From Single Cells to Microtissues:
Using Advanced Culture Technigues to Create a Better

Understanding of Microplastic Toxicity

Von cer Fakultat fur Ingenieurwissenschaften
der Universitat Bayreuth
zur Erlangung der Wirdsnes
Doktor-Ingenieur (Dr-Ing.)

genehmigteDissertation

von

M. ScMatthias Sebastian VOlkl

aus
Bayreuth

Erstgutachtein: Frau Prof. Dr. Ruth Freitag

Zweitgutachtem: Frau Prof. Dr. Heike Feldhaar

Tag der miundlichen Prifung: 09.08.2023
Lehrstuhl Bioprozesstechnik
UniversitatBayreuth

2023






Tale of contents

D=1 = 1o [0 ] o TP PP PPPPPRRPPRTPY I
PrEAMMDIE ... e e e e e e e e 1
LISt OF ABDIEVALIONS. ... .ttt e e e Y,
[ 74 = 7] 0 T PP 1
Y 013 1 = ToX SO PP PR PRPTPP PP 4
1. 1o o (8 ox 1 o] o NPT PP PPPPP PP 7
1.1. Usage of cell cultivation in microplastic research.............ccccccoiiiiiiiiiiiiiieiiiereeeceeeeee, 8
1.2. Particlecell interactionc what is known from the literature............cccoooevvevieiiiiiviieeeeeens 8
1.3. Biological effects of MP on a cellular IeVel..............ooiiiiiiiieee e 13
1.4. Relevant fundamentals for cell culture assays used in this wark..............ccccceeeeenns 14
1.5. Polarisation of MacCrOPNagES......ccvveiiiiiiiiiii e 19
1.6. Primary cells in microplastic research..............cccccoiiiiii e 19
1.7. Usage of more complex thresimensional cell cultivation in microplastic research.....20
1.8. Model organisms in MICroplastiC reSEarChL...........coooiuiiiiiiiiiiiii e 22
1.8.1.  Unicellular organisms in microplastic research...............ccccccccceiiiiiiiiiiiiicccicnnns 22
1.8.2.  Terrestrial Model OrganiSIMIS............uuuuuiiiiiiiiiiieiiireeee e e e e e e e e e 23

1.9.  ODbJeCtiVe OF thiS WOTK ......ccoiiiiiiiiiiee e 24
2. 11 g Lo 0 KPP PP PPEPP SRR 26
2.1, FIOW CYtOMELIY. ..o e e e e e e e e e e e e e e e e e e e e aaaaaaaeaeaeeaaeeasaasaaanne 26
2.2. Characterisation of th used particles in this Study...........cccccverieeeieeieeiiiiiiieeeeeeeee, 26
2.3.  Celllines used iN thiS WOIK............cocuuiiiiiiiiiiie e 28
2.4. Cryopreservation and thawing of CellS............uuiiiiiiiiiii s 29
2.5. Estimation of the cell count and Viability..............coooiiiiiiieriiiii e 30
2.6. Polarisation of Macrophages..........ooooiiiiii e 30
2.7. Isolation and cultivation of primarfg.fetidacells...............ueeeiiiiiiiii 31
2.8, TranSWEII SEEUING ....cccii ittt e s e e e e e s e e ee e e e e aannes 31
2.9, SPhEroid fOrMALION. ........oiiiiiiiiie e e e e e e e e brrn e e e e e e aanes 32



2.10.  Agarose micrarray €mbedding...........cooiiiiiiiiiiiiicc e aaaaas 33

2.11.  Gelatine Capsules Embedding...............oooooiiiiiiiiiiiciic e 34
2.12. Gl ASSAYS. ... eeeeeeeeit ettt e s e e 34
20200 MTT ASSAY.eiittttuuuaii e e e e ee e et ettt e e e e et et e e e ettt aaa e e e e e e e e eeeeebbba e e e e e e aaaeeeeenebbnn s 34
2.12.2. Proliferation assay by Cell COUNL...............c....oo oo 35
2.02.3. ROS ASSAY ..euuutiuuiiiiiiieieiie ettt as et e e e e ettt ettt e e 35
2.12.4. CFSE SEAINING ... uuteetieeiiiiiieieee e et e e s e e e e s s e e e e e e s asne e e e e s s aannnnnreeeeeeas 36
2.12.5.  CTV STAINMING. c.eeetiiiiiieeee ettt e e e e e e e e e s s e e e e e e s e e s e eeeeeesennnnnnees 36
2.012.6. LDH @SS@Y . uuttuureeeeieeiiiiiiiiiiieiee e e e e et r e e e e e aaeeens 37
2.02.7. COMET ASSAY....ctuuuuuuuuataiaeeaetietetiti e s e e e et eteeetett e e e aaeeeteesrerba s e aaaaeeeeennnnens 37
2.12.8. Enzymelinked ImmunoSOrbeRASSAY.............coceieiieiiii e 38
2.12.9. LUCITEN YEIIOW ASSAY. .. .eeeiiiiiiiiiiiiitieeeeseit et e e e ettt e e e s e e e e s e e e e e eane 39
2.13. Ribonucleic acid SEQUENCING...........cuuiiiiiee it 39
2.14. Particle détribution during cell diVISION............ccooooi i 40
2.15.  Analysis of particle excretion after ingestian.............cccccoe oo 40
2.16.  SiINgleCell SOMING........c.vvveiiieeiiiiiiiiee et sinneeee e e enneee e A0
2.17. Protist CUlIVAtION........coooiiiiiiiie e nrnneeee e AL
2,18, SHALISHICS. ..eeeeiiiiiee ettt e e e 43
2.19. LICENCE AQIEEIMENIS.....ciiii i e e e e e e e e e e aaaaaaaa e 43
3. Biological interactions and effects of microplastic on a cellular level........................... 44
3.1. Quantitative PCI analysis and the dependenayatrophages' polarisation state........ a4
3.1.1. Quantification of PCIl with the flow cytometry...............cooo oo, 45
3.1.2. Influence of polarisation statef macrophages on the PCl.............cccccooiiiiiennnen 47
3.1.3.  Summary and CONCIUSION..........uiiiiiiiiiiiiiie e e e 50
3.2. Particle distribution after ingestion of MPR............cccuiiiiiiiiiiiiieee e 51
3.3.  Cellular effects induced by MBP.... ... e 57
3.3. 1. INfluence Of the PCl.....ceeeeee e 57

3.3.2.  Influence of the partiCle SIiZe...........ouiiiiiiiiii e 60



3.3.3. Influence of the protein corona design..............cccooiiiciiiiiiniiiiii e, 67

3.3.4. Influence of MONOMEN rESIAUES.........cocuiiiiiiiiie et 69
3.3.5. Influence of the POIYMEr tYPE.......oiiii i 70
3.3.6. Influence of artificial ageing of partiCles...........cccceeiiiiiiiiiee e 73
3.3.7. Influence of paint microparticle fractions.................ccooeeciicciiiiiiiii e, 92
3.3.8. Summary and CONCIUSION.........cuiiiiiiiiiieiie e Q4

3.4. Excretion behaviour ahgested PartiClES. .........cooiiiiiiiiieiiiiieee e 96
4. Effects of MP ON MICTOtISSUE.......cooiiiiiiiii et 100
4.1. Effects of microplastic in the transwell aSSay............ccccvvviieiiniiiiiiiiee e 100
4.1.1. Influence of microplastic on the epithelial monolayer integrity......................... 101
4.1.2. Migration of particles through an epithelial layer................ccccccce, 102

4.2. Interactions of microplastic with spheroid miCrotiSSUE............cuvvvveeiiiiiiiieeeeeeeiee 105
4.2.1. Establishment of spheroid CultivatiQn..............c.coeeeeiiiiiiiiiiie e 105
4.2.2. Interaction of spheroids With MPP............ccccoc i, 109
4.2.3. Establishment of spheroid analysis using thin sectioning................ccccceeeeennnes 111
4.2.4. Coecultivation of spheroids with macrophages...........cccoccvvviiiiiiiiiiiiiiiee e 113

4.3.  SUMMAry and CONCIUSION. .....ccciiiiiitiiiieeee ittt e e s e e e e e e e e e e s ssbbe e e e e e e annes 115
5. The effect of MP 1o primary intestinal cells frork. fetida..............cccccciiiiviiiiiiiiiiieeeeeeee, 116
6. Effects of MP on unicellular 0rganiSmS..........ueevieviiiiiiiiiieiee e, 118
6.1. Ingestion Of PartiCleS iN PrOtSL..........couiiiiiiiiiiiiie e 119
6.2. Analysis of the uptake mechaniSmMANPrOtEUS...........coveviiiiiiiiiiiee e 121
6.3. Possible transfer of microplastic through trophic levels \darglified food chain........ 123
6.4.  Summary and CONCIUSION..........coiiiiiiiiiiiee et e e e e e e e e eere e e e e eeeeeeens 126
7. SUMMArY AN OULIOOK. ...ttt e e e e 128
8. Y o] o170 o[ O PP PPPP PRI 131
8.1. Data availability for RNATaW data.........c.oooviiiiiiiiiiiiii e 131
8.2.  Supplementary figures and tablesS........ ..o 131

9. ) TR 138



LS TN O 1Y o) o U] =PRI 138
9.2, LISt Of SCREIMES ....ccoiiiiiiii e 139
0.3, LISt Of TADIES. ... 141
9.4, LiSt Of EQUATIONS. .......uiieiiiieeeeiiiie ettt e e e e e e s e e e e e e s e e e e e e e asnnnneeeas 141
10. MaterialS, DEVICES ANBO VAN . ... ivieeiieee ettt et e et e et e et e et e e e e e et e e e e e e eeareeennns 142
10.1.  Buffers and SOIULIONS..........cuuiiiiiiiiie e 142
10.2.  CellS N OFQANISIILS......ceiiiiiiiriietee e et e e e et e e e e e e e e s e s e e e e e e s e nnneees 143
10.3. Particles used in thisS STUY...........ccuveiiiiiiii e 144
10.4. Chemicals, Reagents and KitS..........couvviiiiiiiiiiiie e 146
L0.5.  ACCESSOIIES. .. .uteieeiiiite ettt ei ettt b et e et r e e e et e e e e b et e et b e e e s sbe e e e s nbe e e e anne s 150
10.6. DeVvices and EQUIPMENL. ... ..uuii ettt e e e e s e e e aerrrees 151
LO.7.  SOMWAIE.....ceiiieiiiitee ettt e e e e e e e e e e s e e e e e e e e nnnn e ee s 153
11, LiSt Of PUBICALIONS. .. ..eiiiiiiiiiiiie e e e e e e e 154
12, REIBIBINCES. ... it 155



Danksagung

Ich méchte mich an dieser Stelle bei allen bedanken, die mich wahrend meiner Promotionszeit

unterstitzt haben.

In erster Linie gilt mein D& Frau Prof. Dr. Ruth Freitag, fur die Moglichkeit meine Promotion am
Lehrstuhl Bioprozesstechnik zu absolvieren. Dank Ihrer hervorragenden Betreuung und hilfsbereiten

Art, war die Zeit am Lehrstuhl &uRerst angenehm und lehrreich.

Ein weiterer grof3er Dangilt Frau Dr. Valerié Jérdme. Auf ihre Ideen, konstruktiven Gesprache und

Hilfe im Labosowiebei der Lehre konnte ich mich immer verlassen.

Besonderer Danlgilt auch Prof. Dr. Thomas Scheibel und Julia Jasinski furhereorragende

Zusammenarbeit alsr@jektpartnerinnen.

Ich bedanke miclauRerdembeim gesamtenTeam und Projekt SFB Mikroplastpezieller Dank gilt

Prof. Dr. Heike Feldhaar, Prof. Dr. Christian Laforsch, Prof. Dr. HolgeiPKoésBy. Andreas Greiner,

Dr. Alfons Weig und allen weitm Projektpartnern fur die hervorragende Zusammenarbeit sowie die
konstruktive Unterstiitzung in fachlichen Gesprachen und beim Veréffentlichen von Daten.
bedanke mich bei Melanie P6hlmann, die als Koordinatorin des SFB Mikroplastik mit Rat und Tat zur

Seite stand.

