could additionally influence the
cytotoxicity of CA particles [79]. Additionally, the potential impact of
biclogical and intracellular degradation should be considered when
working with biopolymers, even though the incubation period (24 h) in
the utilized setup was relatively short. [80,81]. For PE particles, a low
cellular response was found in all cell lines using the ROS assay, in
accordance with the fact that these particles were not ingested by all
cells. On the other hand, the tendency of PE particles to aggregate
(Fig. 3) could induce mechanical stress on the cells. Such aggregation
behavior was already previously described for PE, and cellular effects
like increased cytokine release were observed [40,82].

Taken all the results together, we were able to show that micropar-
tieles made of PE, PS, PVC, PLA, and CA, differ in their pristine particle
properties, where especially the respective particle surface, ie the
{-potential and the resulting protein corona composition, proved to be

10
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highly relevant for particle-cell interaction. However, no induced
cellular toxicity could be observed at environmentally relevant particle
concentrations. Naturally, these model particles do not reflect a picture
of effects that might occur within a natural environment, where particles
will be weathered, contain additives, or have an eco-corona [34,82,83].
Different polymers will not only be covered by unique protein coronae
(as shown above) but will also be differently influenced by weathering.
It is therefore highly recommended that more studies with different
polymer types than PS are conducted to unravel their distinet cellular
responses.
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Environmental Implication

Our study contributes to a better understanding of microplastics

toxicology, which appears to be dependent on cell type . This informa-
tion is essential, as sound knowledge on the characteristics driving
microplastic toxicity on organisms may explain the often contradictory
results observed in effect studies on microplastics and will help to
advance risk assessment for microplastic particles.
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Supplementary data associated with this article can be found in the

online version at doi:10.1016/j.jhazmat.2023.133280,
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Table S1. Complete list of identified proteins in the corona using LC-MS/MS. Pristine polymer particles were incubated in the
serum-containing cell culture medium. The emPAl value, which allows the estimation of protein abundance, is given in

brackets.

PS
BSA (7.32)

Hemoglobin fetal
subunit B (5.32)
Globin Al (2.99)

Hemoglobin B (2.17)

a-2-HS-glycoprotein
(1.61)
Serotransferrin (1.45)

Pancreatic
adenocarcinoma
upresulated factor-
like (1.38)
Apolipoprotein A-l
(1.37)

Uncharacterized
protein OS=Bos
taurus OX=9913 PE=4
Sv=1(1.18)

Actin, cytoplasmic 1
(1.04)

Peptidoglycan
recognition protein 1
{1.00)

Tetranectin (0.93)

a -1l-antiproteinase
(0.91)

PE
BSA (13.12)

Hemoglobin fetal
subunit B {9.02)
Apolipoprotein A-l
(3.97)
Serotransferrin (3.33)
Glabin €1 (2.35)
Globin Al (2.17)

o -2-HS-glycoprotein

(2.16)

Actin, cytoplasmic 1
(1.67)

o -1-antiproteinase
(1.64)
Hemoglobin B (1.51)

Vitamin D-binding
protein (1.44)

Tetranectin (1.27)

B -2-glycoprotein 1
(1.14)

PVC
BSA (3.18)
Hemoglobin fetal
subunit B (1.51)

Keratin, type |
cytoskeletal 14 (1.28)

Globin €1 (1.07)
Serotransferrin (1.03)

a -2-HS-glycoprotein
(0.95)
Actin, cytoplasmic 1
{0.71)

Uncharacterized
protein OS=Bos
taurus OX=9913 PE=4
Sv=1 (0.68)

a -l-antiproteinase
(0.63)

Keratin 1 (0.61)

o -fetoprotein (0.54)
Apolipoprotein E
(0.49)

Apolipoprotein A-l
(0.45)
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PLA
BSA (2.38)

Hemoglobin fetal
subunit B (1.51)
Uncharacterized
protein OS=Bos
taurus OX=9913 PE=4
Sv=1 (1.20)

Globin €1 (1.07)

a -2-HS-glycoprotein
(0.95)
Apolipoprotein A-l
(0.85)

Keratin 3 (0.80)

Actin, cytoplasmic 1
(0.71)

Serotransferrin (0.60)

a -l-antiproteinase
(0.50)

14-3-3 protein sigma
(0.49)

Keratin 77 (0.43)

a -fetoprotein (0.38)

CA
BSA (1.88)

Apolipoprotein A-l
(1.68)
Serotransferrin (1.13)

Hemoglobin fetal
subunit B (1.00)
Globin €1 (0.62)

o -2-HS-glycoprotein
(0.61)
Actin, cytoplasmic 1
(0.43)

a -2-macroglobulin
variant 4 (0.42)

o -2-macroglobulin
variant 20 (0.41)

o -1-antiproteinase
(0.38)
Immunoglobulin light
chain, A gene cluster
(0.35)

a -2-macroglobulin
(0.34)

o -fetoprotein (0.31)
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Cathelicidin 6 (0.85)
Cathelicidin-7 (0.79)
Transthyretin (0.74)

Plasminogen (0.69)

Apolipoprotein E
(0.65)

Prothrombin (0.60)

Insulin-like growth
factor-binding
protein 2 {0.60)

Complement
component 3 (0.59)
Immunoglobulin light
chain, A gene cluster
{0.57)
Uncharacterized
protein OS=Bos
taurus OX=9913 PE=1
SV=1 (0.55)

o -fetoprotein (0.54)

Lactotransferrin
(0.53)

Vitronectin (0.51)

Complement factor B
(0.51)

Vitamin D-binding
protein (0.50)

Retinol-binding
protein 4 (0.47)

o -2-macroglobulin
variant 20 (0.46)

Uncharacterized
protein OS=Bos
taurus OX=9913
GN=C4A PE=1 SV=3
(0.45)

Inter- a -trypsin
inhibitor heavy chain
HZ (0.42)

o -2-antiplasmin
(0.41)

o -2-macroglobulin
(0.40)

o -2-macroglobulin
variant 23 (1.10)
Serpin A3-2 (1.08)

o -fetoprotein (1.02)
o -2-macroglobulin
(0.92)

o -2-macroglobulin
variant 4 (0.85)

Keratin 3 (0.80)

Complement
component 3 (0.79)

Angiotensinogen
(0.79)

o -1-acid
glycoprotein (0.67)

Serpin A3-3 (0.63)

Kininogen-1 (0.62)

o -2-antiplasmin
(0.62)

Annexin A2 (0.62)
Kininogen-2 (0.54)

Adiponectin D (0.53)

o -1B-glycoprotein
(0.52)

Uncharacterized
protein OS=Bos
taurus OX=9913
GN=CALM2Z PE=3
Sv=1(0.52)
Complement factor B
(0.51)

KRT4 protein (0.47)

Retinol-binding
protein 4 (0.47)

Protein AMBP (0.45)

Complement
component 3 (0.44)
Tetranectin (0.39)

Pigment epithelium-
derived factor (0.38)
a -2-macroglobulin
variant 20 (0.36)

Immunoglobulin light
chain, A gene cluster
(0.35)

Vitamin D-binding
protein (0.32)

a -2-antiplasmin
{0.32)

a -2-macroglobulin
(0.31)

Inter- a -trypsin
inhibitor heavy chain
H2 (0.31)

a -2-macroglobulin
variant 4 (0.30)

Fetuin-B (0.30)

Apolipoprotein A-IV
(0.30)

Complement factor |
(0.25)
Apolipoprotein B
(0.24)

Hemopexin (0.24)

Inter- a -trypsin
inhibitor heavy chain
H4(0.21)

Fibrinogen B chain
(0.21)

Annexin AZ (0.21)

Leucine-rich a -2-
glycoprotein 1 (0.21)

Fructose-
bisphosphate
aldolase (0.21)

a -1B-glycoprotein
(0.20)
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Plasminogen (0.38)

a -Z-macroglobulin
variant 20 (0.36)

a -2-antiplasmin
(0.32)

Inter- a -trypsin
inhibitor heavy chain
H2 (0.31)

Vitamin D-binding
protein (0.31)

Fibrinogen B chain
(0.30)
a -2-macroglobulin
(0.28)

Hemopexin (0.24)

Complement
component 3 (0.22)

Apolipoprotein E
(0.22)

Antithrambin-IIl
(0.22)

Inter- a -trypsin
inhibitor heavy chain
H4 (0.21)

Junction plakoglobin
(0.20)

a -1B-glycoprotein
(0.20)

Fetuin-B (0.19)

Complement factor |
(0.18)

Plakophilin-1 {0.15)

Vinculin (0.15)

Complement factor H
(0.14)

Desmoplakin (0.13)

Uncharacterized
protein OS=Bos

Vitamin D-binding
protein (0.31)
Fetuin-B (0.30)

Complement
component 3 (0.22)
Uncharacterized
protein OS=Bos
taurus 0X=9913 PE=1
Sv=1(0.20)

Pigment epithelium-
derived factor (0.18)

Plasminogen (0.17)

Isacitrate
dehydrogenase
[NADP],
mitochondrial (0.16)
Angiotensinogen
(0.16)

Serpin A3-1(0.15)

ATP synthase subunit
B (0.13)

ATP synthase subunit
o, mitochondrial
(0.13)
Uncharacterized
protein OS=Bos
taurus 0X=9913
GN=LOC107131209
PE=4 SV=3 (0.10}
Gelsalin (0.09)

Apolipoprotein B
(0.08)

Inter- a -trypsin
inhibitor heavy chain
H2 (0.08)

Inter- a -trypsin
inhibitor heavy chain
(0.08)
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Uncharacterized
protein OS=Bos
taurus OX=9913 PE=4
SV=1(0.38)

LOC790886 protein
(0.38)

Fibrinogen B chain
(0.38)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC107131209
PE=4 SV=3 (0.37)
Uncharacterized
protein OS=Bos
taurus OX=9913 PE=1
SV=1(0.36)

L-lactate
dehydrogenase
(0.36)
Immunoglobulin light
chain, A gene cluster
(0.35)

Leucine-rich a -2-
glycoprotein 1 (0.34)
B -2-glycoprotein 1
(0.33)

Four and a half LIM
domains 1(0.33)
Complement factor |
(0.33)

Uncharacterized
protein O5=Bos
taurus OX=9913 PE=1
Sv=3(0.32)
Glyceraldehyde-3-
phosphate
dehydrogenase
(0.32)

Kininogen-1 (0.31)

Fructose-
bisphosphate
aldolase (0.31)

a -2-macroglobulin
variant 4 (0.30)
Pigment epithelium-
derived factor (0.28)

Uncharacterized
protein 0O5=Bos
taurus OX=9913
GN=LOC5253847 PE=1
SV=1(0.27)