Ein herzliches Dankeschon auch an alle Doktorandlnnen, mit denen ich die Gelegenheit hatte
zusammenzuarbeiten. Insbesondere bei Anja Ramsperger (Konfokalbilder) und Thomas Witzmann fur
die Arbeit am Beadvergleicpsojekt, bei Simon Riedl (Hiaerung der Kultivierung) und Anja Holzinger
(Isolierung der Darme) fur die Zusammenarbeit in der Priméarzellkultivierung, bei Nora Meides fur die
Alterung der Partikel, bei Sven Ritschar flr die Zusammenarbeit am Kryotom und deoidph bei

Yuanhu Zhag und AnrKatrin Mller fiir die Bereitstellung von Partikeln sowie bei Simona Mondellini

und Michael Schwarzer fur Bereitstellung von Paramecien. Zusétzlich danke Teresa Menzel, Johanna

Schmidtmann und Sebastian Weigert fur die schdne Zeit im Projeknabem fachlichen Gesprachen.

Ein besonderer Dank gilt auch an alle Studierenden, die ich im Rahmen meiner Arbeit betreuen durfte
und mir in der Erstellung von Daten behilflich wardamentlich zu erw&hnen sind hierei Ali ABbed
(gealtertes Mikroplaski) , Christoph Rudisch (Polarisation von Makrophagen), Hanin Alkhanis (PLA
Zytotoxizitat), Johanna Fritsche (Polarisation von Makrophagen), Jokin Zubizaretta (3D Druck), Rafael
Kaiser (Ausscheidung von Mikroplastik), Razan Salhany (MTT Daten), Sarah {@gesitarte
Partikel),Sathish Govindaraj(PLA Zytotoxizitat), Sebastian Reich (gealterte Partikel), Sophia Fassold
(gealterte Partikel), Stefan Eder (Amdben), Tasmai Paul (Monomerresidues) und Tomas Penaherrera

(Sphéaroide).



Ein groRer Dank geht auch areimen Burokollegen Moritz Helm und an Daniel Keim flr die taglichen
11:15 Termine. Vielen Dank auch an alle weiteren Doktoranden am Lehrstuhl, Thomas Steiner,
Stanislava Mlinar, Songyan Ben Huang, Leif Meyer, Elisabeth Ranze und Meshack Simeon fiir die imme
gute Zusammenarbeit. Ich bedanke mich bei Andrea Schott fur ihre Arbeit im s@abrbei Edith

Hubner und Kristina Thompson fiir die zligige Bearbeitung aller gré3eren oder kleineren Probleme und

fur die zuverlassige Zusammenarbeit.

Abschlieenandchte th mich bei meiner Familie und Freunden bedanken. In erster Linie bei meiner
Mutter, die mich in jeder erdenklichen Weise und zu jeder Zeit unterstitzitctadenkezu guter Letzt
auch an meinen Vater, der in mir das wissenschaftliche Interesse undstiarh Forschen geweckt

hat und immer fir mich da war



Preamble

Overall, the still relatively young research field of MP is mainly restricted to monitoring analytics,
guantitatively estimating environmental pollution, and identifying the relevant entaths. In
ecotoxicological analysis, mostly pristine polymers are used. A fundamental understanding of physical,
chemical and biological mechanisms is still heavily lacking. Various perspectives furthermore influence
others highly. Overarching, interdistimary research is of great value in advancing MP research.
Therefore, theCollaborative Research Centre (CRC) 1357 Microplasscapplied at the University of
Bayreuth in 2018. The main aim of the CRC is to investigate the MP load on organismsatheuneh

and migration of MP under different environmental compartments, as well as the ageing and change
of MP under the influence of various environmental conditions. Another focus is the development of
novel plastics that contribute to sustainable polyncbemistry. Central points of MP pollution are split

into three superordinate project areas:
Project area A: Biological Effects
Project area B: Behaviour and migration
Project area C: Degradation and development of novel plastics

The individual project ams are divided into further suprojects, whereby networked,
intradisciplinary cooperation of the individual sphojects is promoted. This project was integrated

AyiG2 LINR2SOG IINBIF a!é¢ |a adzoLINR2SOG a! npeéd ¢2:
G A2YFGSNALFEf&aés GKS aSTFSOGa 2F YAONRLXPRDINA O LI N
the project, Julia Jasinski, born Rudolph, was mainly responsible for the interaction, uptake and
intracellular distribution while the cytotoxic effegtprimary cell isolation and testing, formation of

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

on in this work. High interaction and cooperation were requested and promoted. Especially since
variousresults are highly complementary, most projects were treated as cooperation. In the result
paragraphs, the respective cooperation partners and their contributions to the results will be named

individually.
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Kurzfassung

In dieserArbeitwird dasdas potenzielle Risiko von Mikragtik auf zellularer Ebene in zunehmender
Komplexitat analysiertHierfir werden mnachst kritische Parameter von Mikroplastikpartikeln
bezuglichder intrazelluléarer Verteilung, Auslésung von Effekten eimer méglicherAusscheidunin
Standardellkulturansatzenidentifiziert. AusgewahlteCharakteristia von Mikropartikelnsind hierbei
Oberflachenladungund chemische Maifikationen, Grof3e, Form,Polymerart oder Monomekr
Ruckstanden. Eine erste Konvergenz zu realistischeren Ansatzen wird durch eine Hainstlic
Laboralterung dieser Partikel und die Verwendung von aus handelstiblichen Wandfarben extrahierten
Partikefraktionen erreicht. Anschlieend wird die Komplexitat des Zellkultursystems von
herkdmmlichenStandardgstemen auf 3EMikrogewebeansétze erhoht. dnswellSysteme und die
Kultivierung von Spharoiden werden verwendet, um die Wirkung von Mikroplastik auf die Bildung
dieser Mikrogewebe zu analysieren. Darlber hinaus wird das Penetrationsverhalten von Partikeln in
vollstandig gebildete Mikrogewebean analsiert. Primérzellen voRisenia fetidals Modellorganismus
werden anschlieRend verwendet, um zellulare Erkenntnisediter auf die organismische Ebene zu
Ubertragen. AbschlieRendwerden einzellige OrganismerArfioeba proteusund Tetrahymena
pyriformig als Reprasentanten der unteren Trophieebenmrwendet, umden Mechanismus des
Aufnahmeverhaltervon Mikropartikelnin diesenzu bestimmerund einen méglichen Transfer tUber

eine vereinfachte Nahrungskettmianalysieen.

Die Identifizierungder kritischen Parameter fur Mikroplastikpartikel wurde mithilfe von Standard
Zellkulturtests durchgefiihrt, um potenzielle zytotoxische, genotoxisetteentziindliche Reaktionen
sowie oxidativen Stress zu screenen. Neben der Abhangigkeit des Zellphareyjesen sich
Parameter, die die PartikeleltIinteraktion beeinflussen, als besondeiaflussreich Dies wurde durch
Verwendung von Partikeln mit hoher Oberflachenladung (hohe Paiidlnteraktion) und niedriger
Oberflachenladung (niedrige Partiké¢lHinteraktion), aber ansonsten gleichen Eigenschaften,
verifiziert. Die gemessenen Effekte waren signifikant groBer fir die erhohte Interaktionsrate.
Insbesondere die Oberflachenladung, Prot@herflaicherKorona und GroRenbereiche, die die
Aufnahmewahrscheinlichkeibeeinflussen, erwiesen sidtiaher als kritisch fur die nachfolgenden
Effekte.Gemessené&ifekte traten jedoch nur bei relativ hohdpartikellonzentrationen (25Qug/mL)

auf.

Bei Verwendung kiinstlich gealterter Partikel (durch-Baétrahlung) oder PartikeHktionen aus
Wandfarberkonnteeine Zytotoxizitét bereits bei wesentlich niedrigeren Konzentrationen beobachtet
werden (2¢ 20 ug/mL). Als Hauptfaktorehierfuir konnte die Morphologie der Partikel (z.B. scharfere

Kanten) und eine erhdhte Reaktivitat aufrd®berflache der Partikel aufgrund der Béstrahlung



wahrend der kinstlichen Alterung identifiziert werdenim Gegensatz dazu, av das
Entzindungshiveau bei Zellen, die nfi#tbrikneuen Partikeln behandelt wurden, hoher. RNA
Sequenzierungn konnten diese Egebnisseverifizierenund einen Einblick in mogliche Mechanismen
geben(Aufnahmewege, spezifischekatziindungsreaktion fur fabrikneue Partikel, akayttotoxische

Reaktionswege flr gealterte Partikel)

Verteilungs und Ausscheidungsstudien zeigten einspezifische Verteilung wahrend der Zellteilung
und keine aktive Ausscheiduimgeiner Kultivierungsdauer vor2 StundenDies legt nahedass eine

intrazellulare Anreicherung der Partikabglichist.

Der Einfluss von Mikroplastikpartikeln auf die Int&grieiner epithelialen Membran wurde mittels
Transwelinserts analysiertDer Effekt der Partikehuf die Funktionalitat der Membran war jedoch
vernachlassigbarwas mutmafilich mit der geringen PartikeZell Interaktionin den verwendeten
EpithelzelllinerzusammenhangtDie Etablierung eines PenetraticAssays mitiesemSystem war
aufgrund eines Mangels an Partikeln, die die Membran selbst ohne Zellen durchdringen koiuiten,

maoglich.

Die Analyse arSpharoiden hingegen lieferte mehr Einblickg dielnteraktion von Mikroplastik und
Mikrogeweben Die Bildunglieser Zellaggregatsurde signifikant gestort, wenn Partikel wahrend der
initialen Wachstumsphase hinzugefligt wurdetierbei zeigten erneut kiinstlich gealterte Partikel
einen groReren Effektim Vergleich zu unveranderten Partikeln. Partikel, die nach vollstandiger
Etablierung de Gewebeshinzugefiigt wurdenkonnten in die Sphéroide etlringen und mittels
etablierten AnalyseWorkflow nachgewiesen werden. Abschlieend wurde eine Ko
Kultivierungsmehode fiir Makrophagen und Sphéroide etabliert, um sichrastirlichenUmgebung

weiter anzundhern.

Primare Darmzellen voB. fetidawurden verwendet, um Erkenntnisse aus der lfadinkultivierung

auf primare Zellen zu tbertragen und Schlussfolgerungetiéimrganismische Ebene zu ziehen. Dabei
stellte sich die Partikelgrofl3e erneut als entscheidender Faktor filPalitkelZell Interaktiorheraus.

Es konnte jedoch keine akute Zytotoxizitat in den primaren Zellen als Reaktionkaopsistikpartikel
beobachtet werden, was wahrscheinlich mit der geringen Wechselwirkungsrate und dem epithelialen
Phanotyp zusammenhangt, wie zuvor identifiziert. Die Moglichkeit langfristiger Auswirkungen oder
einer Anhaufung auf Gewebeebene kann jedoch nicht ausgeschlossdanvea gezeigt wurde, dass
Partikel in Mikrogewebe eindringen kdnnen. Basierend auf den Ergebnissen dieser Studie war es
allerdings nicht mdglich, eine Verbindung zwischen den zellularen und organismischen Ebenen

herzustellen.



Die Analyse von Einzelleriieferte weitere Einblicke in eine mdogliche Bioakkumulation und
BiomagnifikationT. pyriformiszeigte eine schnelle und groRenabhangige Aufnahme (Partkgh®.

A proteusy I KY t I 6\inadf.SahresdT. pyriformisals Filtriererdie Partikel unsezifisch
aufnahm, konnte fur die Amobe als Aufnahmemechanismus die Pinocytose identifiziert werden.
Darlber hinaus kdnnten Partikel indirekt vanproteusaufgenommen werden, wenn sidikroplastik
belastete Beute in einem vereinfachten Nahrungsnetzweekgden. Es wurde weiterhin festgestellt,
dass der Aufnahmemechanismuserd Verbleib der Partikel innerhalb der Amdbe signifikant
beeinflusste. Direktdurch Pinocytoseaufgenommene Partikel blieben bis zu 14 Tageden
Organismenerhalten, wahrend durch bettete Beute phagozytisch aufgenommenakMpartikel

aktiv ausgeschieden wurden, was auf das Vorhandensein von selektiven intrazellularen Mechanismen
hinweist. Daher ist eine mdgliche Bioakkumulation auf den unteren trophischen Ebenen

wahrscheinlich und hégt stark von der Partikelgréf3e und dem Aufnahmemechanismus ab.

Als kritische Parametdiir Laborpartikel wurden Eigenschaften identifiziert, welche die PaiZikd|
Interaktionen fordern. Br weitere Forschungansatzezur Risikobewertung von Mikroplastikird
insbesondere die Verwendung von umweltrelevanten Mikroplastikpartikeln dringend empfodiden
Reaktionen und Mechanismen stark von Laborpartikeln abweidbieriVerwendung von komplexeren
3D-Zellkultivierungen zeigte die Moglichkeit des Eindringens ®artikeln in Mikrogewebe auf.
Dartber hinaus wurden keine Exkretionsmechanismen in Saugetierzellen gefunden, was eine
Anreicherung von Partikeln in Organismeder Gewebenwahrscheinlich macht. Studien an
Organismen auf den unteren trophischen Ebenegtesi eineerhdhte Akkumulationvon Partikeln in

einer besonders kritischen Groffe6 um) fir Saugetierzellen. Da die Ubertragung dieser Partikel
entlang der Nahrungskette wahrscheinlich ist, kdnnte eine hthere Aufnahme kleiner Partikel méglich
sein, was ds Risiko einer Biomagnifaktion erhdht. Dalefiert diese Arbeit weitere Erkenntnisse zur
Bewertung des Risikos von Mikroplastik auf zellularer Ebenestmdglicht Schlussfolgerungen fir

hohereOrganisnen.



Abstract

This workevaluatesthe potential rek of hazardous effects of microplastic on a cellular lavel
increasing complexityFirst, critical parameters of microplastic particles are identifiestémdardcell
cultivation.In this process e pathway of an ingested particle concernitgjntracellular distribution,

effect triggering and excretion is analysedHereby, he multiparameter characteristics of
microparticleslike surface charge and modificatiorsize, shapegyolymer type or monomer residugs

are consideredThefirst convergene towards arealistic approach ithe usage ofrtificial weatheed
modelparticlesandparticles extracted from commercially available wall paints. Following this, the cell
cultivation system complexityncreasesfrom standard systems to 3D microtissue papaches.
Transwell systems and the cultivation of spheroids are used to analyse the effect of microplastic on
the formation of these microtissues. Furthermore, the penetration behaviour of particles into fully
formed microtissues igracked Primary cellsfrom Eisenia fetida as a model organismare
subsequently used to transfer cellular findings to the organismic level. Finally, unicellular organisms
(Amoeba proteuandTetrahymena pyriformjsas representativeof the lower trophic levelsare used

to study the uptake behaviour of microparticles, their ingestion pathaaga possible transfer across

a simplified food web.

The identification of particular critical parameters for microplastic particles was perfobyesing
standard cell culture assays investigatepotential cytotoxicity, oxidative stresgenotoxicity,and
inflammatory responses. Next to the dependency of the cell phengtgpeameters influencing the
particle-cell interaction proved notably important. This was verified using pastiaith a high surface
charge (high particleell interaction) and a low surface charge (low partaddl interaction) but
otherwisewith the same characteristics. Measured effects were significantly larger for the increased
interaction rate. In particulathe surface charge, protein surface corgaad sizeéange as parameters
affecting the uptake probabilityproved critical for subsequent effects. Nevertheless, effects were only

observed for relatively high concentrations (25§/mL).

However, when ugg artificially aged particles (via tivadiation) or paint particle fractions,
cytotoxicity could be observed faignificantlylower concentrations (2, 20 pg/mL).The morphology

of the particles (e.g. sharper edges) and an increased reactivity dnJthé&NJi A Of 8u@ o tha UeNJF | O S
irradiation could be identified as the main influencing factarsterestingly though, the inflammation

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

and provide a limpse into possible mechanisnfgptake pathways, specific inflammation pathways

for pristine particles, acuteytotoxic reactions for aged particles)



Further dstribution and excretion studies revealed an unspecific distribution during the cell division
and no active excretion during TRof cultivation. Thse findingsled to the assumption that an

intracellular accumulation of particles is likely.

Afterwards, the cell cultivation system was expanded from 2D to 3D systehes.influence of
microplasticparticles on the integrity of an epithelial membrane wessebyanalysed using transwell
inserts. However, the effect of the particles was negligilwbich was likely connected to the low
interaction rate between epithelial cells and particld3ue to a &ck of particles penetrating the
membrane even without cellsseablishing a penetration assay with the same systemneapossible.
Contrarily, he usageof spheroids provided more insights. The formation ofsmicrotissuesvas
significantly disturbedvhen adding particles during the initial growth phase. Again, artificially aged
particles showed a higher effect compared to pristine ones. Particles added after the full establishment
penetrated the spheroid rad could be detected by an established an@ywsorkflow Finally, a co
cultivation method for macrophages and the spheroids was established to converge closerirtio the

vivoenvironment.

Primary intestinal cells frondseniafetida were used to transfer previous findings from the cell
cultivation  primary cells and to draw conclusions for the organismic level. Notably, particle size was
againa crucial factorfor the interaction However, acute cytotoxicitgould not beobserved in the
primary cells in response fparticles whichcan beassociatd with the comparablelow interaction

rate of the epithelial phenotype, as identified previously. The possibility of-temg effects or
accumulation at a tissue level cannot be dismisseslit was demonstrated that particles could
penetrate microtissuesNonetheless, based on this study's findings, it m@ispossibleto establish a

link between the cellular and organismic levels.

The analysis of unicellular organisms reedalfurther insight ino bioaccumulation and
biomagnificationon the lower trophiclevels Tetrahymena pyriformis showed a fast and size
dependent uptake (particles6 um) Amoeba proteusngested particleate um. While T. pyriformis,

as filter feeder, ingested particles unspecifically, pinocytosis was identifiettheasnain uptake
mechanismfor the amoeba. Furthermore, particles could be indirectly ingested bgroteuswhen
feedingmicroplasticburdened prey in a simplified food welbheseuptake mechanisig in return,
significantly influenced the fate of the particlexggested bythe amoeba. Directly ingested particles
remainedfor up to 14 days, while phagocytic ingested MP through burdened prey was actively
excreted, suggesting the presence of selective intracellular mechaniSiter way, apossible
bioaccumulation on lower trdpic levels is likely and highly dependent on the particle size and the

uptake mechanism.



As especially critical parameters for pristine particles, parteleinteraction promoting properties

could be identified. Further anbining the results from thisstudy, especially the usage of
environmentally relevant microplastic particles, is highly recommended for research purghoséds

their highly deviating effects compared to pristine ondare complex 3D cell cultivation revealed the
possibility of partites penetrating microtissues. Moreover, no excretion mechanisms in mammalian
cells were found, making an accumulation of particles in organisms likely. Studies on organisms at the
lower trophic levels revealed farther possible accumulation of particlas an especially critical size

(<6 um)for mammalian cells. Since the transfer of these particles along the food web is likely, a higher
uptake of small particles might be possible, increasing the risk of biontjoifi. Therefore, this work

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

for higherorganisns.



1. Introduction

For 70 years, plastic has been an indispensable part of everyday life as a mass product. Despite this
lengthytime as a consmer product, there is still no widespread recycling of plastic. While only 9% of
the plastic produced is reused, 79% ends up in landfills or the environfHerBy 2050, the
accumulation of waste in the environment is expected to increase frof® &8llion tonsin 2017to

12000 million tons!. In additon to macroplastis, known ase.g. packaging material, environmental
pollution with microplastics (MP) is als@anvergingoroblem.While the firstscientificnotation ofMP

was only in 2004 in thkeighly regarded . J} LISNJ a[ 2ad | G { Bk WOFenpshdet A & | f f
al.’, the scientifi¢ political andpublicattention has riserargely till today®. However, an alinclusive
definition of the term microplastids still being discussd. Frias and Nash proposed in 20t#
F2ft26Ay3AY GaAONRLIX FaGAOa FNB Fyed a8yiKSGAO az2ft A
shape and with size ranging fronefin to 5 mm, of either primary or secondary manufacturing origin,
GKAOK | NB Ay &Zhevt iuSlena Erebgdplii iStdNt/o main categories, primary and
secondary MP. Primary MP iarposely produced by humane.g, plastic pelletsas an ingredient in
personal care productsr as matrix addition invall paint, and other$. Secondar/P arises from the
decompogtion of macroplastic through UV radiation, abrasion or bacterial degraddfioviP
accumulates in the environmemind cannowadaysbe found inall environmental compartments like
marine and freshwater systems, terrestrialr and even in isolated areas like glaciers, tlod@sea or

the highest mountains as described by various reviéWfls Consequently, organisms in thespective
compartmentmustdeal with this new environmental pollutanEspeciallfor the marine and aquatic
environment various studies regardingeither small model organisms like the water dle
Daphniamagnaor the zebrafistDanio rerioor larger organismslike, e.g. marine fish or seals were
analysed and summarsed in various reviewd%!3l, Evidence shosthat the ingestion of MP bycaiatic
organisms has the potential to induce differeatvere effects such asimpairment of food
consumptionor effects ongrowth as well asdisorderedreproductionin small organisms, using
vertebrates and invertebratd&'9. Inlarger animals, MP accumulation, the introduction of endloer
disruptor chemicals (EDC) and a possible vector function for pathogens and following infectious
diseases are considerdhreads, as summased in a recent review. Recently, a new disease could

be correlated explicitly to the M burden in sea birds, the ®alled plasticosis, a fibrosis tyj&. The
accumulation in the food chain cafurther be observed for terrestrialbrganisms?>23 and
implementing thisthe MP burderis also a relevant factofor human healtf*. According to a stug

by theWorld Wide Fund for Natur@personconsumes an average of up 5@ MP pemweek by diet

or respiration?®), Other studies estimate @it 200000 particles/year as uptake of a typical human,

notingthat due to methodical limitations, an underestimatiofsmaller particless likely??. MP has
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already been found in the human placenta, faeces, lung tissue, dnddd?’*%, These findings
therefore, advocate for an accurate analysis from scratch of MP pollution regarding distribution and
degradation in the environment, wgke andaccumulationthroughout the food chain, toxicity

assessment of MP for organisms and ultimattig effect of MP on humans

1.1.Usage of cell cultivation in microplastic research

One possibility to analyse theffect of contaminatsis the usage oénimal experiments, which are
mostly conducted with micé/ariousin vivostudiesof the effect of MP on this model organidmave
beencarried out in the lastew yearsi*<*"], Consistent findings included effects on the gut epithelium
and the microbiota, immunotoxicityhe formation of reactiveoxygen specieROSand hepatotoxic
effects. Furthermore, a vector function oficroplastic particlegMPB for pathogens is often named
Analysing thempactof MP on mammalsn vivg though, is on the one hand more challengingo
analyse due to highdegalrestrictions and the dependency anore complexin vivoanalysis. On the
other hand,ethical and moral questions need to be asked wheerforming animal experiments.
Therefore,animal and human cetiultivation have become very beneficial for divexbiotechnology,
medicine and veterinary application@ell cultivationbecameanindispensable tool to study intrar
intercellular responses and to serve @s vitro model for research®8., Due to its usagen risk
assessment and toxicological research foe tpast40 years,it is qualified for reliability and
comparability benefitting from avasttrove of experiencé®®*“% Cell culture istherefore, an obvious
applicaton for the analysis dhe toxicity ofMP, and publicationdavedrastically increased in the last

couple of year§l.

1.2. Particlecell interaction¢ what is known from the literature

Cytotoxic effects are often only triggered after the interaction of the pollutantaaodll. An interaction
or ingestion of the particlenside a cellcan be crucial for later analysiShree principal uptake

mechanisms exist farells Schemel).

Receptor mediated-

Phagocytosis Pinocytosis endocy}osis
C/’ ¢ T
o I K€
1 1 1
Cell-membrane 1 ey XC: s
i | « 14
1 1 )" A
1 | o
v v v

Pinosome Endosomes

Phagosome ¢
@, ¢ v
&

Schemel Uptake mechanim of particles in mammalian cells
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Phagocytosis is mainly observed in spesgdlicells like macrophages, describing the active ingestion
of particular matter, bacteria, small cells or remains of, e.g. dead cells. This uptake pathway is critical
for controling and degrading infectious agents and senescent cells and is mainly restricted to particular
matter >0.5um %44 After ingestion via phagocytosis, a phagosome is formed, where the ingested
matter is digested by an acidified compartment. Subsequeittfuses with the lysosome to develop

into phagolysosomes, eliminating the respective extracellular méfieA second endocytotic uptake
mechanism is via pinocytosis. Pinocytosis refers to the uptake of fluids driartalles (<0.5>m) and

can be performed by most celt§«*®l, The engulfed fluid is encapsulated by a pinosome, wisich
formed by pinching the cell membrane inward. Receptwdiated endocytosis is the third main
method of endocytosis. Similar to pinocytosis, mainly solutes and small particular matter is engulfed.
Additionally, specific receptors are involved in selggtinolecules. It can be principally differentiated
between clathrinmediated, caveolirmediated and clathrinand caveoliindependent endocytosis,

each specialised for different functions of the c&f4°.