Transthyretin (0.45)

Serpin family G
member 1 (0.44)
Plasminogen (0.44)

Prothrombin (0.44)

Uncharacterized
protein OS=Bos
taurus OX=9913 PE=1
Sv=1 (0.44)
Hemopexin (0.43)

RAB1A, member RAS
oncogene family
(0.40)

Pantetheinase (0.39)

Antithrombin-Il|
(0.39)
Peroxiredoxin-1
(0.39)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC784932 PE=1
Sv=1 (0.38)

Serpin A3-7 (0.38)

Immunoglobulin light
chain, k gene cluster
(0.35)

Apolipoprotein B
{0.33)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=C4A PE=1 SV=3
(0.31)

SERPIND1 protein
{0.31)

Heat shock cognate
71 kDa protein (0.30)

Gelsolin (0.28)

Uncharacterized
protein OS=Bos
taurus OX=9913
GN=C4A PE=1 5V=3
{0.19)

Kininogen-1 (0.18)

Kininogen-2 (0.18)

Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC784932 PE=1
Sv=1(0.17)
Prothrombin (0.17)

Fibulin-1{0.16)

Angiotensinogen
(0.16)

Complement factor B
{0.15)

Complement
component C3 (0.14)
Pyruvate kinase
(Fragment) (0.13)
Plasminogen (0.13)

Afamin (0.11)

Periostin (0.09)

Gelsolin (0.09)

Inter- a -trypsin
inhibitor heavy chain
H1(0.08)

Complement factor H
{0.08)

Inter- a -trypsin
inhibitor heavy chain
H3 (0.08)
Desmaplakin (0.05)
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taurus OX=9913
GN=C4A PE=1 5V=3
(0.12)

Afamin (0.11)

Kininogen-2 (0.11)

Apolipoprotein B
(0.10)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC506828 PE=4
sv=1 (0.10)
Complement factor B
(0.10)

Inter- a -trypsin
inhibitor heavy chain
H1 (0.08)
Desmoglein-1 (0.07)
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Insulin-like growth
factor-binding
protein 5 (0.27)
Apolipoprotein B
{0.26)

Serpin family G
member 1 (0.24)
Hemopexin (0.24)

Angiotensinogen
(0.24)
Gelsolin (0.23)

Kinesin family
member 12 (0.22)
Complement
component C9(0.21)

Fructose-
bisphosphate
aldolase (0.21)
Histidine-rich
glycoprotein (0.20)

o -1B-glycoprotein
{0.20)

Pyruvate kinase
(Fragment) (0.20)
Complement factor
properdin (0.19)
Apolipoprotein AHY
{0.19)
Hyaluranan-binding
protein 2 (0.19)
Periostin (0.18)

Thyroxine-binding
globulin (0.18)
Complement factor H
0.17)

Complement
component C7 (0.17)

Fibrinogen y-B chain
(0.17)

Serpin A3-7 (0.17)

Inter- o -trypsin
inhibitor heavy chain
H3 (0.16)

Fibulin-1 (0.16)

Serpin A3-7 (0.27) Talin 1 (0.03)

Inter- a -trypsin
inhibitor heavy chain
H2 (0.27)

Heat shock 70 kDa
protein 1A (0.24)
Afamin (0.24)

Lymphocyte cytosolic
protein 1 (0.24)
Glyceraldehyde-3-
phosphate
dehydrogenase
(0.23)

Vitronectin (0.23)

Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC506828 PE=4
Sv=1(0.22)
Apolipoprotein E
(0.22)

Inter- a -trypsin
inhibitor heavy chain
H4 (0.21)
Complement
component C9 (0.21)
Leucine-rich o -2-
glycoprotein 1 (0.21)
Fetuin-B (0.19)

Elongation factor 1- a
{0.17)

Fibrinogen y-B chain
(0.17)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC525947 PE=1
Sv=1(0.15)

Vinculin (0.15)

Fibrinogen B chain
(0.14)

Inter- a -trypsin
inhibitor heavy chain
H1({0.12)

Inter- a -trypsin
inhibitor heavy chain
H3(0.12)

Insulin-like growth
factor binding
protein, acid labile
subunit (0.12)
Plasma kallikrein
(0.11)

Complement
component 5 (0.10)
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Inter- o -trypsin
inhibitor heavy chain
H4 (0.16)

Vitamin K-
dependent protein C
{0.16)

Vinculin (0.15)

Cartilage oligomeric
matrix protein (0.14)
Coagulation factor vV
(0.13)

Complement
component 5 (0.13)
Kininogen-2 (0.11)

Thrombospondin-4
{0.11)
Afamin (0.11)

Hepatocyte growth
factor-like protein
{0.10)

Sulfhydryl oxidase
{0.09)
Collagentype Via 3
chain {0.08)
Fibronectin (0.08)

Inter- o -trypsin
inhibitor heavy chain
H1 (0.08)

Collagen type XVIIl o
1 chain {0.08)
Phosphatidylinositol-
glycan-specific
phosphalipase (0.08)
Anion exchange
protein (0.08)
Uncharacterized
protein OS=Bos
taurus OX=9913
GN=LOC506828 PE=4
Sv=1(0.05)

Desmoplakin (0.08)

Fibrinogen a chain
{0.09)

Complement
component C7 (0.08)
Complement factor H
{0.08)

Talin 1 (0.06)
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J774A1

ImKC

STC-1

BNLCL.2

Figure S1. Analysis of particle ingestion in murine cells using confocal laser scanning microscopy (CLSM). 10 non-fluorescent
particles per cell were added to murine macrophages (1774A.1, ImKC) and epithelial cells (STC-1, BNL CL.2). White arrows
shaw exemplary microparticles. Fluorescence staining of cytoplasm (CytoTracker, red) and nuclei (Hoechst, blue). Scale hars:
10 pm.
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J774A1 BNLCL.2

Mock

PE

PS

PVC

Figure S2. Live/dead staining after a 1-day incubation with polymer particles {MP concentration: 30 particles per cell}.
Green: live cells, red: dead cells. Mock= cells without particles {control}.

PLA

CA

~J
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1774A.1 ImKC
1.6- 16
14
5141 = 7 ]
o 5121 712 I
25104 £1.0]
L o _ e
2 $08- #4084
g £06; £ 06- *
= 204 204
0.2 0.2
0.0- 00l
PE.PS PVC PLA  CA PE PS PVC PLA CA
STC-1 BNL CL.2
161 161
14 14
[ R i =
= -%1.2 i} ] %1_2_
% 31.0- - : > 1.0 mm : :
T 208 Zos
S Fos- % 0.6
o 5 =
oz 044 S04
0.2 0.2
0.0 0.04
PE PS PVC PLA CA PE PS PVC PLA CA

Figure S3. Resazurin assay after 1 and 7 days of incubation with different polymer microparticles (MP concentration: 20
particles per cell). The data were normalized to the respective mean value of the control. As a contral, cells without
microparticle incubation were used. , m=day 7. The data do not differ significantly (p > 0.05). n=3 biological
replicates.
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38
39
40

41

4?2
43

44

Tahle 52, Cell metabolic activity after 24 h in the presence of polymer microparticles. The metabolic activity was determined
using the MTT assay in correlation to cells without particles acting as negative contral (“mock”). The cells were incubated
with different particle concentrations (1, 10, and 100 particles per cell). Data represent mean = 5D, n = 3 biological replicates.
T data taken from 1.

Metabolic activity (%)
# MP/cells PE pst PVC PLA CA

= Mock 975127 105.8+ 4.1 101.8+1.9 95.6+0.6 101.8x1.9
g 1 96.0+£5.1 131.6+£ 8.7 928138 112.3+£9.0 100.1£5.3
= 10 99.2+8.1 128.8+ 9.1 88.7+4.9 106.0+£5.1 104.3 46.1
- 100 975174 114.8+9.8 81.2+6.3 909153 100.9+3.0
Mock 103.1+£3.0 98.815.0 99.8+4.6 104.3+£5.6 103.3x3.2

Y 1 100.3+4.2 129.1+ 89 959145 111.0+£5.4 93.7+48
E 10 86.7+5.8 131.7+ 6.7 86.4 +8.5 105.0+ 7.9 103.4+6.8
100 81.5+6.9 128.4+ 8.9 81.8+3.1 953+6.3 100.7 £ 8.7

Mock 98.8+4.3 111.5+£6.9 98.1+5.5 99.4 145 98.1+£5.5
S 1 97.8+5.6 106.9+£6.2 98.5+2.6 943 +8.6 108.6+11.9
5 10 101.7+139 | 109.8+7.9 99.0+4.7 98.919.5 102.8+7.8

100 20.3+£8.6 109.6+ 8.4 78.6 £4.2 107.7+£2.2 93.4+1.7

o~ Mock 100.7+2.3 104.8+ 5.3 98.1+2.2 106.1+£2.1 98.1+2.2

d 1 106.4 £ 6.0 104.7+£ 6.1 99.6+4.7 105.7 £ 5.7 95.7+39

= 10 96.5+2.7 103.3+ 4.0 100.7 £ 5.8 99.1+2.9 98.1+2.1

e 100 96.4+£5.6 102.2+4.9 102.8+5.7 88.9+6.2 96.5+1.1

Rudolph, J., Valkl, M., Jéréme, V., Scheibel, T. & Freitag, R. Noxic Effects of Polystyrene Microparticles on Murine
Macrophages and Epithelial Cells. Scientific Reports 11, 1-16 (2021).
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HIGHLIGHTS

» Macrophage polarization status and
phenotype influenced response to
microplastic.

e Macrophage phenotype influenced
microplastic distribution during cell
division.

e Particles were mainly located in the
cytoplasm, to a lesser extend in the ER
and endosomes.

e Mo active execretion was detected in
vital macrophages.
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ABSTRACT

The impact of microplastic particles on organisms is currently intensely researched. Although it is well estab-
lished that macrophages ingest polystyrene (PS) microparticles, little is known about the subsequent fate of the
particles, such as entrapment in organelles, distribution during cell division, as well as possible mechanisms of
excretion, Here, submicrometer (0.2 and 0.5 pm) and micron-sized (3 pm) particles were used to analyze particle
fate upon ingestion of murine macrophages (J774A.1 and ImKGC). Distribution and excreton of PS particles was
investigated over cycles of cellular division. The distribution during cell division seems cell-specific upon
comparing two different macrophage cell lines, and no apparent active excretion of microplastic particles could
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be observed. Using polarized cells, M1 polarized macrophages show higher phagocytic activity and particle
uptake than M2 polarized ones or MO cells. While particles with all tested diameters were found in the cytoplasm,

submicron particles were additionally co-localized with the endoplasmic reticulum. Further, 0.5 pm particles
were occasionally found in endosomes. Our results indicate that a possible reason for the previously described
low cytotoxicity upon uptake of pristine PS microparticles by macrophages may be due to the preferential
localization in the cytoplasm.