Consequently, the uptake mechanism depends on the size of particksinteraction with (specific)
receptors to the cellular membrane, ande cell phenaype “24%51  Particle properties e.g.
hydrophobicity/hydrophilicity, surface charge or modification and physical properties (size and shape),

are herebyessential for the interaction and uptake of cell pales!*,

Therefore the particlecell interaction (PCHor selected particle parameters kadeen investigated
(Scheme?).

Eco/Protein

Corona 3! '

Surface
Charge/

Distributionm

 Jpe——

4 [1]
S Cell phenotype

L’U

Scheme Investigated parameters influencing the PCI and ingestinrcooperation projects

[1] Investigated irRudolphVélklet al. (2021); [2]nvestigated iRamsperger, Jasinskiplklet al. 022); [3]Investigated in
Jasinski et al. (2022)
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Theseanalygswere mainly donewith and bycooperatian partnersandwere published in the shared
publications Rudolpland Vélklet al. (2021), Ramsperger, Jasirehkil Volklet al. (2022) and Jasinski

et a. (2022). In the followinghe main results of these papers regarding the PCI and uptake will be
summarised. One main advantage of these cooperatiwashereby the usage of the same particles
and cell lines. Therefore, results from these ingestion steidian be easily viewed in context with
results from this work. The abbreviation PCI will be used when ingestion was not verified by the applied
method but only an interaction, which can be an ingested particle or an adherence to the cell

membrane.

In Ruablph, Volklet al. (2021), Julia Jasinski, born Rudolph, analysed the influence phttiele size

and cell phenotype on the PCI by flow cytometry (PGlystyrene (PS) particles in a size range between
0.2 and 6um were used (0.2, 0.5, 1, 2, 3um). Differences in the PCI could be observed between all
usedcell lines (J774A.4nd ImKCas macrophagesBNL CL.2 and STI@s epithelial cells(Figure $
andFigure ). Prenotypespecific differences were expected (macrophages >> epithelial cells), which
can easily be explained by the natural purpose of the ¢elicrophages as scavenger cells, epithelial

cells with a barrier function)

Interestingly, significant differexes among the respective macrophageéggre 3) and epithelial cell

lines Figure ) were also foundWhile the J774A.1 cell line showed overall the highest, R
increasedPCI compared to ImKC might be related to various reasonsexplanationis the size of

both macrophages. J774A.1 cells proved to be around 1.5 times large2&m) compared to ImMKC

(F 15pum). Bigger cells have more volume to incorporate particles. Since, especially for particles
between 1¢ 3 um, cells were highly interacting with the particles, more volume corresponds to
potentially more PCI. Another reason might be the phenotypihefJ774A.1 cells. While this cell line
was isolated from the ascites, wah had the purpose of soalled wandering macrophages, ImKC cells
are immortalsed resident Kupffer cells. J774A.1 might be more active at moving around the plate and,
therefore, midnt be in more contact with particles. Kupffer cells, on the other hand, are known to be
more speciatied in the clearance of small, particular matter on the nanometer de&l& This might
influence the uptake rate in the here measuréalv micronsized particle range. Next to the
phenotypespecific differences, a sibependency oMP uptake was also found. While a high amount

of 1¢ 3 um particlesshowed interaction 6 um particles, as the largest particle size analysed, only
showed a low interaction rate, which was true for both macrophage cell lines. The natural purpose of
macrophages can again explain this observed diggendency. One of their main functioirsvivois

the clearance ofbacterid infection ®¥. Most bacteria are in a size range of 4 um 5, which
corresponds well to the higimteractionwith particles in this size range. Larger particles, on the other

hand, are more difficult to ingest arekhibit a higher volume resulting again in fewer PCI possibilities
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for the cellsAs shown in the literatur&45%58l the uptake of larger particlesften depends on special

surface modifications, e.g. lgipsorisation, and only low ingestion rates were visible.

Furthermore a concentratiordependent PCI was observed. This was expected since more particles
were available per cell, increasing the PCI probability. Interestingly, macrophages did not seem to stop
ingesting particles after a certain amount of PCI, but most cells showedP@lonly enough particles

were added.

Both epithelial cell lines showed a significantly lower PCI compared to the macrophages. Nevertheless,
significant differences between botepithelial cell lines were visibl€&igure 3). While STQ only
showed low PCI for all particle sizes, BNL CL.2 cells showedlesereling pattern of PCI. Especially

for the smaller particles, various PCI wbie observed, while only sporadicut particles were
interacted with. Although BNL CL.2 cells have been previously described -phagocytotic-57,
ingestion via macropinocytosis is possible for particles up gn%*!, which might explain the PCI
found for BNL CL.2 cells. Especially for liver cellsiap@ocytosis is essential for the clearance of
apoptotic or necrotic cell8®, while for STQ, comparative literature showed patrticle ingestion only

for 0.12pum 15969

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

laser scanning microscopy (CLSM) was used to complement this information. This method captures
fluorescent 2D images at different depths in a cell and subsequently enables the reconstruction of
three-dimensional(3D) structures. The FC tafindings could beonfirmed (Figure 8). While both
macrophage cell lines did seem to ingest most of the interacting particles, the epithelial cells showed
less interaction and often no engulfment of interactpeyticles. Using these complementary methods,

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

used cell lines, dependent on size, phenotype and concentration, cowdddmnplished

Asanadditional paticle parameter, the surface charge is a known property from nanoparticle studies
affecting the PCI and ingestidil. In Ramsperger, Jasinskid Volkl et al. (2022), the influence of
particles with a different surface charge and distribution (MRscence Y-PotentialF - 30mV,
homogeneously distributed; MRromoa Y-PotentialF - 1.5mV, heterogeneous distribution) on the PCI

with the already established macrophage cell lifesKC and J774AX\as investigated. PCl and the
ingestion rate were significalythigher for MBojyscienceccompared to MRicomos This was found for both

cell lines. An increase of 150 (for J774A.1) to 260 (for IMKC) times higher PCI and an 80 (for J774A.1)
to 360 times (for ImMKC) higher internalisation rate ofMRiencecould be found when compaed to

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

internalisation of MP, which was approved mainly for nanoparticles previé4& The pattern of a
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more anionic surface getting internalised higher than +omc or positively chargednes is also
comparable to the nanoparticle scadfé? Again, the biological function of the used macrophages
might be one of the influencing factors. Theotential of the cell wall of common bacteria was
measured at 22mV at pH 7.%°. This charge range is comparable to the surface charge @f,MRce

in cell culture media. The necharged particular matter might, therefore, not be recospu by
macrophages. Additionallyhe PCI and uptake depends on the formation of an eco or prateiona
64 which in return depends on the surface properties and modificatiéh®!. Relevant to this
experimental setup, the formation of the protein corona in the cell culture media with éetlhserum
is also influenced by thimitial surface chargef the particles™. This is shown by the significantly
greater change in th&-potential for MRoyscience@fter incubation in full growth media compared to
MPhicromod (pOlysciencé n 50mv O2YLJ NBR (Fp 0mVA.@OA®OYe2 fRonounced
formation of the protein coronas, therefore, likelyThis, in return, could have impact¢he uptake
and PCI.

A deeper analysis of the influence of the protein corona was done isttidy & ¢ | -Méadeé Ridtein

I 2NRYl C2NXIGA2Y 2y t2f@adeNByS aAONRLI NIGAOE Sa
al. (2022). It has to be natethat while in the previous studies, macrophages were used, the main
interest in this study was on the effects on the epithelial cells{5ai@ BNL CLBS particle0(2 um

and 3um) were precoated with bovine serum albumin (BSA), myoglobiactoglobulin, lysozyme,

or fibrinogen before incubating the particles in full cell culture medium with 10 % (v/v) FCS. The pre
coating step influenced the protein corona formation, and the primary protein layer could still be found
by LiguidChromatograhy-Massspectrometry/ Massspectometry. When incubated in full growth
media, the surface charge converged to arourtbmV for 0.2 um particles and35mV for 3um
particles, no matter the coating. Nevertheless, the poating significantly influencethe PCI and
ingestion rate for four cell lines (IMKC, J774A.1, BNL CL:2).SVfile 0.2 um particles coated with
lysozyme or myoglobin were taken up at a higher ré@n control particlesfibrinogen precoating
reduced the interaction rate. Whereake precoating highly influenced the 0.2 pm particles, 3 pm
particles did not show high increases in PCI. Fibrinegarted 3 um particles, though, were taken up
less. In summary, it could be shown that the qpmating of particles significantly affectsetiprotein
corona formation and the PCI and ingestion rate with the used cell lines, which in turn confirms the

hypothesis of the P&lffecting protein corona.
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1.3.Biological effects of MP on a cellular level

After the interaction or uptake of MPP with cellsarticles might damage or disturb the normal
metabolism of cellsvarious studies worked with murifé<’>land human cell lind€*#"1from different
tissues, organs and phenotypes, analysing distinct biological effects andiftview summarising the
data248%92 gre strething the importance of cell culture application and further expansion of data.
As recently reviewed, established effects of MP on mammalian cells involve mainly cytotoxicity,
oxidative stress, genotoxicity and inflammatory respofi¥e Most of these studies concluded that
MPP are not as harmful as feared and exert effects only at concentrations above the current
environmental ones. However, most priir vitro studies used pristing®Sbeads due to their defined

size distribution and easily accessible surface chemistry (i.e., funcsatiaii) >4, Both parameters

have further leen demonstrated to be highly important for P&5°"l Considerablyess is known
about other petroleurabased polymer microparticles such as polyetbe(PE), polyvinyl chloride
(PVC), and the biologically degradable polylactic acid (P£®¥! Previously published works indeed
used different polymer microparticles like PVC, polyethylene terephthalate (PET), polypropylene (PP),
and PE[379.98%Ipyt the particles werecomparablylarge and polydispersébetween 1¢ 100um),
making a comparison to smaller, monspierse PS particles difficult. However, different polymers
might trigger different results due to different surface chemistry and composition of the particles. As

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

Furthernore, environmentally found particles differ greatly from the pristine test parti¢ie®
Particles exposed to the environment are degraded by mechanicaéssior phote and biotic
degradation®°11%%p ¢ KA & RA &NHzLIJGA PSS LINRPOS&daszx 2F0Sy NBTSNNE
secondary microplastic with heterogemes morphological structures and complex surface
characteristics (physical and chemid¥ij°31%4 It has been showthat these weathered MP are more
harmful than &boratory ones to a range of model organisms (e.g., bacteria, algae[ fi¥}d.
However, for mammalian cells, only a few reports are availdbtgeased toxicity of photoxidised
particles compared to pristine ones was shown for human intestinal epithelial {©Qaand lung
epithelial (A549) cell8°1 |n both reports, a correlation between the weathering time and the
oxidative potential of the particles was shown, which in turn correlates with their increased
cytotoxicity. On the other hand, a decreasgdotoxicity for weathered MP compared to milled ones
was shown for large PS and PP fragments (0p*'?, This leaves a distinct lack of reports ie th

highly important areaf environmental particles

Overall the research of MP witcell cultures proves as a mufiarametrical problem$chemes), with
a lack of a systematic, walharactersed indepth analysis of comparable and environmentally
relevant MPP.
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Particle characteristics Cell Phenotype Biological effects
Epithelial cells

Scheme3 Multiparametric problem situation of MP on mammalian cells

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

Various standardised and wastablished assays exist to analyse the impact of potentially hazardous
materials in cell culture syems. By using such assays, the comparison and reproducibility of results is
easier and more expressive due to a comprehensive existing data set in the literature. The following

paragraphs will explain the principles of the most common assays used waitkis
Metabolic activity assay for cells

The 3(4,5Dimethylthiazol2-yl)-2,5-diphenyltetrazoliumbromid (MTT) assay is a colourimetric assay
based on the reduction of a yellow solution of MTT to violet formazan crystals via active metabolic
cells. The me active the cells are, the higher the conversion rate and, in return, the viability of the
cells Gchemed).