1. Introduction

Macrophages are specialized immune cells that possess the remark-
able ability of phagocytosis allowing to engulf particles larger than 0.5
pmin diameter [1,2]. They ingest pathogens and dead cells to clear them
from the body, initially wrapping them in a vesicular system called
phagosome [3,4]. Subsequently, the phagosomes are fused with lyse-
somes to form phagolysosomes [4,5]. Lysosomes are vesicles defined by
a low pH and the presence of digestive enzymes, which allows the
digestion of organic matter (e.g., removal of pathogens or dead cells)
and the recyeling of intracellular materials [5 7], Besides forming
phagolysosomes, lysosomes can also fuse with endosomes, forming
so-called recyeling endosomes or endolysosomes [8,9]. Endosomes are
less specialized vesicles for molecular transport and are found in all cell
types [10,11]. They follow a hierarchical maturation after endocytosis
via early, late, and recycling endosomes [11,12]. During the maturation
process of endosomes and phagosomes, the presence of specific, such as
Ras-related (Rab), proteins is observed. Notably, early endesomes are
characterized by the presence of Rab5s, while late endosomes are marked
by the presence of Rab7 [4,13]. Proteins like Rab7 are also found in late
phagosomes as well as in late macropinosomes [4,13,14]. The endo-
plasmic reticulum (ER) generally is known to be involved in protein
transport, folding, and secretion [15]. The to-be-secreted proteins reach
the Golgl apparatus, where they are packed into vesicles for ransport by
endosomes to their next intended destination inside the cells, or alter-
natively, by the exocytosis pathway to be secreted [16,17].

Macrophages are capable of ingesting a wide range of substances,
including miecroplastic particles (MPP) [18-20]. The abundance of
microplastie, usually classified as plastic particles/fragments within a
size range of 0.1 — 5000 ym [21], is a global problem, as microplastic iz
found everywhere in the environment such as in water, air, and soil
[22-24]. For a wide range of organisms, microplastic ingestion, e.g., via
their diet, has been described [22,25]. While it is likely that the majority
of plastic particles transit through the gastrointestinal tract, there have
been reports of their accumulation in various tissues, leading to
inflammation and other detrimental effects [26,27]. The particle uptake
hereby depends on various particle properties, including size, shape,
surface charge, and swface chemistry [3,28,20]. Especially in vitro,
various effects of MPP on cells could be observed. Several publications
have described a reduction in metabolic activity, albeit typically
observed only at high concentrations of the MPP under investigation
[19]. The uptake of the particles, though, seems to be of high importance
for possible effects on murine macrophages, as shown by Ramsperger
et al. [29]. In studies involving murine macrophages, it has been
observed that aged particles tend to induce higher levels of cytotoxicity,
increased oxidative stress, and genotoxicity [18,20]. In some studies,
researchers have reported the occurrence of mitochondrial, lysosomal,
or endoplasmic reticulum (ER)-associated stress responses following
particle exposure in both rat blood cells and human lung cells. However,
it remains unexplored whether these effects are dependent on the
localization of the particles inside or on the membrane of these specific
organelles [30,31]. In consequence, the mechanisms underlying these
effects, which probably arise intracellularly, are not yet understood.

For tissue translocation of particles, the ingestion by specialized
immune cells, e.g., macrophages, is thought to be crucial [32,33]. As
previously reported, microplastic particles have been detected in human
blood and tissues, exposing them to various immune cells, including
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both exudate and resident macrophages [34]. Exudate macrophages are
found patrolling in the bloodstream to reach local sites of inflammation
[35,36], whereas resident macrophages are permanently localized at a
specific tissue and show a specialized cell morphology and function [35,
36]. Additionally, particles seem to be capable of inducing diverse
cytotoxic effects in macrophages potentially leading to alterations in cell
polarization, i.e., the propensity to acquire a pro-inflammatory (M1) or
an anti-inflammatory (M2) phenotype [37-39]. However, contrasting
reports have emerged where no significant change in polarization was
observed upon incubation with polymer microparticles [18,39]. Mae-
rophages that undergo polarization inte the M1 type are
pro-inflammatory accompanied by an increased phagoeytic activity, as
evidenced by the secretion of cytokines like tumor necrosis factor
(TNF)-a [37,38,40,41]. The polarization of M1 macrophages can be
induced by bacterial lipopolysaccharides (LPS), which bind to cellular
membrane receptors, namely integrins of the cluster of differentiation
(CD) 11b or CD18, and induce phagocytosis [1]. In contrast, M2 polar-
ization, usually induced by interleukin (IL)-4, IL-10, or IL-13 [42], was
described as anti-inflammatory state [38,40,41]. M2 macrophages are
characterized by the secretion of anti-inflammatory cytokines, like IL—
10, as well as transforming growth factor (TGF)-p, collagen IV, and other
growth factors [40,41]. The polarization state of macrophages (M1 or
M2) can be distinguished using specific CD markers, such as CD80 for
M1 and CD206 for M2. The impact of macrophage polarization on MP
ingestion, however, has received limited research attention thus far [43,
44]. Collin-Faure et al. showed that the incubation with 0.1 and 10 ym
PS particles induced a small and not significant M1 polarization in
J774A.1 cells, which was not the case for 1 pm partticles [45]. In
contrast, Stock et al. analyzed human macrophages (THP-1) and claimed
no effects on macrophage activation and pelarization after incubation
with 1 pm, 4 pm, and 10 ym PS particles [18].

Importantly, a release of previously ingested particles by macro-
phages has to date only been described for nanoparticles, i.e. particles <
100 nm [33,46]. The phenomenon of particle release has not been
observed with larger PS microparticles (5 pm) [47].

In this study, our objective was to examine the potential impact of a
macrophage’s phenotype and polarization status on its interaction with
PS MPP. Therefore, we investigated the fate of ingested PS particles of
varying diameters (0.2, 0.5, and 3 ym) in two murine macrophage cell
lines derived from ascites and liver tissue. To assess the cellular uptake
of the particles, we employed time-lapse video microscopy, allowing us
to monitor the internalization process. Additionally, we made use of
specific (immuno)staining techniques targeting organelles and per-
formed confocal microscopy analysis to investigate the subcellular
localization of the ingested particles. This approach enabled us to
examine the precise compartments within the macrophages where the
particles were located. We also investigated the distribution of the
particles during cell division and their subsequent release from macro-
phages. For this purpose, flow cytomety was employed, providing
quantitative data on the partitioning of particles in dividing cells. By
employing these comprehensive experimental techniques, we aimed to
gain insights into the complex interplay between macrophage pheno-
type, polarization status, and the interactions with PS MPP.

2. Materials and methods

Cell culture materials were obtained from Greiner Bio-One
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(Frickenhausen, Germany) and Therme Fisher Scientific (Schwerte,
Germany) if not otherwise indicated. Dulbecco’s Phosphate-Buffered
Saline without Ca®" and Mg>* (DPBS), penicillin, streptomyecin, and
fetal calf serum (FCS) were purchased from Sigma Aldrich (Taufkirchen,
Germany). DMEM (Dulbecco’s Modified Eagle’s Mediumy 3.7 g/L
NaHCOg, L-glutamine-free) and RPMI1640 (Roswell Park Memorial
Institute) were obtained from Lenza (Lonza Group Ltd, Basel,
Switzerland).

For the fluorescence staining, CellTracker Red CMTPX Dye, Mito-
Tracker Red FM, BODIPY TR Ceramide, ER-Tracker Red, Acridine Or-
ange, and HOECHST 33342 were obtained from Thermo Fisher
Scientific (Schwerte, Germany).

The monoclonal rabbit anti-early endosome antibody 1 (EEAL, Cat.
# 3288 8) and polyclonal rabbit anti-Ras-related protein 7 (Rab7, Cat.
#2094 S) primary antibodies were obtained from Cell Signaling Tech-
nology. The polyclonal goat anti-rabbit-TRITC secondary antibody was
from Sigma Aldrich (Taufkirchen, Germany, Cat. # T6778).

Polystyrene particles (PS) were obtained from Polysciences (Poly-
sciences Europe GmbH, Eppenheim, Germany) -either
functionalized or fluorescent (PSgeeen, Yellow Green, Ex/Em green par-
ticles: 441/486 nm; PS4, Polychromatic Red, Ex/Emred particles: 512/
565 nm) in sterile aqueous suspensions (2.5% (w/v)). MP properties:
diameter of 0.2 um (5.68 %1012 particles/ml, size coefficient of varia-
tion (CV) < 8%), 0.5 pm (3.64 x 1011 particles/mL, size CV < 3%), and 3
pm (1.68 x10° particles/mL, size CV < 5%). The particles’ properties,
including size, surface charge, protein corona formation, fluorescence
intensity, and stability, have been thoroughly investigated in prior
studies conducted by our group [19,20,29].

non-

2.1. Cell culture

Macrophages from ascites (J774A.1), obtained from the American
Type Culture Collection (ATCC, Manassas, USA, TIB-67), and hepatic
macrophages (ImKC, Kupffer cells), obtained from Merck (Merck KGaA,
Darmstadt, Germany, SCC119) were used. The cells were cultivated as
previously described [10,20]. In brief, all cell media were supplemented
with 10% (v/v) FCS and 100 U/mL penicillin/streptomycin. J774A.1
cells were cultivated in DMEM, supplemented with 4 mM glutamine, 24
mM HEPES, and 0.1 mM sodium pyruvate. ImKC cells were cultivated in
RPMI1640 supplemented with 2 mM glutamine. These media are further
referred to as growth media. Cells were cultivated in a standard cell
culture incubator (5% CO5/95% humidity) at 37 °C. For cell mainte-
nance, both cell lines were passaged three times a week, and for
detaching cells, pre-warmed citric saline buffer (135 mM potassium
chloride, 15 mM sodium citrate, incubation at 37 °C for 5 min (J774A.1)
or 10 min (INKC)) was used.

2.2, Macrophage polarization

Macrophages were polarized to analyze whether MPP uptake de-
pends on the respective polarization. Suitable substance concentrations
were chosen based on previously published studies [50]. 150,000
cells/well were seeded in a 12-well plate and incubated for 24 h. Af-
terwards, E. coli 0111:B4 derived LPS (Sigma Aldrich, Taufkirchen,
#L2630 — #Lot 112732) or recombinant mouse IL-4 (BioLegend, San
Diego, USA) were added for 24 h at the respective concentration for M1
(100 ng/mL) or M2 (20 ng/mL) polarization. M1 cell polarization was
verified by antibody staining (Biolegend, San Diego, CA, FITC
anti-mouse CD80, Item 105005) of the CD80 surface marker (Fig. S1),
and M2 polarization by antibody staining (Biolegend, San Diego, CA,
FITC anti-mouse CD206, Item 141719) of the CD206 surface marker.
Isotype control was done according to the manufacturer’s instructions
(PE/Cyanine7 Rat IgG2a, x Isotype Ctil Antibody for CD206, Item
400521; FITC Rat IgGZa, x© Isotype Cul Antibody for CD80, Item
400505). Briefly, cells were collected after incubation with the polar-
izing substance, centrifuged (200x g, 5 min), washed with DPBS,
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resuspended in 100 uL DPBS and counted. For every 10° cells, 0.5 pg/mL
antibody was added, and the mixture was incubated for 20 min in the
dark. Afterwards, 900 pL DPBS was added, and cells were centrifuged
(200% g 5 min), washed with DPBS and resuspended in 750 uL DPBS.
The staining was evaluated using flow cytometry (Excitation 488 nm,
Emission 570 nm, Cytomics FC500, Beckman Coulter, Krefeld, Ger-
many). Analysis of the results was dene using the FlowJo software v
10.5.0 (Tree Star, Stanford University, CA, USA, 2018).

For uptake analysis, 3.41 x 10° fluorescent particles (PS;.q) were
added per well, which is equivalent to a concentration of approximately
50 pg/ml PSred, and incubated for the respective amount of time with
the polarized cells. Comparable in vive studies have reported MPP
concentrations between 1.6 and 99.4 pg/mL in human blood (Lee et al.,
2021, Leslie et al., 2022).

Afterwards, cells were detached and washed twice with DFBS, and
the particle cell interaction (PCI) was analyzed using flow cytometry as
described previously [19].

2.3. Analysis of particle distribution during cell division

For a possible, specific diswibution of engulfed MPP during cell di-
vision, cells were first stained with CellTrace Violet (CTV) dye, which
binds covalently to intracellular amines [51,52]. Each cellular division
dilutes the dye by a factor of two. Analysis of the level of fluorescence in
the cell populations using flow cytometry permits determining the
number of generations through which a cell has progressed, since the
label was applied. Cells were first stained using a CTV Proliferation Kit
(CTV, Ex/Em CTV: 405/450 nm, Invioogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s instructions, followed by incubation with
PSyed particles to measure the particle distribution in the daughter cells
during cell division. Briefly, cells were detached, counted, and adjusted
to 10° cells/ml.. Cells were centrifuged (200 » g, 5 min), washed with
DPBS, and resuspended in 1 mL DPBS. 1 pL of CTV stock solution per 1
mlL cell suspension was added for a working concentration of 5 pM CTV.
Cells were then incubated for 20 min at room temperature, and pro-
tected 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 the free staining dye. After five
minutes of incubation, cells were centrifuged (200 x g, 5 min), resus-
pended in growth medium, seeded in 12-well plates at 150,000 cells/-
well, and incubated for 24 h to allow for cell adhesion. Cells were then
loaded with particles (1.68 x 10°% PSreq particles/well) for 24 h. After
incubation, cells were washed thoroughly with DPBS to remove un-
bound particles. Then, cells were detached, washed twice with DPBS,
and analyzed using flow cytometry (data corresponding to day 0). Cells
were subsequently analyzed every other day to track the particle dis-
tribution. The supplementary information provides a detailed explana-
tion of how the corresponding approximation was calculated (Fig. S2,
Eq. 81).

2.4. Analysis of particle excretion after ingestion

To analyze if cells are excreting and potentially re-ingesting parti-
cles, cells incubated with PSgreen 0F PSiq were pooled, and possible
mixing of the different fluorescent particles was tracked. Briefly, cells
were detached, counted, and seeded at 150,000 cells per well in a 12-
well plate. After 24 h of incubation, cells were loaded with PSgeen oI
PSy.q particles (1.68 x 108 particles/well) for 24 h. Afterwards, cells
were washed intensively to remove the free (i.e., not ingested) particles.
Cells were then detached, counted, and a mixture containing 75,000
PSgreen loaded cells/75,000 PSied loaded cells were seeded in 12 well
plates. Control wells only contained cells pre-loaded with either PSgreen
or PS4 particles (150,000 cells/well each). Cells were washed, de-
tached, and analyzed every other day using a flow cytometer (Ex/Em
PSgreent 441/486 nim, Ex/Em PS,.q: 512/565 nm).
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2.5, Co-localization with organelles

0.2 pm, 0.5 pm, and 3 pm PSgeen were used to explore the co-
localization of MPP with specific organelles. The cells were seeded at
20,000 cells/well and incubated in Ibidi slides (p-Slide 8 Well, ibiTreat,
ibidi GmBH, Grafelfing, Germany) for 7 h under cell culture conditions.
Afterwards, PSgeen (0.2 pm: 5.6 <108 particles/well, 0.5 ym: 3.6 %107
particles/well, 3 pm: 1.6 x 10°% particles/well) were added to the cells,
followed by a 15-hour incubation. Thereafter, cytoplasm (CellTracker),
nuclei (HOECHST 33342), mitochondria (MitoTracker red), ER (ER-
Tracker red), Golgi apparatus (BODIPY TR), and lysosomes (acridine
orange) were stained in the living cells according to the manufacturer’s
instructions. For organelle staining, the following conditions were cho-
sen: CellTracker: 2 pM in serum-free medium for 30 min at 37 °C;
HOEGHST 33342 staining: 1.5 ug/mL in complete cell culture medium
for 10 min at 37 °C, Mito-Tracker red: 300 nM in serum-free medium for
30 min at 37 °C; ER-Tracker: 1.5 pM in DPBS for 30 min at 37 °C;
BODIPY TR: 0.5-10 yM in complete cell culture medium for 30 min at
4 °C; acridine orange: 10 pg/mlL in complete cell culture medium for 10
min at 37 °C.

Endosomes were immunostained with specific antibodies after cell
fixation and permeabilization. For cell fixation, cells were incubated
with 3.7% paraformaldehyde (PFA) for 20 min at room temperature
(RT). After three washing steps with DPBS, the cells were permeabilized
using ice-cold 100% methanol at — 20 °C for 10 min, followed by 3
washing steps with DPBS. Blocking buffer (0.5% (v/v) Tween 20, 1%
(w/v) BSA in DPBS) was applied for 30 min at 37 °C and rinsed off af-
terwards. Then, the samples were incubated for 90 min at 37 °C with
rabbit anti-early endosome antibody 1 (EEA1l) and rabbit anti-Ras-
related protein 7 (Rab?) primary antibodies diluted 1:200 and 1:160,
respectively. After three further washing steps with DPBS, the samples
were incubated for 90 min at 37 °C with a secondary goat anti-rabbit-
TRITC antibody diluted 1:100 in blocking buffer. After 3 washing
steps with DPBS, nuclei were stained as described above. The samples
were then analyzed using confocal laser scanning microscopy (TCS SP8,
63x oil immersion objective, with 3x software zoom, laser: 408 nm, 488
nm, and 552 nm, Leica Microsystems, Software: Leica Application Suite
X (LAS X), v.3.5.7.23225, Wetzlar, Germany). Z-stacks were made with
0.2 or 0.3 pm step size.

2.6. Live cell microscopy (time-lapse microscopy)

For time-lapse microscopy, J774A.1 and ImKC macrophages were
seeded into 35 mm? Petri dishes (300,000 cells/ dish) and incubated
overnight under cell culture conditions. A confocal laser scanning mi-
croscope (TCS SPB, 20x objective with 2x software zoom) with envi-
ronmental control (37 °C, 5% CO2) was used for microscopy. The
imaging process was started by adding 3 pm PS particles (5 x10° par-
ticles/ dish). Images were taken every 1.5 min for a total duration of 25
h. Image stacks and particle tracking videos were generated using
ImageJ (National Institutes of Health, Bethesda, MD, USA, v1.53i). For
cellular tracking, the detection of 60 cell positions was performed
manually [53]. Deterministic cirele detection using the ecircle Hough
transform and Canny edge detection could identify the positions of the
cells reasonably well [54,55]. Tracking was performed using Trackpy, a
python package based on the Crocker-Grier algorithm [56,57]. This al-
gorithm calculates the track of individual cells. Tracks were eventually
improved by the same algorithm, subtracting drift and filtering detec-
tion and affiliation errors. A custom-written Python program was used to
calculate ensemble mean square displacement (emsd) from given tracks
for each video. The calculation of the mean square displacement (msd)
serves as a first test to distinguish between different undirected migra-
tion rates and is interpreted as a measure of viability.

182

Journal of Hazardous Materials 457 (2023) 13179%

2.7. Statistical analysis

Origin software 2019b (Origin, Northampton, MA, USA) was used for
statistical analysis. A test for equal variance was additionally performed
using Levene|| (level of significance 0.05). A factorial ANOVA (level of
significance 0.05) with a Tukey post hoc test was performed to inves-
tigate differences in the particle-cell interaction after macrophage
polarization.

3. Results

Live-cell time-lapse microscopy was used to get insights into the fate
of ingested 3 um MPP during a 25-h incubation. Particle-cell interaction
(PCI) and possible release of the PS particles by the two investigated
macrophage cell lines were followed in real-time (Fig. 1 (ImKQC), Fig. 54
(J774A.1), videos S1-6). J774A.1 cells were used as exudate macro-
phages, whereas ImKC cells are resident in the liver. In general, differ-
ences could be detected in cellular movement between the two
investigated cell lines. Specifically, J774A.1 cells exhibited higher
motility and greater cellular activity, as evidenced by increased move-
ment, as depicted in Fig. 55. Throughout the 25-hour incubation period,
we did not observe any active particle release in either of the cell lines
studied. The sole observed release occurred from dead cells, which were
visibly necrotic as indicated by the presence of blue circles in Fig. 1. In
such cases, the particles pass through the compromised cell membrane
due to cellular damage. Additionally, we noticed instances where
neighboring cells not only ingested the membrane fragmentsreleased by
dead cells but also engulfed the particles originating from those cells
(Fig. 1, blue arrows). Furthermore, several cells exhibited more frequent
and active interactions with the particles, as evidenced by their high
degree of movement. This phenomenon was observed across both cell
lines used in the study, as depicted in Video S2 and $4. Further analysis
of the videos revealed that the allocation of particles during cell division
appeared tolack a discernible pattern in terms of distribution among the
daughter cells (Fig. 1, Fig. 54, red circles). This suggests a random or
stochastic distribution during the division process.