Yellow
MTT reagent

N
/A :
I)\N/N\ Reduction by HN=N
S v . N
N=N dehydrogenase N=N
Q BFf oxidoreductase S

elolelelolor I I I 1 1 J
00000000000
elolelelelol I X' I I T
elolelelolol X I I I 1 ]
elolelelolor T X' I I T ]
elelolelele I X' [ I T )
000000000000
olelojololel I T I I X )
Increasing metabolic activity

Schemet Principle of the MTT assay

14



The reduction is mediated by oxidoredases, dehydrogenases and electron donors during the
glycolytic pathway 314 Next to the mitochondria, other intracellular organelles like the
Endoplasmatic Reticulum, cytosolic lipid detp and others contribute to the MTT reductiBH. The
MTT assay is, therefore, more than a mere representation of the mitochondrial activigllbws a
good overview of the overall cell viabilify*. The MTT assay is a recagai method to assess the

effect of MPP and was used in variousbfications for this work’>1%118 and by other grops

[73,79,80,119]

H.DCFDA conversion assay to detect ROS

Oxidative stress is induced by reactive species derived from oxygen and nitrogen. Prominent
representatives of the ROS family are superoxide$®ydrogen pevxide (HO;), hydroxyl radicals
Owhl 03X 3 and girlet ditygen'@,) 129, Reactive specieare usually a byproduct of the
metabolism and derive at different stages in the respiratory chain through leakages of elét¥r&is

While a basal level of ROS is necessary for cell signalling and homeé&t&Sisan unbalanced
amount might lead to oxidative stress causing severe damage to organelles and ptétéfisin the

case of MPP, ROS are among the highlighted potential str&6§&5 Reactive groups on the surface

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

61 might induce an uncontrolled overproduction of intracellular ROS.

Intracellular ROS is often labelled with the Fiuorescent membrangermeable dye
dichlorofluorescein diacetate (BCFDA)?y g KA OK A & O2y@SNISR Ayi(2
dichlorofluorescein (DCF) upon oxidation by intracellular FSOISeneb).

H,DCFDA

Schemés Priciple of the HDCFDA conversion assay
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Proliferationtracking

Proliferation is one of the fundamental processes in cells. Therefore, tracking the proliferation is an
important marker in drug screening or cytotoxicity assessriéftlt can be measured by dye dilution

assays or by emting the cell number manually.

Cell trace violet (CTV) is a g@irmeable staining dye to track cell division without interfering with cell
viability or weltbeing!t31132l The staining dye contains a nflnorescent succinimidyl ester molecule,
which binds to amine groups inside the cells, resulting in-teng dye retention.Cellular esterases
convert this norfluorescent molecule to a fluorescent derivate upon cell entry. After cell division,
daughter cells contain roughly half of the fluorescent labelli§ghéme6), allowing to trae cell

division with the FC.

12.5%
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b\
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O ~
~@®
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Generation Generation Generation Generation

Schemes Function of the CTV dye for tracking cell proliferation

Carboxyfluorescein succinimidyl ester (CFSE) labelling works by the same principlel'&s Thy
membrane-permeable CFSE binds covalently to the amine groups of intracellular proteins to form
fluorescent conjugates. When labelled cells divide, their progeny contain half the number of tagged
proteins. Hence each cell division can be assessed by measuriegrtiesponding decrease in cell

fluorescence using FC.
LDH Assay for measuring membrane integrity

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different cell types and is a well
defined and reliable indicator of cytotoxicify?®l. When the plasma membrane of a cell is damaged,
LDH is released into the surrounding culture medium. To measure the amount of LDH released, a
cowled enzymatic reaction can be performed, in which LDH catalyzes the conversion of lactate to
pyruvate via NADreduction to NADH. The resulting NADH is then esitlby diaphorase, causing a

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

into the medium, serving as an indicator of cytotoxicity.

Lactate NAD*
o [Tetrazoliumsalt ]
\ Diaphorase
|LoH ) + NADH
O

Pyruvate NADH

Scheme’ Priciple of the LDH assay
COMET assay to evaluate the genotoxic potential
The COMET assay was first developed by Ostling and Joh&sdhis an established method to

detect DNA damage in single cells using denaturing electrophdt&siThe assay measures strand

breaks in the DNA, estimating the following genotoxic poten8ahgemes).
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Schemes Priciple of the COMET assay
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In this method, cells are engldded in agarose on a microscopic slide and lysed by a detergent to form
nucleoids containing the supercoiled DNA. Via electrophoresis, comet structures arise in the case of
FNI IYSYGSR 5b! RdzS G2 |y SFAASNI aY2@SsYbBwseée Ay
structures are subsequently stained with a DNA dye (e.g-Diafidine2-phenylindol (DAPI) or
HOECHST). The DNA damage can be determined by calculating the COMET tail percentage, either

manually scoring or automatically by imaging software.
Erzymelinked immunosorbent assay

The enzymdinked immunosorbent assay (ELISA) is an antibaded assay that identifies and
guantifies biological molecules (e.g. proteins or cytokines). The benefits of ELISA are its high specificity,
high resolution, andow detection limit**¢l. The system used is a-salled sandwich ELIS8cheme

9). In this assay, the plate is first coated by a capture antibody to specifically bind the desired molecule
(in this case, TNF). Afterwards, the addition of a TNFdetection antibody forms the eponymous
antibody-antigenl Yy i A 6 2 Re £ & & ki WERzO ki 0K S hbrseraiish pef&idabe@uihRH bjfds

AAAAAA

ALISOATAOLItEE @ (2 K S-tettaléthylieizidiae(TMBYsibstate réddcesmBbloe X p I p

colour in the concentration of TNFin the sample. Finally, the stop solution ends thezynatic
conversion and changes the colour from purple to yellow. The sample concentration can be measured
using spectroscopical methods. The TNEytokine response to the treatment with MPP was
measured since MPP are assumed to provoke an inflammatoppmnes!™®’l. TNF" is hereby one of

the main cytokines in the cethediated inflammatory respong&®.,

Coating with
capture antibody

Sample . Detection
binding | ° . Antibody

wmmmmmmmr‘—’ﬁhhmﬁmhhﬁ‘*' YYYYYYY%

TMB Substrat
. Substrate *(
Avidin-HRP conversion

— YYYYYYYY T Y YYYYYY

Schemé Priciple of the ELISA sandwich assay

Coloured produc
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1.5. Polarisation of macrophages

The cdl phenotype is an important parameter when using cell lines in vitro. In the case of
macrophages, theinigh plasticity and reactivitgre someof their main characteristic$n vivoandin

vitro, undifferentiated macrophages (MO) are able to exhibit whierent functional phenotypes, the
classical proinflammatory M1 state and the alternative, amfiammatory M2 staté!*?. These states

are activated by environmental clues or the excretion of stimulating fad#éts*! In vivg M1
macrophages usually form the first immune response at the beginning of an infection and recruit and
maintain inflammation as a respongé?. M2 macrophages are recruited to diminish inflammation
and contribute to tissue regeneratioil, In the case of M2 activation, 4 stypes withdifferent
specifications exist (M2awound healing, M2l immunoregulation, M2« immunosuppression and
phagocytosis of apoptotic cells, M2dumour-associated macrophagdh vivoas well asn vitro, M1
macrophages are stimulated by, e.g. interferol*N}', tumour necrosis factor (TNF) or
lipopolysaccharides (LPS). M2 activation is mainly driven by Interleuki) (1110 and 113 [23%141]

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

(Schemel 0), accompanied by an overproduction of ROS (especially for M1 polaris&tigff.

CD163
FIZZ1  Arg-1 CD8s ccLl ] D204 CD206

Schemel0 Model for the polarsation of macrophages and expression of selected, polarisatgpecific surface markers

TGF = Transforming growth factor; CD = cluster of differentiation, INOS = inducible nitric oxide synthase, CCL = chemokine
ligand, FIZZ1 = Resislike molecule alpha, ARGRArginase 1, VEGF = Vascular endothelial growth factor

1.6. Primary cells in microplastic research

Primary cells are one common approach to increase the nativeness of used cells Rritmary cells
are usuallyfreshly isolated from the tissue of a multicéliu organism. They can twbtained from a
specific tissuepetter representing the respective physiological and characteristic biological and
cellular functions han mmortalised cell linesi*47'%%, Especially fotransferring results froncell
culture experiments tdn vivostudiesand understanding possible mechanisrtise functionality of
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primary cells shine Besidesusing primary cells also has disadvantagesmpared to cell lines, they
are harder to assessnce they need to be freshigdlated,andtheir cultivation stability is lower. Assay
reproducibility is often challenging due batchto-batch variation and obtaining sufficient cells per
batch highly depends on the used organism and ti$StieNeverthelessysingprimary cells would be
an excellent, complementary methadd the MPPresearch field especially when analysing critical
parameters or gaining knowledge on a menechanistic leveDespite that only few researchetsave
used primary cells for MP resear@®ome analyss with primary mousecells were conducte&®2153]
as well aswith fish 1541551 and human cell$*51%¢l All studies confirmed the uptake of micrand
nanoplastic in the respective primary cells. Especially the phenesgeeific mechanisms were
affected. E.g. human Leydig callowed reduced testosterone productidf?, Jung et al. found a cell
type-dependent cytotoxicity for three different human brain célf$l, and trout B cells showed less
development potentiahfter treatment with MPPI54, However, ompared to thegrowingamount of
produced data on model organismos cell lines, results generated with primary cells are sgkvily

lacking.
1.7.Usage of more cmplex threedimensional cell cultivation in microplastic research

Another common approach to converge laboratory studies to more realistic conclusions is 3D cell
cultivation. While cell lines are handy for generating an overview and analysing numeroosepena
quickly ®1 there are still limitations (cell sources might be cancerogenic or turdetived,
nonhomeostatic and nonphysiological culture conditioffd) It requires high effort whenamparing

in vitroandin vivodata, mainly due to the lack of a 3D microenvironmétit This 3D environment is
highly impotant when estimating toxic effects since it converges experiments into a more realistic
approach. To tackle this significant drawback, establishinig 8@ro cultivation systems have become

more important for risk assessment studies in the last coupleeafs!5815°

One approach to realise 3D cell culture is the usage afalied transwell systemsS¢hemellA).
Transwell assays are usually permeable memébrinserts with pore sizes between @.8 um, used
for cell migration or invasion and permeability assays of mostly endothelial'6&&l. Some studies
using transwell insert for the research of MP have been condut{&t®. Especially the impact of MP
on the intestinal barrier and endothelial dysfunctions was analysed. The main findings included
inflammation and enervated membrane integrity, with no acute toxicity. Most studies, though, found
a transbcation across the membrane, depending on size (smaller/Asizaore translocation) and
concentration (higher concentratioA, more translocation). One commonly used approach in the
permeability analysis of epithelial barriers is the lucifer yellow (LYY &&$&3. LY is a nemembrane
permeable, fluorescent mlecule used to analyse the permeability and, thereby, the formation of a
closed epithelial layer in the transwell ass&gljemel1B).
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Schemel 1 Principle of the transwell system and tHacifer yellow assay

Another approach in 3D cell cultivation is the usage of spheroids. Spheroids are spherical, 3D
aggregations of cells with low structural complexity but can be established relatively quickly due to the
relative simplicity of the cultiation 74, They typically reach a diameter between X0B00uM
connecting several thousand cells. Spheroids can be grown either by the additoaffafids or with

scaffoldfree techniques, e.g. the hanging drop meth&tiiemel 2) 179,

T\
\%

Cultivation time

Schemel2 Model for the spheroid cultivation in the hanging drop model

Hereby, gravity is harnessed to promote the formation of cell aggregates in hanging droplets of the
medium. Simple adaptations of standard celltete materials and highly specialised plates can be
used for the initial formatiori!’%78, In biomedical research, spheroids are often used to provide
tumour models for the analysis of cekll interaction or as a simplified model for tissue engineering
[174.179.180] Despite the great possibilities, spheroids or similarly constructed organoids have not been
used often in MP research, with only a few studies available. Hua et al. found a negative impact on
human forebrain organoid developmewhen exposed to 1 and 10 um PS parti¢ted For liver
orgarpids (slightly more complex microtissues than spheroids), induced hepatoxicity was found when

exposed to 1 um PS particlés!®2183] | ipid metabolism, ineased ROS generation and inflammation,
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as well as transcriptomic changes, were found, with all studies stressing the importance of the novel
3D approach. Despite the first efforts of implementing the 3D cell cultivation in the MP research, a
high developrent potential exists, with the perspective of new, more reliable and physiologically

relevant data.