3.1. Macrophage polarization influences particle ingestion

The live-cell time-lapse microscopy analysis revealed differences in
terms of cellular movement and PCIL Since it is known that the polari-
zation of macrophages influences their phagocytotic activity, we hy-
pothesized that the observed differences in the cellular activity might be
related to the polarization status of the macrophages. To investigate this
further, M1 polarization was induced using LPS and M2 polarization
using IL-4. The success of polarization was verified through immuno-
staining with surface marker antibodies (Fig. S2) [37-30]. Subse-
quently, the polarized macrophages were challenged with 3 pm PSgreen
(25 pg/ml) particles for 6 h. The PCI was quantified using flow
cytometry (Fig. 2). To facilitate the interpretation of the results, we
categorized the PClinto three groups based on the number of particles in
contact with each cell. These groups were defined as follows: cells in
contact with more than four particles (">4"), cells in contact with one to
four particles ("1-4"), and cells without detectable PCI ("0").

Upon polarization to the M1 state, macrophages of both cell lines
exhibited higher PCI compared to non-polarized (M0O) macrophages. Of
note, compared to J774A.1 cell, where only a non-significant trend to-
wards a PCI increase was measured, ImKC cells showed a significanty
higher tendency for PCI following M1 polarization (no particle inter-
action: p < 0.05, 1-4 and > 4 interacting particles: p > 0.001).
Conversely, in J774A.1 macrophages polarized to the M2 state, fewer
particle interactions were observed (i.e., the percentage of cells not
displaying any PCI was slightly increased) compared to the MO control
cells (Fig. 2, no particle interaction: p < 0.05, 1-4 and > 4 interacting
particles: not significant). In ImKC cells polarized to M2 the PCI
remained comparable to that of the MO ImKC controls.
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Fig. 1. Sample sections from live-cell microscopy of ImKC incubated with 3 pm PS8 for 25 h. Blue markings show the interaction of particles with apoptotic cells (blue
circles) and the re-ingestion of particles by their neighbor cells (blue arrows). Red circles indicate the particle distribution during cell division. The two different
shades of blue and red indicate two examples per event. Scale bar: 50 pm. The complete video is shown in Supplementary Information (video $3).

3.2, Symmetrical distribution of MP during cell division

Time-lapse videos indicated a random, i.e, asymmetrical distribu-
tion of MPP during cell division (i.e., to the daughter cells). To investi-
gate this further, both cell lines were loaded with 3 ym PS.q particles
and subsequently stained with the CTV dye to track the respective cell
divisions. Flow cytometry was employed to investigate the percentage of
cells exhibiting a specific number of (PCIaver a period of three days, and
respective cell populations were compared with calculated values,
approximating a symmetrical distribution of particles to the daughter
cells (Table 1). The actual number of PCI observed in J774A.1 cells was
found to be closer to the estimated or approximated number, as
compared to ImKC cells. Not surprisingly, for both cell lines, the dif-
ference between the calculated values and the measured distribution
was more pronounced for cells with low PCI Interestingly, a fraction
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(12.59) of cells with > 4 particles per cell persisted at day 2 in case of
ImKC cells, which deviates from the expectation of a symmetrical dis-
tribution. This was not observed for J774A.1 cells. This result was not
attributed to a reduced number of cell divisions, as assessed by the CTV
dye.

3.3. Qualitative and quantitative analysis of particle release revealed no
active excretion

Time-lapse videos did not reveal any apparent particle release by
living cells. Furthermore, as shown above, in case of InKC cells a rela-
tively high number of cells with > 4 particles was still present 48 h after
loading with 3 pm PSed. Such observations suggest that a particle
release/detachment is a rare event. To quantitatively determine the
release or detachment of PS particles by murine macrophages, one batch
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Table 1

Percentage of cells interacting with a given number of particles after cell division
measured by flow cytometry (Fig. $3). Comresponding values were calculated
assuming a symmetrical distribution of PCI in the daughter cells.

Cells [%]
J774A.1 ImKC

Number of Day 0* Day 1 Day 2 Day 0 Day 1 Day 2

PCI

0 47.7 73.7 79.2 159(n 373 59.2
(n.a.) (65.7) (84.9) a.) (29.8) (56.5)

1 22,6 16.4 14.6 13.8 196 18.5
(n.a.) (26.2) (14.4) (n.a.) (31.1) (38.3)

2 12.2 5.4 3.4 11.8 (n. 128 9.1
(na) (5.2) (0.7) a) (18.0) (5.2)

3 6.6 (n. 1.9 0.9 (0) 9.9 (n. 8.7 4.9 (0)
a.) (1.4) a.) (9.6)

4 3.6 (n 0.8 0.3(0) 8.1(n. 5.7 2.6 (0)
a.) (0.9) a.) (7.3)

>4 6.8 (n. 0.9 0.2 (0) 37.9(n. 168 5.0 (0)
a) (0.6) a) (41)

# Day 0 corresponds to cells that have been incubated for 24 h with ten 3 pm
PSreq per cell. Given are the measured cell populations at the respective time.
The calculated theoretical values are given in brackets. The materials and
methods section provides a detailed description of the calculation of the theo-
retical values.

of cells was incubated with 3 pm PSgpe., particles, while another batch
was incubated with 3 ym PS4 particles. After 24 h incubation, the cells
were washed extensively to remove unbound and weakly interacting
particles, and both cell fractions were pooled. The pooled cells were
incubated for up to 72 h to allow for cell division, putative particle
release, and de novo ingestion of particles. Flow cytometry was
employed to analyze the cells and identify the presence of a "Mixed"
population, characterized by the detection of fluorescence signals from
baoth particle types yet indicating interaction with both (Fig. 3 and
Fig. 4). The analysis involved examining the cytograms to observe po-
tential instances of particle release by a cell batch initially challenged
with one particle type, followed by the re-attachment of those released
particles to cells from the batch that had been exposed to the other
particle type.

During the course of incubation, starting from 24 h onwards, there
was an increase in the percentage of cells without interacting particles.
This observation can be attributed to cell division of cells initially

without PCI as well as to an asymmetric distribution of particles during
division of cells with a lower number of PCL This is in line with the
decrease described above at incubation times > 24 h, However, a small
but well-discernable population of cells interacting with both particle
types (Gate “Mixed™) was visible for both cell lines. This population
arose between O hand 2-6 h, but did not expand over 72 h of incubation
time. Instead, a slight decrease was observed atlonger incubation times.
This indicates that some particles must have been released at early
points after the pooling process and that at least some of these particles
were re-ingested by cells from the other batch. Since this fraction did not
grow over the time of incubation, an active release by the living cells is
unlikely. This phenomenon can be at least partly attwributed to the
release of particles from dead cells followed by their subsequent inges-
tion by neighboring cells, as demonstrated in the time-lapse video (e.g.,
Fig. 1).

3.4. Localization of submicron particles in the endoplasmic reticulurm and
endosomnes

Previous studies have reported various cytotoxic effects following
particle uptake, which have been attributed to processes occurring
within the nucle, i.e. the disturbance of gDNA integrity, as well as stress
responses related to functions of mitochondria, lysosomes, or ER [19,20,
30,31]. Here, we analyzed the intracellular distribution of PS particles
after cellular uptake by staining specifically selected organelles and
analyzing putative particle co-localization using confocal microscopy.
These experiments aimed to elucidate, whether the observed effects
coincide with the physical presence of the particles (also dependent on
particle size) in the presumably affected organelles.

Cells were incubated with fluorescent particles (0.2 pm, 0.5 pm,
3 pm) for 15 h followed by specific staining of the eellular compartments
in the living cells. The cytoplasmic proteins were stained using a non-
toxic cell permeable fluorescence dye (ie., CellTracker fluorescent
probe) reacting with thiol groups in a glutathione S wansferase-
mediated reaction. After conversion, the fluorescent dye is, according
to the manufacturer’s information, retained in living cells for at least
72 h. Selected organelles playing a crucial role in cell physiclogy,
namely lysosomes, nuclei, mitochondria, endoplasmic reticulum (ER),
and Golgi apparatus, were identified using specific fluorescence stain-
ing. A co-localization of 3 pm particles with organelles, which are usu-
ally much smaller, is improbable, but these larger particles were
included in the experimental settings because they have been used for
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Fig. 3. Putative particle release over time in case of ImKC cells. One batch of cells was incubated with 3 um PSgcen particles another batch was incubated with 3 um
PS;eq for 24 h. 150,000 cells were seeded per well, and 1.68 x 106 particles/well were added. Cells were then pooled (0 h), and the particle distribution was
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Fig. 4. Putative particle release over time in case of J774A.1 cells. One batch of cells was incubated with 3 um PSgcen particles another batch was incubated with
3 um PS;eq for 24 h. 150,000 cells were seeded per well, and 1.68 x 106 particles/well were added. Cells were then pooled (0 h), and the particle distribution was
measured for 72 h using flow cytometry. “Red” gate = only PS;eq, “Green” gate = only PSgeen, “Mixed” gate = at least 1 particle of PS;eq and PSgeen.
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the particle release analysis as mentioned above.

Independent of their size, the particles were mainly found in the
cytoplasm, implying that the particles had been ingested, yet not merely
attached to the cells. Consequently, the PCI interactions, measured in
flow cytometry experiments are likely representative of particle uptake
and not only particles binding to the cell membrane. Regardless of the
cell line used, particles with a size of 3 pm were not found in any of the
organelles (Fig. 56, 57). However, the smaller particles (0.2 and 0.5 pm)
were partly found in the ER of both macrophage cell lines (Fig. 5A). No
particles were ever found in or in contact with the nuclei, mitochondria,
Golgi apparatus, or lysosomes (Fig. S6, 57). These findings indicate a
size-dependent distribution pattern, suggesting that smaller particles
have the capability to access and reside within the ER of macrophages.

To further investigate the observations made during cytoplasm
staining, particularly the presence of green spots indicating the absence
of co-localization, additional staining with endosome antibodies was
performed. This step was undertaken because endosomes are known to
play a role in the exocytosis process [11,12,16,17]. In detail, early and
late endosomes were stained using EEA-1 or Rab7, respectively ; Fig. 5B
and 0.2 pm PSgpeen: Figure S8). Only 0.5 um particles were found in the
endosomes. While J774A.1 cells contained particles only in the late
endosomes, in ImKC cells they were found in both, early and late
endosomes.

4. Discussion

Even though various previous studies addressed the cytotoxic effects
of MPP [18 20,2526], the intracellular fate of the particles after
ingestion and a possible contribution of a directed distribution/-
organelle co-localization to these effects has not been studied in depth so
far.

According to the current understanding, ingested foreign matter may
be distributed randomly, symmetrically or even one-sidedly during
cellular division, while organelles are distributed in a symmetrical
manner [58-60]. For nanoparticles, random distribution has been
shown in previous studies [48,49]. While the data obtained for J774A.1
aligned reasonably well with the approximation derived from the
assumption of a randem (nen-symmetrical) distribution, ImKC cells
showed a higher deviation from the symmetrical diswibution. These
cell-specific differences could be related to the natural function of the
two macrophage types; J774A.1 are exudate macrophages from blood,
while ImKC cells are descendants of liver-resident macrophages. ImKC
cells, thus, may be expected to react to foreign particles as to intuding
bacteria, whereas the reaction of the J774A.1 cells is more indifferent,
leading to a more equal distribution.

Throughout the 72-hour incubation period, no significant release of
ingested particles was observed. The occasionally observed mixing of
particles during the first 6 h of the experiment was most likely due to
nen-ingested particles washed off during the pooling process, since this
fraction did not increase after 6 h but decreased in a similar pattern as
the other PCI populations. A minor addition to the observed mixing of
particles was probably due to a re-ingestion of particles released after
cell death. Excretion of particles has been reported for nanoparticles.
However, this process typically involves their incorporation into lyso-
somes for active excretion [46,61]. In the case of micrometer-sized MPP,
it appears that active excretion does not occur. Consistent with the
findings of this study, particles larger than 1 pm in diameter were not
detected within endosomes or lysosomes. This observation suggests that
the most common cellular pathway for excretion, which involves the
incorporation of particles into endosomes and subsequent lysosomal
degradation, may not be applicable to particles measuring 3 pm in size
[14,62].

The intracellular distribution of MPP after cellular ingestion is not
well understood but may be relevant to understand possible cytotoxic
effects of MP. Here, all investigated particles were localized in the
cytosol, i.e, truly ingested, not merely attached to the cells. The
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observation of 3 ym particles as distinet green dots, while submicron
particles exhibited a pronounced yellow color in the cytoplasm, is most
likely an artifact resulting from the size of the 3 um particles. The larger
size of these particles might cause a displacement of the cytoplasm,
leading to the formation of a cavity within the cell.

The changes in mitochondrial activity and genomic DNA integrity
observed previously after challenging cells (macrophages) with PS
particles [19,20] have unlikely been due to physical presence, ie. a
co-localization of particles with either mitochondria or muclei, as
co-localization of particles with these organelles could not be observed
in this study. Therefore, the previously deseribed mitochondrial damage
is not necessarily based on ingestion of the MPP in mitochondria or
interaction with chromosomes. Instead, the observed effects could be
attributed to, e.g., oxidative stress. Increased ROS, which was described
previously, conceivably contributes to reduced mitochondrial activity as
well as to genotoxicity [63,64].

Furthermore, no co-localization of MPP with the Golgi apparatus was
observed. The absence of co-localization between the submicrometer-
sized particles (0.2 and 0.5 ym) and organelles such as mitochendria
and the Golgiapparatus could be attributed to therelatively large size of
the particles in comparison to these organelles [65,66]. In contrast, cells
from both investigated cell lines exhibited co-localization of 0.2 ym and
0.5 pm particles with the ER. The ER is responsible for many
protein-related processes, including translation, folding,
post-translational medifications, and transpert [67,68]. Whether these
functions are altered by the presence of submicron particles and whether
this may contribute to the observed noxic effects needs further study. For
ER staining, the ER-Tracker™ was used, which binds to sulphonylurea
receptors prominent in the ER [69,70]. Nevertheless, Asheroft et al.
reported a variable sulphonylurea receptor expression by some cells,
possibly leading to non-specific labelling [69]. Even though a variable
sulphonylurea receptor expression was not previously reported for
macrophage cell lines, non-specific labelling could still be an alternative
explanation.

Lysosomes are known for their contribution to clearance of patho-
gens as well as particles < 0.2 pm from cells, therefore a co-localization
of at least the smaller PS particles was expected with these organelles
after ingestion [5-7]. The lack of evidence for a general co-localization
may to some extent be due to the chosen staining method, since it could
not be fully excluded that acridine orange clusters in lysosomes leading
to high fluorescence intensity, which eventually quenched or overlaid
the particles’ fluorescence [/1,72]. Identifying eatly and late endosomes
using antibody staining (early: EEAl, late: Rab7) showed that only
0.5 pm PS particles in ImKC macrophages co-localized with endosomes.
Importantly, the proteins chosen as endosome markers, namely EEA-1
and Rab?, are also expressed in macropinosomes and phagosomes [4,
13,14]. Since cellular ingestion is mainly based on phagocytosis for both
cell lines [73], this could indicate that 0.5 pm particles may actually be
localized in the early and/or late phagosome. Any particle reaching the
late endosome in the hierarchal endocytic pathway should be found in
lysosomes as well [14]. This, however, was not the case in our experi-
ments. Together with the lack of localization in lysosomes, this could
mean that particle-containing phagosomes for some reason are not
capable of forming phagolysosomes.

Following the assumption of staining phagosomes rather than
endosomes in our case may explain the observed differences in locali-
zation of 0.2 ym and 0.5 pm particles. 0.2 pm PS particles presumably
are ingested by different endocytic pathways (i.e., clathrin- or caveolae-
mediated endocytosis) compared to 0.5 um particles, which more likely
have been ingested by phagocytosis or macropinocytosis [1,73] and,
therefore, have become engulfed in a phagosome or macropinosome. In
case of 0.2 pm particles, no phagosome/macropinosome will be formed,
and no co-localization will be observed in such vesicles [1,73]. Just as
for pathogens, the size of the particles may influence uptake and intra-
cellular processing by determining the rate of endosomal maturation
[74].
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A Fig. 5. Particle co-localization with or-
0.2 um PSgreen 0.5 um Psgreen ganelles as indicated in J774A.1 and

ImKC macrophages. 0.2 and 0.5 pm
PSgreen particles were used, and the
particle incubation occurred for 15 h. A:
Co-localization with the cytoplasm and
the ER. The images of mitochondria,
Golgi apparatus, and lysosomes are
shown in Figs. S6 and S7. B: Co-
localization of 0.5um particles with
endosomes. Early and late endosomes
were stained using antibody staining
(EEA-1 and Rab7, respectively). The
corresponding picture on the right side
displays an enlarged view of the specific
cell, which is highlighted by a white
square. The images of 0.2 um particles
are shown in Fig. S8. Red: cytoplasm or
organelles, blue: nuclei (Hoechst),
green: fluorescent particles. A yellow
color indicates a co-localization of the
particle with the stained cellular
compartment, and white arrows show
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Since only a few 0.5 ym particles were found in late endosomes/
phagosomes in J774A.1 cells and none in early endosomes/phagosomes,
but 0.5 ym particles were found in both early and late endosomes/
phagosomes of the ImKC cells, a correlation between the activation
status of the two cell lines and the intracellular processing can be
postulated. The speed of phagosome maturation depends on the
macrophage activation status, and M1 macrophages have been shown to
have slower phagosome maturation than MO and M2 macrophages [ 75].
The activation status of InKC cells, as indicated by CD80 (M1 marker),
exhibits slower kinetics compared to that of other cells. Therefore,
co-localization of MP in the early and late endosomes/phagosomes is
still observable. In J774A.1 cells, the phagosomes mature more quickly,
and no co-localization with the early endosome/early phagosome is
observed at the point of measurement (after 15 h). However, the
co-localization results must be interpreted with caution, since only
one-time point (after 15 h) was analyzed, and there is the possibility that
the particles either had not yet reached the organelles or had already
passed them.

Finally, we could show that activation (M1 /M2 status) affects MPP
uptake. In particular, M1 cells are significantly more likely to ingest
particles than the non-committed control cells (MO or M2 macrophage).
In vivo, M1 macrophages are responsible for maintaining a pro-
inflammatory state and show highly active phagocytic behavior,
fitting with the here-found results. The significant interaction of M1
macrophages with MPP might be highly synergistic with an induced
polarization due to the presence of the particles, contributing to the pro-
inflammatory response to MPP detected in various in vitro and in vivo
studies [20,45].

Gaining valuable insights into the influence of a macrophage’s
phenotype and pelarization status on its interaction with PS MPP was
obtained by employing a variety of experimental approaches. Our ob-
servations revealed a diverse response of macrophages to MPP, which
was dependent on the specific cell type and the degree of polarization.
These findings underscore the critical importance of considering these
cellular factors when investigating cellular responses to microplasties.
Our results further show that the distribution patterns of engulfed MPP
did net exhibit any discernible trends during cell division.

Despite the repeatedly observed effects of nano- and microparticles
on cells, only a limited number of particles have been identified within
specific organelles, namely the endoplasmic reticulum and endosomes.
Finally, it should be noted that while particles were released by cells
after cell death, ne active excretion process was observed for living
macrophages. Since pathogens are typically rendered harmless by
macrophages through lysosomal digestion, it is anticipated that ingested
particles will persist within macrophages for as long as the cells remain
viable, potentially leading to their accumulation. This raises concerns
regarding the potential long-term effects of microplastic exposure. Our
results enhance our understanding of the cellular mechanisms involved
in the fate and behavior of microplastics within macrophage populations
and provide valuable insights for assessing potential health and envi-
ronmental implications associated with exposure to microplastics.

Environmental implication

Our study contributes to a better understanding of microplastics’
toxicology, which appears to be dependent on cell type and also on the
polarization state of such cells. This infermation is essential, as sound
knowledge on the characteristics driving microplastic toxicity on or-
ganisms may explain the often contradictory results observed in effect
studies on microplastics and will help to advance risk assessment for
microplastic particles.

Funding

This work was supported by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) - project number 391977956 - SFB

11

189

Journal of Hazardous Materials 457 (2023) 13179

1357 /A05.
CRediT authorship contribution statement

JJ, MV, JH, VJ, RF, and TS designed the experiments. MV provided
mixed particle experiments, excretion analysis, and macrophage polar-
ization experiments. JJ performed organelle staining as well as time-
lapse experiments. JH supported the cellular movement analysis. VJ,
RF, and TS supervised the experiments. JJ, MV and JH analyzed the
data. JJ, MV, VJ, RF, and TS wrote the manuscript. VJ, RF, and TS
reviewed and edited the manuscript.

Declaration of Competing Interest

The authors declare no competing interest.
Data Availability

Data will be made available on request.
Acknowledgments

We thank Johanna Fritsche for supporting the experiments with
polarized macrophages.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2023.131796,

References

[1] Aderem, A., Underhill, D.M., 1999. Mechanisms of phagocytosis in macrophages.
Annu Rev Immunol 17, 593-623.