1.8.Model organisms in microplastic research

Finally, despitén vitro analysis having shown benefits, it misses the holism of an organism and the
overarching2 TSy KA IKt & O2YLX SE NBI O A 2 yh vitiodan biiatd dzii | y { 2
invivoi2 | 3INBFG SEGSyGz adatt +y S8 v8igud madlef o K2f !
organisms exisfrom terrestrialto aquatic environmentandvertebratesas well asnvertebrates*®l,

In microplastic research, the most used organisms stem from marine environffélels t NP1 A 6 S
aGLFLGSR Ay | O2YLINBKSyaAdS NBOASG (GKI ( -ifvasieRS STt 2
methods for MPsi G dZRAS& | NBE ySOSaalrNEeéd 9aLISOAlNEEE& F2NJ
organisms are considerétf®, with some of the most frequently used terrestrial model organisms

being different earthworm species.

1.8.1. Unicellular organisms in microplastic research

Unicellular organisms.g. bacteria, algae or fungi, might act as a conjunction between the organismic
and cell culture levels. They play an essential role in the low trophic levels of the food chain, are present
in every compartment of the earth and interact in various waitk wmost higher organisms. Unicellular
organisms demonstrate key features like locomotion, feeding and reproduction, connecting larger and
more complex systems with cellular mechanisms. Larger unicellular organisms are essential in aquatic
ecosystems as pnary bacterial consumerd®’. Hence, they link bacterial production with higher
trophic leveld!®®. Animbalance in their population could, therefore, possibly alter entire communities.
Investigating the possible effects of MP exposure on eukaryotic unicellular organisms, like, e.g. protists,
should therefore be nearby, though they are still only scarcefsearched. Recent investigations
confirmed sizedependent uptake and toxicity of MP in, e.g. microzooplankton, like rotifers. It was
shown that MP ingestion adversely affects their feeding activity, oxidative status and gene expression
(18191 Atheyet al. % also showed tht the tintinnid Favella sppquickly ingests MP, and those
particles are transferred via predation to estuarine fish larvae (Menidia beryllina). Some studies used

protistsfeeding unspecific and therefore are likely interacting with#!,

Another often nonselective, unicellular predator is the group of protozoa. They feed on particulate
matter, algae, bacteria or other smaller protists, though food chhigaly depends on availabiliéy™.
Given MP abundance in virtually all compartments, these particles are available for a wide range of

these suspensiveand filter feeders?®*. Since various protozoa display this feeding behaviour and
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since a large amount of MP in a smaller sizegea(<50 um) is availablé®%l they likely ingest MP.
Therefore, research on the foot of the food webs is quite important since it gains knowledge about
possible bioaccumulation or transfers to predators (for instance, amoeba), and hence to higher trophic
levels!*®, Amoeba proteuss a predator that feeds on other protists slow enough to be engulfed by
its pseudopods or via pinocytosis. Due to their capability of different ingestion methods and relatively
large size 200¢ 800 un), the likeliness of interction with MP and a following transfer to higher
trophic levels iglevated Nevertheless, no literature is available on the interaction of microplastic and

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

1.8.2. Terrestrial model organisms

Earthworms compose about 8% of the terrestrial biomass, playing a@ssentialrole in the
decompositionof organic matter, form &ital link in the food chain and improve soil qualityough

their feeding, burrowing and casting activitié¥l. Due to theirsignificantinfluence on the soindin

return, the soilcompositioninfluencing the organism highly, earthworms have been extensively used
in ecotoxicological studid€®%2%2, Consequently, earthworms wegdso used in the research with MP,

as pictured by various reviean the last year§®*2°7, The used edhworms were affected by various
standard ecotoxicological markers (e.g. the growth rate, behaviour, oxidative response, gene
expression and gut microbiotahn, e.g.Bseniafetida, MP exposure ledhainlyto an increase in the
2NBl YA&YaQ etk Rbildothe ®stsdike Kffecison survival or reproducibilitgtid not

show significantesuls 2°%212, However, the endpoint analysis of various ecotoxicological askmss

not consider the mechanisms behind the observed effects. Highly complementeityo andin vivo
assays might be used to tackle this downfall. Despite this, no literature considers primary earthworm
cells and the effect of MAhough possibilitesfor E. fetdia in vitrassaysxist. One possibility ishié
isolation of coelomocytes, the immune cells of earthworms. Various protocols exissdiating
coelomocytese.g.mechanicdy, by ultrasound or electricgi?1%215], The relatively easy assessability
and established method make coelomocytes an oftied analysis tool for ecotoxicological studies.
MP effects though, are possiblynore directed to theintestinal tissuge where the particles initially
encounter the earthworm after uptake via salust recently, aisolation and cultivation protocol for
primary cells of the intestinal tissue Bffetidawas establishedallowing the cultivation of primarcells

for up to six days and providirggool for ecotoxicological assayshich might be applied to MP as well

[118]
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1.9. Objective of this work

The abovementioned increasing distribution of MP in all environmental compartments faces the
inevitable consequences of interaction, accumulation, or even toxic effeatsitnand multicellular
organisms. Via ingestion by.g.diet or inhalation organisms and thetissue or epithelial layer get in
contact with the intruding particlesvia cellularuptake or piercing through tissue, particlean be
distributed in the whole organisroausing numerous hazardous effectherefore, this work tries to

investigatesome of these concerr(&cheme 13)

Cc
Pristine particles Environmental-like particles
Single parameter analysis Multicomplexity of parameters
Polymer type _ Monomer
43’ residues
A (
Size ’\f\/
*
o & ’
& & <
EcolProtein Surface
Corona Charge
Complexity
AR
2D Cell Culture Models Microtissues / Primary cells / Unicellular Organisms

Schemel3 Objectives of lhis work

Inthe first step, the multiparametric problem of MP should be dealt witftus, the influence okey
parameters of MPRike size, shape, material, surface charge and modificatmmaonomer residues

are investigated with standard cytotoxigissaygo identify critical parametes on a cellular level
Macrophages iad epithelial cell lines are used to cover the key cell phenotypesntigit encounter
MPPin vivo.Intracellularlocalsation, the distribution during mitosis and the excretion ldPPare
consideredo investigate a possible accumulation in specific tissues ot édler answering these key
guestions with pristinewell-charactersed particles and the basic model cell systems, results are
transferred to more complex systentsrd, environmentally more relevant MPP will be usBalticles

will be artificially aged to simulate thienpact of the environment on particles. Effects triggered by
these aged particles will then be comparedtte impactof the pristine particle. Using paticles
extracted from commercially available wall paints further increases environmental relevance

Subsequentlythe cell systems will be constructed more complar establishepithelial layers or
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micro-tissue formation Based on these more complex aldk systems, penetration gparticles
through epithelial layers or into tissues might be asaty; After usingmurine cell linesprimary cells

from environmentally relevanmodel organisms will be used to verify if investigateffects on a
cellular levé can be transferred to effects on an organismic leVékerefore, pimary intestinal cells

from E. fetidawill be isolated and usettdh comparefound results on aorganismic level with potential
effects on a cellular leveFinally, unicellular organismaill be taken into the equation, and the
ingestion and possible transfer across a simplified food web will be analyssedmmary, the mulki
parametric problem of MP burden on a cellular level should be investigated in increasing complexity
to unravel criical key parametes step by step and transfer findingeom a cellular level to more

complex layers.
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2. Methods

This chapter illustrates the methods used in this work. Detailed material information is added in
Chapter 10.

2.1.Flowcytometry

Standard flow cytometry analisswas performed using a Cytomics FC500 equipped with a 405 and
488nm laser. For each sample, at least 30,000 events were measured. If more cells were analysed, it
would be specially noted. For standard analyssededcells were washed twice with DPBS, detached

by trypsingation or citric acid treatment as describ@éd2.3 and suspended in thL culture medium.

Cells were then recovered by centrifugation (20§ravity (g) 5minutes (in)), the supernatant was
discarded, and the cell pellet was resuspended incd.5nL DPBS. Cells were initially evaluated by
d0FGGSNI LINPLISNIASE ocC{/k{{/0 G2 asStsSod NE 3IA 2
nonapoptotic cells while disregding debris and cellular aggregates. In the case of other gating
strategies, the respective strategy will be noted in the experiment. The fluorescence intensity of the
microparticles was determined in the absence of cells, and this value was assumedtihe be
fluorescence intensity of one MPP on average. It should be noted that differentiation between particle

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

2.2.Characterisation of the used patrticles in this study

Since paiitle parameters such as size and surface chargkighly important, the used particles were
characterisedprior to experiments Particle charactesation is hereby summed up ihablel. The
characterisation was @he by Julia Jasinski if not stated otherwigdl. relevant characterisation
parameters are additionally added in the respective chaptepaitential was measured in KCI and the
respective growth medium of the cells. Particles used with the primary oélE. fetidawere
additionally characterised in tHe. fetidagrowth medium. Particle size was measuredlggamic light
scattering (DLS)Panels without measurements were either not done or not applicable (am@um
marked with *) due to restrictions in th&etasizer used-luorescent particles used in this work are
shown by their particle name with the addition of the respective fluorescence colour (@.gmRSen
for green fluorescent 0.@m PS particles ) no other noted, fluorescence wavelengtivere Ex/Em:

441/486nm for green fluorescent particles and Ex/Em: 491/884for red fluorescent particles.
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Tablel Characterisation of the used particles

Particle y-potential (mV) Size[um]
KCI Growth medium E. fetidaMedium

P3.2um -47.4+£0.3 -26.3+£0.1 -25.3+£0.0 0.2 + 0.006

PS.5um -52.8+0.2 -26.2+0.1 -27.6 0.0 0.5+ 0.008

PSym -66.1+£0.1 -29.2+£05 -28.8+0.0

PSum -76.7+£0.3 -30.7+£0.1 2.25+£0.15

PSum/ PSolyscience -784+£04 -28.6x0.1 -29.3+0.2 3.1+0.08

P3um -854+1.4 -11.7+£0.2

PS3an -67.1+£0.7 -33-9+£0.2 1.88 £0.05

PSen -67.8+x0.4 -295+0.1 1.49+£0.10

PSQs0n -646+1.6 -26.4+£0.2 1.63+£0.22

P Shicromod -16+0.1 -1.5+£0.0

P .5umin Prescoter -53.4+£0.2

P 3 5umin Prescotfiaci -30.7+£0.2

PSs.min BSA -248+04

PSsumin FCS -49.8+0.3

P3.5umin Prescotks -44.7+£0.5

P3.5.min Prescottaci -122+1.2

PSs.min BSA -142+1.1

PSsumin FCS -49.3+£5.7

PE.4ym -48.2+0.6 -27.7+£0.6 1.80+0.35

PVG.aym -41.1+£23 -26.1+£0.2 1.40 £ 0.15

PLA5um -1.1+0.0 -1.3+04

PLAum -3.0x04 -219+1.3 -11.2+1.1 1.75+0.85

CA sum -9.8+0.5 -6.9+0.2 1.50 £ 040

PS20um * * 16.1 +4.7

P So40um * * 33.0+9.8

PS075um * * 499+ 125

P 3.2um, lysozyme +8.0 -27.2

PS.Zum, fibrinogen = 0.6 o 18.2

P 3.2um, myoglobin -13 -25.2

PSum, fibrinogen -2.5 -36.3

PSum, ysozyme +17.4 -36.4

PSim, myoglobin -16.1 -37.1

PSheA” -26 mV 0515 +0.017

PSupa® -26 mV 0.507 £0.007

Paint 1 Supernatarit * * 0.242+0.059

Paint 2 Supernatarft * * Dissolved co

polymer
Paint 1 Solid Phagé -37mV 6.8+ 1.1
Paint 2 Solid Rise** -30mV 150nm to 10um

# Characterisation was dort®y Zhang and is published in the submitted paper Zhang et al. (2022)
## Characterisation was dortey Muller and is published in Muller et §2022)
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2.3.Cll linesusedin this work

Cell culture sbws the aboveexplained advantages of an established, quick and relatively
straightforward approacltto generating data. This is highly interesting in the not yet extensively
analysed MP field. Overview experiments in this work were, therefore, mainlyatestrto cell lines

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

lines were usedTable2)

Table2 Cell lines used in the callltivation experiments

Cell line Lot Number Strain Tissue Cell phenotype Growth Doubling

properties  time [h] *

ImKC SCC119 H-2KbtsA58  Liver resident adherent 24
macrophages
BNL CL.2 ATC@®TIB BALB/c Liver epithelial adherent 40
731
J774A.1 ATCC®IB BALB/cN ascites macrophage mostly 17
671 adherent
STEL ATCC®RLE C57B1/6J intestine epitheliatike adherent 54
3254
NCTCE929 ! ¢/ / t  C3H/An subcutaneous  fibroblast adherent 21¢24
connective
tissug areolar
and adipose

*according to suppliemformation

These cell lines were chosen for various reasons. Different tissues and phenotypes were used to cover
a broad spectrum of tissue or phenotygeecific behaviour. A nearby conclusion is selecting cells
(ImKC, BNL CL.2) from the liver as thetra¢rdetoxification organ. The epithelial layer from the
intestine (STQ) is another likely interaction tissue due to the predominant uptake of MP via food
consumption. J774A.1 as macrophage from the ascites was chosen due to high comparability to other
literature as a widely used cell line. Furthermore, J774A.1 was derived from wandering macrophages,
while ImKC cells are immortsdd Kupffer cells, the resident liver macrophages, again covering
different specifications. -829 was additionally used in sonmexperiments as a commonly used
reference cell line. Different cell phenotypes are also expected to show different behaviour and
analysis methods. While macrophages are more likely to interact and ingest particles as natural killer

cells, penetration exp@mnents are more reasonable with the epithelial cells.