Myl vaganam, S., Freeman, S.A., Grinstein, 3., 2021. The cytoskel eton in
phagocytosis and macropinocytosis. Curr Biol 31, R619-R632.

Champion, J.A., Mitragotri, S., 2006. Rdle of target geometry in phagocytosis. Proc
Iad Acad Sci 103, 4930-4934.

Lee, H.-J,, Woo, Y., Hahn, T.-W,, Jung, Y.M, Jung, Y.-J., 2020. Formation and
maturation of the phagosome: a key mechanism in innate immunity against
intracellular bacterial infection. Microorganisms 8, 1298.

Settembre, G., Fraldi, A, Medina, D.L, Ballabio, A., 2013. Signals from the
lysosome: a control centre for cellular clearance and energy metabolism. at Rev
Mol Cel Biol 14, 283-296.

Luzio, J.P., Pryor, P.R., Bright, N.A., 2007. Lysosomes: fusion and function. Nat Rev
Mol Cell Biol 8, 622-632.

Zhang, Z., et a., 2021. Role of lysosomes in physid ogical activities, diseases, and
therapy. J Hematol Oncol 14, 1-39.

Hesketh, G.G., Wartosch, L., Davis, L.J., Bright, N.A., Luzio, J.P,, 2018. The
lysosome and intracellular signalling. Endocytosis Signal 151-180.

Jeger, J.L., 2020. Endosomes, lysosomes, and the role of endosomal and lysosomal
biogenesis in cancer devel opment. Mol Biol Rep 47, 9801-9810.

Helenius, A., Mellman, L, Wall, D., Hubbard, A., 1983. Endosomes. Trends
Biochem Sci 8, 245-250.

Scott, C.C,, Vacca, F., Gruenberg, J., 2014. Endosome maturation, transport and
functions. In: Seminars in cell & developmental biology, Vol. 31. Hsevier,

pp- 2-10.

Podinovskaia, M., Spang, A., 2018. The endosomal network: mediators and
regulators of endosome maturation. Endocytosis Signal 1-38.

Mukherjee, K., Khatua, B, Mandal, C.,, 2020. Sialic acid-siglec-E interactions
during Pseudomonas aeruginosa infection of macrophages interferes with
phagosome maturation by altering intracellular cal cium concentrations. Front
Immunol 11, 332.

Vieira, 0.V,, Botelho, R.J., Grinstein, 5., 2002. Phagosome maturation: aging
gracefully. Biochem J 366, 689-704.

Chen, X., Cubillos-Ruiz, J.R.,, 2021. Endoplasmic reticulum stress signals in the
tumour and its microenvironment. Mat Rev Cancer 21, 71-88,

Jahn, R, Siidhof, T.C,, 1999. Membrane fusion and exocytosis. Annu Rev Biochem
68, 863-911.

Wu, L.-G.,, Hamid, E., $hin, W., Chiang, H.-C., 2014. Exocytosis and endocytosis:
modes, functions, and coupling mechanisms. Annu Rev Physiol 76, 301.

Stock, V., et al., 2019. Uptake and effects of orall ¥ ingested pol ystyrene
microplastic particles in vitro and in vivo. Arch Toxicol 1-17.

Rudolph, J., Volk, M., Jerdme, V., Scheibel, T., Freitag, R., 2021. Noxic effects of
pol ystyrene microparticles on murine macrophages and epithelial cells. Sci Rep 11,
1-16.

[21
[3]
[41

[51

[6]
[71
(8]
[9]
[10]

[11]

[12]

[13]

[14]
[15]
[16]
[171
[18]

[19]



6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

J. Jasinski et al.

[20]
[21]

[22]

[23]

[24]
[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]

[37]

[38]

[39]

[40]
[41]
[42]
[43]

[44]

[45]

[46]

[47]

Vélkl, M., et al., 2022. Pristine and artificial ly-aged polystyrene microplastic
particles differ in regard to cellular response. J Hazard Mater 435, 128955,

Frias, J.P.G.L, Nash, R., 2019. Microplastics: finding a consensus on the definition.
Mar Pollut Bull 138, 145-147.

Imhof, H.K, IMeva, IL.P., Schmid, J., Niessner, R., Laforsch, C., 2013,
Contamination of beach sediments of a subalpine lake with microplastic particles.
Curr Biol 23, R867-R868.

Dris, R., Gasperi, J., S8aad, M., Mirande, C., Tassin, B,, 2016. Synthetic fibets in
atmospheric fallout: a source of microplastics in the environment? Mar Pollut Bull
104, 290-293.

Evangeliou, N., et al., 2020. Atmosphetic transport is a major pathway of
microplastics to termote regions. Mat Commun 11, 1-11.

Toussaint, B., et al., 2019. Review of micro-and nanopl astic contamination in the
food chain. Food Addit Contam: Part A 36, 639-673.

Lu, Y., et al., 2016. Uptake and accumulation of polystyrene microplastics in
zebrafish (danio rerio) and toxic effects in liver. Environ Sci Technol 50,
4054-4060.

Schwabl, P., et al., 2019. Detection of various microplastics in human stool: a
prospective case series. Ann Intern Ied 171, 453-457.

Frohlich, E,, 2012. The ro e of surface charge in cellular uptake and cytotoxicity of
medical nanoparticl es. Int J Hanomed 7, 5577.

Ramsperger, A., et al.,, 2022. Supposedly identical microplastic particles
substantially differ in their material properties influencing particle-cell interactions
and cellular responses. J Hazard Mater 425, 127961.

Lim, 8.L,, etal., 2019. Targeted metabolomics reveals differential biological effects
of nanopl astics and nanoZnO in human lung cells. Nanotoxicology 13, 1117-1132.
Liu, L, Liu, B,, Zhang, B, Ye, Y., Jiang, W., 2022. Polystyrene micro (nano) plastics
damage the organelles of RBL-2H3 cells and promote MOAP-1 to induce apoptosis.
J Hazard Mater 438, 129550.

von Moos, M., Burkhardt-Ho m, P., Kohler, A., 2012. Uptake and Effects of
Microplastics on Cells and Tissue of the Blue Mussel Mytilus edulis L. after an
Experimental Exposure. Environ Sci Technol 46, 11327-11335.

Jenkins, J.T., et al., 2013. Excretion and toxicity of gol d-iron nanopatticles.
Manomed: Nanotechnol, Biol Med 9, 356-365.

Leslie, H.A., et al., 2023. Discovery and quantification of plastic particle pollution
in human blood. Environ Int 163, 107199.

Haldar, M., Murphy, KM., 2014. Origin, devel opment, and homeostasis of tissue-
resident macrophages. Immunol Rev 262, 25-35.

Guillot, A., Tacke, F,, 2019. Liver macrophages: od dogmas and new insights.
Hepatol Commun 3, 730-743.

Reichard, A.C, Cheemarla, I.R., Bigley, I.J., 2015. SOCS1/3 expression levels in
HSV-1-infected, cytokine-polarized and-unpolarized macrophages. J Interferon
Cytokine Res 35, 32—-41.

Shapouri-Moghaddam, A., et al., 2018. Macrophage plasticity, polarization, and
function in health and disease. J Cell Physiol 233, 6425-6440.

Feito, M., et al., 2021. Response of RAW 264.7 and J774A. 1 macrophages to
particles and nanopatticles of a mesoporous bioactive glass: a comparative study.
Colloids Surf B: Biointerfaces 208, 112110.

Mills, C, 2012. M1 and M2 macrophages: oracles of health and disease. Crit
Reviews™ Immunol 32.

Italiani, P., Boraschi, D., 2014. From monocytes to IM1,/M2 macrophages:
phenotypical vs. functional differentiation. Front Immuna 5, 514.

Gordon, S., 2003. Alternative activation of macrophages. Nat Rev Immunol 3,
23-35.

Mills, C.D., 2015. Anatomy of a discovery: m1 and m2 macrophages. Front
Immunol 6, 212.

Seyedizade, .5, et al., 2020. Current status of M1 and M2 macrophages pathway
as drug targets for inflammatory bowel disease. Arch Immunol Et Ther Exp 68,
1-24.

Collin-Faure, V., et al., 2022. Does size matter? A proteomics-informed comparison
of the effects of polystyrene beads of different sizes on macrophages. Environ Sci:
Mano 9, 2827-2840.

Oh, M., Park, J.-H., 2014. Surface chemistry of gold nanoparticles mediates theic
exocytosis in macrophages. AGS MNano 8, 6232-6241.

Liu, L, et al,, 2021. Cellular internalization and release of pa ystyrene
microplastics and nanoplastics. Sei Total Environ 779, 146523.

12

190

[48]

[491
[50]

[51]

[521

[53]
[54]
[551
[56]
[571
[58]
[591
[60]
[61]

[62]

[631
[64]
[65]

[66]

[67]

[68]

[69]

[70]

[711

[72]

[731
[741

[75]

Journal of Hazardous Materials 457 (2023) 13179%

Walczak, P, Kedziorek, D, Gilad, A, Barnett, B, Bulte, JW., 2007. Applicability
and limitations of MR tracking of neural stem cells with asymmetric cell division
and rapid turnover: the case of the shiverer dysmyelinated mouse brain. Magn
Reson Med: J Int Soc Magn Reson Med 58, 261-269.

Lijster, T., iberg, C.,, 2020. Asymmetry of nanopatticle inheritance upon cell
division: effect on the coefficient of variation. Plos One 15, e0242547.

Orihuela, R., McPherson, C.A., Harry, G.J., 2016. Microglial M1,M2 pd arization
and metabolic states. Bt J Pharmacol 173, 649-665.

Tempany, J.C,, Zhou, JH., Hodgkin, P.D., Bryant, V.L., 2018. Superior properties
of Cell Trace Yellow™ as a division tracking dye for human and murine
lymphocytes. Immunol Cell Biol 96, 149-159.

Lemieszek, M.B., Findlay, S.D., Siegers, G.M., 2022. CellTrace™ violet flow
cytometric assay to assess cell proliferation. Cancer Cell Biology. Springer,

pp. 101-114,

Schindelin, J., et al., 2012. Fiji: an open-source platform for bid ogical -image
analysis. Nat Methods 9, 676-682.

Canny, J., 1986. A computational approach to edge detection. IEEE Trans Pattern
Anal Mach Intell 679-698.

Yuen, H., Princen, J., llingworth, J., Kitler, J., 1990. Comparative study of Hough
transform methods for circle finding. Image Vis Comput 8, 71-77.

Crocker, J.C, Grier, D.G., 1996. Methods of digital video microscopy for coll oidal
studies. J Colloid Interface Sci 179, 298-310.