ImKC cells were cultivated in RPMI11640 supplemented wittM2glutamine. STC, BNL CL.2, and

J774A.1 cells were cultivated in DMEM (DMEMor STEL and BNL CL.2; DMEMafor J774A.1 and

L929). Fod774A.1 cells, the medium was supplemented with 4 mM glutamine, 24 mM HEPES, and 0.1
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mM sodium pyruvate. For L929 cells, the medium was supplemented wittll Zlutamine. All media
compositions were supplemented with 1q¥%v) FCS and 100nits(U)mL pentillin/streptomycin

FYR FNBE NBFSNNBR (G2 a4 a3INRBGGK YSRAIE (GKNRdJZAK2A
specifically mentioned for the respective experiment. All cells were cultivated in a standard cell culture
incubator (5%CQ/ 95%humidity) at37°C. For cell maintenance, all cell lines were passaged three

times a week at a starting concentration of about 100,000 cells/mL in@nl€ell culture dishkor
detaching,cells were washed twice with Dulbecco’s Phosphate Buffered Saline (DPB&jhand

1 mL/dish at 37°C prevarmed citric saline buffer (13%M potassium chloridet 15mM sodium

citrate, 5 and 10 min incubation at 37°C for J774A.1 and ImKC, respectivelyX Toydsin/
Ethylenediaminetetraacetic acid (EDTi#y STEL, BNL CL.2 and [ B2vas usedCells were regularly

observed by an inverse light microscope.KA & Odzf GA QD A2y LINRPOSaa Aa
Odzft GAGIFGA2Yyeé GKNRAAK2dzi GKS YIydzZAONRLIIZ |yR OKI

experiment.

For all seeding prosses, cells were incubated for at least one week after thawing. Afterwards, the
whole cultivation dish was washed twice with DPBS, detached and harvested in fresh growth media.
The cell number was then determined by trypan blue exclus2os),(the needed cell concentration

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

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

2.4.Cryopreservatiorand thawing of cells

For cryopreservation, cells were washed twice with DPBS, harvested as previously described, and a cell
concentration of & 5x10° cells/mL was adjusted. Cells were then centrifuged 2605min), the
supernatant was aspirated, and the cells were sgmnded in the same volume of cryomediufar(

ImMKC and STC 90 % growth medium, 10 % DMSO; For BNL CL.2, L929 and J774A.1: 95 % growth
medium, 5 % DMSO).mL of this suspension was transferrém special cryopreservation tubes.
Subsequently, the cellsSYNB LI | OSR A Y I-cocleNipa f@egBr &t808Qdor 246 WRs LINS
(h). The cryovials were transferred to a cryogenic storage tank and storetP&€C in liquid nitrogen

for longterm storage.

For thawing, a single cryovial was put in a wdiath at 37°C to defrost slowly until only a little ice
drop was left. The vial was then transferred inton@ of the growth medium, and cells were
centrifuged (20 g, 5min). The supernatant was discarded, and cells were resuspendedmh. b

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

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

A trypan blue stining was performed to determine the cell count and viability. Trypanblue is non
membrane permeable for healthy cells, resulting in dark blue staining of dead cells with a damaged
membrane. The cell count was analysed using a hemocytometer. Thereford, &0 the cell
suspension was mixed with 1 trypan blue. 1QIL of this suspension was transferred to one chamber

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

by light microscopy. Cell count waseafivards calculated biquationl.

Equationl Living @ll count calculation when using a hemocytometer

e e QOO o DT
0 QU s()@axoe—deg me&xoc&Qu@Qcﬁ)@lan@@mwﬁ

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

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

by 100 for the percentage.

2.6. Polarisation of macrophages

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

In this work, common stimuli (LPS for M1 andtIfor M2) from the literaturé?'%22% were used to
polarise macrophages to their respective state. The used concentrations were adapted from literature
sourceswhere concentrations between 191000 ng/mL LPS andc100 ng/mL 144 were used?*&

2201 The overproduction of ROS and the development of specific surface markers were analysed to

verify the polarsation.

For the ROS approach, 150,00 cells (ImKC and J774A.1) were seedednrlbpl@te and incubated

for 24 h at standard cell culture conditions. Afterwards, the respective amount of polarisation agent
(10, 20, 50, 106g/mL LPS and 10, 20, B§/mL 14) wes added for the given experimental time (3, 6,
24h). For J774A.1, the incubation with the padation agent was prolonged to 48 since this cell line

did not react as quickly as the ImMKC cells. After the respective polarisation timgn3 DEFDA was
added and incubated for i. The ROS amount was then measured as descrii2d 223 In the case

of the polarisation kinetic, the respective polarisatiagentwas added for 24. Afterwards, the
supernatant was aspirated, eaavell was washed twice with DPBS, anall growth medium was
added per well. After 3, 6 or 24 37.5um DCFDA was added and incubated fér, and the ROS

amount was measured as describei2.3

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

(J774A.1, ImKC) were seeded in ankE plate and incubated for 24 h. Afterwards, the respective
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polarisation agent was added for 24 h in the respective concentration (20 andgl@Q LPS and
20ng/mL 1k4). M1 cell polarisation was analysed by antibody staining of the CD68, CD80 and CD86
surface markers. M2 polarisation was analysed by the CD206 surface marker. Cells were collected after
24 or 48h incubation with the polarising sstance, centrifuged (2009, 5min), washed with DPBS,
resuspended in 10QL DPBS and afterwards counted. For evefycikls,the respective amount of
antibody (CD68: 0,25g/100>L; CD80: 0,59/100>L; CD86: g/100>L; CD163: 0,128g/100>L).

was added and incubated for 20 min in the dark at room temperature. AfterwardsIO@PBS was
added, and cells were centrifuged (200, 5min), washed with DPBS and resuspended50puL

DPBS. The staining was measured by FC (ExX/Em: CD68 488/62D80 488/578m, CD86
488/520nm; CD163 488/785m).

To analyse the PCI of polarised macrophages, cells were polarised with the respective stimidr (24
ImKC, 48 for J774A,16 pg/mL P&m, reawere added per well and incubated foh@vith the polarised
cells. Afterwards, cells were detached, washed twice with DPBS, and the PCI wasdabwalflow
cytometry with the established metho@ ().

2.7.Isolation and cultivation of primaryE.fetidacells

The isolation and cultivation of primary intestinal cells from E.fetdia was done according to Riedl et al.
(2022)118, Briefly, the intestine was freshly extracted from an organism and treated 2aifkg/mL
Collagenase lat 37°Cin 500uL MHBSS supplemented with 1Q0mL penicillin, 106-g/mL
streptomycin, 63>g/mL tetracyclin, 56-g/mL gentamicin and 25g/mL amphotericin B (PSTGA)
under agitation in an Eppendorf Thermomixer (500 rpm) to start digesting the intestine. Afteiro0

of incubation, the supernatant with the isolated cellaswcentrifuged (20@ g, 5min), washed in M
HBSS/PSTGA and filtered with gu&®cell strainer. Cells were again centrifuged, and the pelleted cells
were transferred in a specialised media (60% (v/¢plmedium, 20% (v/v) ddB, 10% (v/v) FCS and
10% (wv) worm filtrate, 4 mM tglutamine, 25 mM HEPES and PSTGA), to ensure high viability for six
days. Cells were seeded in 48 well plates ¢D115x 10° cells/well) and incubated in an airtight box

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

2.8. Transwell seeding

For the initial seeding, 100,000 cells (BNL CL.2 and L929) per transwell insert were seedgdl iof 200
growth medium in the upper well. 8Q0L growth medium was added subsequently in the lower well.
The cells wre cultivated at standard cell culture conditions. Everjh4the medium was changed.
Therefore, the medium was carefully aspirated, with special care not to touch the membrane of the
insert. Afterwards, fresh medium was carefully added, again with qda care not to damage the

membrane Particles were addefteshlyaccording to the respective experiments.
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2.9. Spheroid formation

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

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

bottom of the dish was filled with B1L PBS to prevent drying out, and the lid was carefully placed back

(Schemel9). Medium change wasonducted every 48 by carefully removing 20L of deplenished

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

checked by tracking the growth microscopically.

C2NJ AaLIKSNRPAR Saill of Aa KeyYBENY CL.2Ac#lls wiefe Srasieddwidehwit@ DPBS { n |
and collected by trypsisation. 10,000 cells per well of the hanging drop plate were seeded 140

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

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

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

by carefully removing 1QL of deplenished medium and adding the same amaif fresh medium.

Spheroid formation was checked by tracking the growth microscopically.
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70 L fresh media was added to the respective well. Due tortheeased volume, the spheroid drop
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A personalised plate for capturing the spheroids was designed by 3D prifighte3).

Table3 3D printing parameters for the personalised capture plate

Factor Value

Printer Creality EndeB

Material tAYlF +1fdz2Su t[! c@reyealoor)
CAD software Solidworks 2021

Slicirg software
Nozzle temperature
Bed temperature
Printing speed
Layer height

Infill density

Infill pattern

Cura Ultimaker 4.8.0.
220°C

60°C

40 mm/sec

0.2 mm

100 %

Lines

When using the personalised plate, 200 Eppendorf reaction tubes were placedthe respective

well. Each reaction tube was filled with g0 of the growth medium to prevent a bubble formation in

the tube. Afterwards, 7QIL fresh media was added to the respective well of the cultivation plate, and

the spheroids were transferred intane reaction tube for further processing.
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For fixation, spheroids were harvested as described. The media was then carefully aspirated from the
Eppendorf tube, and the spheroid was washed wittu8(MPBS. Afterwards, the DPBS was removed,
and 100uL 3.7% (v/v) paraformaldehyde (PFA) was added. The spheroid was incubated ficin3Q

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

spheroids were kept iRFAand stored at 4°C for further analysis.

For the paetration analysisof the particles into the spheroids, spheroids were seeded as described
above for 5 days to ensure a full formation. Afterwards, freshly prepared particle suspension was
added by pipetting X% 10° particles/well in 1QuL per well and cafully resuspending the droplet.

Particles were afterwards incubated for B4and spheroids were subsequently analysed.

To establish a suitable emiltivation medium, 150,000 cells per well were seeded irwgl plates.
The respective media compositiovas added for 48. Afterwards, cells were harvested, and the cell

count and viability were determined via trypan blue exclusion.

In the case of caultivation, spheroids were grown, and particles were added on day 5, as described
above. ImKC cells were tdehed and stained with CTV for better determination in the following
analysis. The macrophages were added by pipettingL1&ith 500 macrophages per spheroid in the
hanging drop 24 after particle incubation and incubated flurther 24 h. Spheroids wer afterwards

harvested, fixed, stained and analysed by confocal microscopy.

2.10. Agarose micrearray embedding

The agarose microarray embedding was performed as proposed by Ivanov and Grabowskig{2018)
First, the microarray compartments (bottom atap) were 3D printed by using an SLA prinfealgle
4). Once printed, both moulds were washed in isopropanol, cured under UV light, and polished to

improve geometrical accuracy.

Table4 3D printing parameters for the microarray compartments

Factor Value

Printer Formlabs Form 2

Material Formlabs clear resin FLGPCL04
CAD software Solidworks 2021

Slicing software Cura Ultimaker 4.8.0.