Allan, D.B., Caswell, Thomas, Keim, Nathan, C., van der Wel, Casper, M., et al.,
2021. Ruben W. soft-mattet,/trackpy: Trackpy v0.5.0 (v0.5.0). Zenodo.

Zhao, W, et al, 2015. The Salmonella effector protein SifA plays a dual role in
virulence. Sci Rep 5, 1-10.

Thyberg, J., Moskalewski, S., 1998. Partitioning of cytoplasmic organelles during
mitosis with special reference to the Golgi complex. Microse Res Tech 40, 354-368.
Carlton, J.G., Jones, H,, Eggert, U.S.,, 2020. Membrane and organelle dynamics
during cell division. Nat Rev Mol Cell Biol 21, 151-166.

Sadauskas, E., et al., 2007. Kupffer cell s are central in the cemoval of nanoparticles
from the organism. Part Fibre Toxicol 4, 1-7.

De Chastellier, C, Thilo, L, 1997. Phagosome maturation and fusion with
lysosomes in relation to surface property and size of the phagocytic particle. Eur J
Cell Biol 74, 49-62.

Visalli, G, et al,, 2021. Acute and sub-chronic effects of microplastics (3 and 10
pm) on the human intestinal cell s HT-29. Int J Environ Res Public Health 18, 5833.
Hu, M., Pali¢, D., 2020. Micro-and nano-plastics activation of oxidative and
inflammatory adverse outcome pathways. Redox Biol 37, 101620.

Kiihnel, W., 2003. Color atlas of cytology, histology, and microscopic anatomy.
Thieme Medical Publishers.

Wiemersiage, L., Lee, D.,, 2016. Quantification of mitochondrial morphology in
neurites of dopaminergic neurons using multiple parameters. J Neurosci IMethods
262, 56-65.

Berridge, M.J., 2002. The endoplasmic reticulum: a multifunctional signaling
organdle. Cell Calcium 32, 235-249.

Maruri-Avidal, L., Lopez, S., Arias, C.F., 2008. Endopl asmic reticul um chaperones
are involved in the morphogenesis of rotavirus infectious particles. J Virol 82,
5368-5380.

Asheroft, $.J., Asheroft, F.M., 1992. The sulfonylurea receptor. Biochim Et Biophys
Acta (BBA)Wol Cell Res 1175, 45-59.

Don, A.S., et al,, 2007. Essential requirement for sphingosine kinase 2 in a
sphingol ipid apoptosis pathway activated by FI'Y720 anal ogues. J Biol Chem 282,
15833-15842.

Wang, F., et al., 2006. Study on the formation and depolymerization of actidine
orange dimer in acridine orange—sodium dodecyl benzene sulfonate-protein
system. J Colloid Interface Sci 298, 757-764.

Qi, J., et al., 2019. Towards more accurate bioimaging of drug nanocarriers:
turning aggregation-caused quenching into a useful tool. Adv Drug Deliv Rev 143,
206-225.

Uribe-Querol, E,, Rosales, C,, 2020. Phagocytosis: our current understanding of a
universal biological process. Front Immunol 11, 1066.

Baranov, M.V., Kumart, M., Sacanna, S., Thutupalli, S., 2021. Modulation of
immune responses by particle size and shape. Front Immunol 3854.

Canton, J., 2014. Phagosome maturation in polarized macrophages. J Leukoe Biol
96, 729-738.



O 0o ~ oy

10

11

12

13

14

15

16

17

18

19

20

6 DARSTELLUNG DES EIGENANTEILS UND TEILARBEITEN

Supplementary Information

Polystyrene microparticle distribution after ingestion by murine macrophages
lulia Jasinski", Matthias V&Ikl*', Jonas Hahn?, Valérie Jérdme?, Ruth Freitag®*, Thomas Scheibel3*55

1 Biomaterials, Faculty of Engineering Sciences, University of Bayreuth, Bayreuth, Germany

2 Process Biotechnology, Faculty of Engineering Sciences, University of Bayreuth, Bayreuth, Germany
3 Bayreuth Center for Colloids and Interfaces (BZKG), Universitat Bayreuth, Bayreuth, Germany

* Bayreuth Center for Molecular Biosciences (BZMB), Universitit Bayreuth, Bayreuth, Germany

* Bayreuth Center for Material Science (BayMAT), Universitit Bayreuth, Bayreuth, Germany

¢ Bavarian Polymer Institute (BPI), Universitit Bayreuth, Bayreuth, Germany

T both authars cantributed equally

Videos

Video S1. Movement of J774A.1 macrophages with no added particles (=control) over 25 h.
Video 52. Movement of J774A.1 macrophages and their interaction with 3 pm PSPs over 25 h.
Video 53. Movement of ImKC macrophages with no added particles {(=control) over 25 h.

Video 55. Movement of ImKC macrophages and their interaction with 3 pum PSPs over 26 h.
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Figures
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Figure S1. Antibody staining of polarized macrophages. The CD80 and CD206 surface marker of polarized and non-polarized
cells were stained, respectively. Polarization was induced by adding 100 ng LPS for 24 h to the growth medium in the case of
M1 polarization and 20 ng/mL IL-4 in the case of M2 polarization. NC = unstained and untreated negative contral, IC = isotype
control, MO = untreated and stained, M1 = M1 polarized and stained, M2 = M2 polarized and stained
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Calculation of the approximation

This approximation was calculated as follows:

The number of particles per cell at day 0 (P,;,) was measured for the respective cell
populaticns.

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 number of cells or approximately 3 cells out of 1.

A symmetrical distribution was assumed.

Particles per cell were calculated on the assumed Day 1, counted, summarised (Pg;;; ) and
normalized to 100% (P, ;, ).

Same procedure was obtained for the following days (Py, ;).

The calculated numbers were used as an approximation for a symmetrical distribution and

compared to the measured data.

. Day 0
P N

© o o -

IN PN 2N

000000000

Figure S2. Exemplary process scheme for the calculation of the approximation considering a symmetrical distribution.

Equation 1. Mathematical equation for the calculation of the approximation.

Patnty = Pory + Prey + Popy,+ o+ Py,

Pan, :(3*PO,tU+2*P1,t0+3*P2,ta)+(1*P1,t0+2*P2,t0+3*P3,t0)+"'
+ (1*Pn,t0 + 2% Pyiqy, +3*Pn+2,t0)

(3% Py, +2%Pyy, +3% Py, ) 100%

Ot T Panie,

b (1% Py, +2% Py, +3 %Py ) *100%
bhy Poe,

h (1%Pyy + 2P + 3Py, ) *100%
2,6y —

Pant,

_ (1 * Pn,t(, + 2 = Pn+1,t(, + 3= Pn+2’t0) * 100%

Pai,
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Pupe,=(3#Pyy, +2% Py +3%Py )+ (1P +2%Py +3%P3; )+

+ (1 Py 2% Ppyq, +3x Pn+2,t1)

Pure, = (3%Pyr +2%Py +3%Py, )4+ (1#P +2+Py, +3%Py )+
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Pay i, = Combined cell population at t, [%)]

Pou, = Combined cell population at t; [%]
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Py, = cell population with 1 PCI at £, [%]
P, ., = cell population with 2 PCI at t, [%]

Py, = cell population with n PCI at to [%]
meN

n=14(3+m)

Day 0 Day 2
cell population [%] PCI cell population [%] PCI
6 — 6
10 10
>4 31 >4
47,8
5 5
10 3 . 10 ; “
e 3 3
9,87 2 2
O 4 T 4
U? 10 11,1 , U;gm E ]
o o
10" 10°
14,0
10+ ° 10 4 °
] _ 1] > J:' PR o
T T T T T T T '_"""13_'_'_ 4 I5 IB
1t 10 10" 10 16 10° 10 10 10 10
CellTraceViolett CellTraceViolett

Figure S3. Gating strategy of the particle distribution during cell division measured using flow cytometry. Representative dot
plot of the time-dependent distribution of the 3 um PS,.q (1.68 *10° particles per mL} in ImKC (150,000 cells seeding density})

on the y-axis and the corresponding dilution of the CTV dye.
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79 Figure 54. Sample sections from live-cell microscopy of J774A.1 incubated with 3 pm PS for 25h. Scale bar: 50 pm. The
80 complete video is shown in Video 52.
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A 1774A.1 ImKC

B Mean Square Displacement
o ImKC
s L® J774A.1
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Figure S5. Cellular movement tracking after 25h incubation. A: Tracking of single cell movement for both cell lines, J774A.1
and ImKC, respectively. Circular cell detection is performed via a python script using Canny edge detection and circle Hough
transform %354, Performance was evaluated to work reasonably well. Detection error was improved when tracking dismisses
artefacts. B: The ensemble mean square displacement (emsd) was displayed, and its fit is given as A*t*n with A: displacement,
t: time, n: number of positions. For J77A.1 (blue dots), the fit is represented as an orange line with A= 0.22 and n= 0.69. For
ImKC (red dots), the fit is given as a blue line with A= 0.75 and n= 0.42.
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A Mitochondria Lysosomes Golgi Apparatus

0.2 um PS green

0.5 um PS green

B Endoplasmic Reticulum Gelgi Apparatus
.
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90
91 Figure S6&. PS particle co-localisation with organelles as indicated in J774A.1 macrophages. The PSgn particles are differently
92 sized (0.2 and 0.5 pm (A), 3 pm (B)) and the particle incubation occurred for 15 h. Images are representative examples of
93 confacal microscopy analysis. Red: organelles, blue: nuclei (Hoechst), green: fluorescent particles. Scale bar: 10 pm.
94
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A Mitochondria Lysosomes Golgi Apparatus

0.5 ym PS green

Cytoplasm Endoplasmic Reticulum Golgi Apparatus

3 um PS green

95

96 Figure S7. PS particle co-localization with organelles as indicated in ImKC macrophages. The PSgeen particles are differently
97 sized (0.2 and 0.5 pm (A), and 3 um (B)} and the particle incubation occurred for 15 h. Images are representative examples of
98 confocal microscopy analysis. Red: organelles, blue: nuclei {(Hoechst), green: fluorescent particles. Scale har: 10 pm.
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Early endosomes (EEA-1) Late endosomes (Rab7)

J774A1

ImKC

100

101 Figure S8. Endosome and 0.2 um PS particle co-localization in J774A.1 and ImKC macrophages. The particle incubation
102 occurred for 15 h. These images are representative examples of confocal microscopy analysis. Red: endosomes {anti-EEAL or
103 anti-Rab7}), blue: nuclei (Hoechst}, green: fluorescent particles. A yellow color indicates a co-localization of the particle with

104 an endosome. Scale bar: 10 pm.
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