Cleaning agent Isopropanol

Curing temperature 60°C

Cuing time 60 min

To create the agarose mould, the bottom of the microarray was filled withmlLdiquidised, warm
agarose (2 %, 5 %, 10 % in desediwater, low melting and high melting agarose). Immediately after,

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

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

For embedding spheids, one fixed spheroid was carefully pipetted into a well of the prepared
moulds. The mould was carefully sealed by pipettingriL2of the same agarose as used for the mould
on top. The gel was afterwards frozen-&0°C. Finally, the spheroid contaigiagarose block was
removed from the mould by gently applying pressure with a laboratory spatula, transferred into a

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

2.11. Gelatine Capsules Embedding

Gelatine capsules were placed in aw8ll plate used as a holder. The bottom of each capsule was
filled with 200 pL of Tissue Tek optimum cutting temperature (O.C.T.) compound. To prevent the
capsules from melting, they were immediately placed in dry ice to harden the bottom half, as the
capsules had a melting temperature of around 30°C. To facilitate the $atiah of the spheroid, a

small aluminium foil ball (approximatelymim diameter) was added as a tracer. Fixed or unfixed
spheroids were transferred directly from the medium to the sale using a pipette. The spheroids
were slowly and carefully covered with O.C.T. compound to fill half the capsule while remaining on dry

ice. The prepared capsule was stored &°C until further processing.
2.12. Cell Assays

2.12.1MTT Assay

For the procedure, 1000 cells/wel (J774A.1, InKC, BNL Gk&)e seeded per well in 1Q4L of their
respective growth medium (25.000 cells per well for-3T€ accommodate for their slower growth

rate). In the case of the experiments with A2particle incubation time, theeeding density was
NBRAzZOSRZ APSd FRFELIWSR G2 GKS RAFTFSNBYyG OSt  dzf I NJ
The seeding densities, in this case, were 2000 cells/ well (ImMKC and BNL CL.2), 4000 cells/well (J774A.1),
and 6000 cells/well (STL. Canditioned media was fully growth media, which was already used for
incubation with cells to enrich growth factors. Therefore, media was aspirated aftelo2#hcubation

with cells, collected, steriléltrated and 2mM Eglutamine was added. Conditionecedlia was used to

ensure optimal growth conditions despite the relatively low cell densitiedls were then incubated

for 24h at standard cell culture conditions (96 humidity, 36 C@ 37°C). The particle solution was

freshly prepared by diluting the article stock solution in full growth media to the desired
concentration. Afterwards, the medium was aspirated, and QD®f the freshly prepared patrticle

solution in the respective concentration was added. Cells were again incubated for(Gther
incubation times are added in the text). After the respective particle incubation time, the medium was

aspirated, and cells were washed twice with DBB&50 pL freshly prepared MTT solutionr{ig/mL
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MTT in phenagted freeminimum essential mediadMEM), sterike-filtrated with 0.2um cellulose acetate
filters) was added per well. MTT solution was incubate@foto allow a sufficient conversion of MTT
but not surpass the plate reader's linear dependency, which might occur after a longer inculbation.
the caseof primary intestinal cells frork. fetida the incubation time was prolonged to 24 due

to a lower baseline metabolic activity for these cells. After the respective incubation time, the
supernatant was aspirated, and 10Q Isopropanol ws added per well to dissolve the formazan
crystals. Again, the procedure had to be adjudtatE. fetidacells since these cells were not adherent.
The entire well was collected and transferred to reaction tubes, then centrifuged at ¢@r 5 min.

After centrifugation, the supernatant was carefully removed and discarded. The cells containing the
formazan crystals were then mixed with 28D isopropanol. This cell suspension was then divided
equally and transferred to two wells of a 9&ll plate. Afte 5min of shaking to homogenise the
suspension, the absorbance at 57 (reference wavelength 65@m) was measured using a TECAN
GENios Pro plate reader. For all assays, cells incubated without particles or with 0.39-Tt@0rin

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

positive controls, respectivelithe metabolic activity was calculated accordingetpation2.

Equation2 Calculation of the metabolic activity

a'Q0 O Wk IR Q0 —-———p T
O wiyxTm

where: AbH70ampieiS the mean value of the measured absorption of thst sample; Abs5%Qn«is
the mean value oftfte measured absorption of the negative control.

2.12.2 Proliferation assay by cell count

100,000 cells (J774A.1, ImKC, BNL, CL:2)SV&e seeded in L growth medium per well in a 12

well plate and left to settle for 8 at standard cell culture conditionsftérwards, the cells were
treated with 37.5, 150 and 1508)/mL of P&yscienceaNd P&icomos Cells were collected after the
respective incubation time (0, 24, 48 and2and resuspended inrhL cell growth medium. Special
care was taken with the voluminal used for this experiment to estimate the cell nuprbeisely. Cell
number was evaluated usiregnautomated fluorescence cell countdrherefore, & >L cell suspension
sample was mixed with 8 StainingViix (Acridine Orange and Propidium iodide, proprietary
concentrationsfrom Logos Biosystems) and latinto the chamber of a PhotonSlide. Every sample
was determined threefold, and the mean value was taken. Cells incubated without particles at

otherwise identical conditions were used as references.

2.12.3R0OS Ssay

For all experiments, 150,000 cells/wglr 74A.1, InKC, BNL CL.2, 8]®ere seeded in 1-2vell plates

in 1mL of growth medium. Cells were incubated for R4t standard cell culture conditions.
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Afterwards, the respective, freshly prepared particle suspension was added. As control wells, cells
incubated without particles or in the presence of 5 (5>M for STEL) antimycin A, a RG8omoting
antibiotic, were used as negative and positive controls under otherwise identical conditions. After
60min incubation, 37.5M DCFDA was added per wel>@ for STEL), followed by another 24
incubation in the cell incubator. For STGells, the DCFDA concentration was reduced because of
concerns regarding the cytotoxicity of the dye, which had manifested itself during the establishment
of the assay. Afterwals, cells were detached, artie DCF fluorescence intensity was measured using

FCROS amount was calculated accordingtuation3.

Equation3 Calculation of ROS amount by FC

YO ®WaeoboO

WP T

where: MRampieis the mean fluorescence intensity of the green fluorescence of the test samplg: MFI
is the mean fluorescence intensity of the green fluorescence of the negativieotdne., cells
incubated without MP).

2.12.4CFSEtaining

For staining, cells (J774A.1, ImKC, BNL CL.2,) S%te detached, counted, and adjusted to 50°
cells/mL. Cells were centrifuged (200, 5min), washed twice with DPBS, and resuspendednii 1
DPBS. InL of freshly prepared CFSE solution(iDin DPBS) was added for a working concentration
of 5 uM/5x 10° cells. Cells were then incubated forBn at room temperature and protected from
light. Afterwards, 12nL of the respective growth medium wadded to bind free staining dye. Cells
were centrifuged (20& g, 5min), the supernatant was discarded, and anothernil0 of growth
medium was added. After ®in of incubation, cells were again centrifuged (2Qf) 5min),
resuspended in &1L growth medum and seeded in the respective volume or well plate, depending

on the experiment.

For analysing the sizéependent influence of MPP on proliferatic®. 8.2, 150,000 CFSifained cells

were seeded per well in ¥&ell plates ¢ultivation volume ImL). After 2 of incubation, a freshly
prepared particle suspension was added, and the cells were incubated for another G&ls
incubated without particles under otherwise identical conditions were used as the negative control.
After incubation, cells were harvested, washed with DPBS and measured by FC (ExXEm CFSE:
492/517nm).

2.12.5CT\ktaining

Cells were stained using @TV Proliferation Kit (ExEm CTV: 405/450 nm) according to the
YI ydzF I OG dzZNBNDa Ay &178drOnKE)@eyeiddiached kolritet, & adjuStéditod

1P cells/mL. Cells were centrifuged (206, 5min), washed twice with DPBS, and resuspended in
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1 mL DPBSAfterwards,1 uL of CTV stock solution peniL cell suspension was added for a working
concentraton of 5uM CTV. Cells were then incubated forrhutes at room temperature and
protected from light. Afterwards, cells were centrifuged (20f) 5min), the supernatant was
discarded, and the pellet was resuspended in a volume of complete growth mediwesponding to

five times the original staining volume to remove free staining dye. Aftein incubation, cells were
centrifuged (20« g, 5min), resuspended in growth medium and seeded in the respective volume or

well plate, depending on the experime

2.12.6LLDH assay

¢KS /@v!lbe¢un [51 /ed2G2EAOAGe ! &a&ale 61 a LISNF2NS
Initially, 10,000 celldmKC)vere seeded in 108L of complete growth medium in a 96ell plate and
incubated for 24 under standard cell culture conditions. Then, the medium was aspiratetfreshly
prepared particle suspension was added at tt@spective concentration. Cells incubated under
identical conditions but without particles served as a negative control to determine the spontaneous
release of LDH. Subsequently, the cells were incubated for an additiormalir2ghe cell culture
incubator. To determine the maximum LDH releasez>llOf diluted lysis buffer (proprietary mixture
incubation time 45min) was added to cellwithout MPPR Following this, 56L of supernatant from
each well was transferred to a fresh-@&ll plate, after which 5&L of a freshly prepared reaction
mixture was added ahincubated for another 3énin in the cell culture incubator. Lastly, 50 of stop
solution was added to each well, and the absorbance was measured ard@éference wavelength

680nm). The LDH release was calculated accordirggqoationd.

Equation4 Calculation of the LDH release
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Where: Absampeis the mean value of the measured absorption of the test samplejMasousis the
mean value of the measured absorption of the negative control;n&bs the mean value of the
measured absorption of the positive control.

2.12.7COMET Assay

The here usedxperimental setup is described in the followiridp0,000 cell§imKC)vere seeded on
a 12well plate andincubatedfor 24h at standad cell culture conditions Afterwards the freshly
prepared particles at the respectiveconcentration were added in the respective concentration
followed byanother 24h incubation For the embedding process,iecnoscope slides were pieoated
with electrophoresisagarose.The slides were cleaned with Mili waterand rinsedwith absolute

ethanol and airdrying. The slides eve then dipped in a container filled with melted %
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electrophoresis agarose in®. After removing any excess agarose, the back of the slides was wiped

off to ensure cleanliness. Finally, the coated slides were dried on a heating plate at 55°C.

Cells wee then harvested, the cell density was set at 60,000 cellsrimLlicecold DPBS, and the cell
suspension was centrifugd@00x g, 5 min). The supernatant was discarded, and the cell pellet was
resuspended imelted 0.1 mL of 1% low melting point agaresin DPBS heated to 40RCa water
bath. The suspension wasarefully pipetted onto an agarose preoated slide and a cover glass
(24x50 mm) was placed on top of the agarosedpread the suspension eveniyhe slide was then
placed for 5min on iceto harden the agarose, arttie cover glass was carefully removed afterwards.
The slides were stored in a wet chamber at 4°C overndgtdr that, 2mL of lysis buffer (% v/v Triton
X-100, 2M NaCl, 0..M EDTA at 8.pH, 10mM TrisHCI at pH.0) was pipatd on top of the slide and
the slide incubated for b at 4°C in the dark. The lysis buffer was removed carefully, and &f
electrophoresis solution (0.8 NaOH, InM EDTA at pi8.0) were added for a 2@in incubation. This
step was repeated twice. 8&s were then placed in an electrophoresis tank filled with electrophoresis
solution and incubated for 4Min at 4°C. Then, the electrophoresis was conducted at @06V/cm)

and 200mA for 30min, conditions which had been determined in geperiments.Slides were
washed thice (5 min each) in neutradation buffer (0.4M Tris, pH7.5). The DNA on the slides was
stained using InL of a Zug/mL DAPI suspension, which was incubated fomR0in the dark. Slides
were rinsed with 5mL of DPBS and then ayséd using a fluorescence microscope. Pictures were
subsequentlyanalysed with the COMETSC®Riftware (version 2.0.0.38). Agositive control, non
treated cells were incubated in 17M HO, for 5min before the agarosedding step Asa negative

control, the procedure was identical except for the treatment with particles.

2.12.8 Enzymelinked ImmunosorbentAssay

The TNRPO[ L{! a!-u 58ftdzES { S0 61 a LISNF2NN¥SR I 002 NRA"

10,000 cells/wel{ImKC)vere seeded in 108L of growth medium in a 9%ell plate and incubated for

24 hin the cell culture incubator. Particles in their respextioncentration were added and incubated

for another 24h (5%CQ, 95% humidity, 37C). To estimate the baseline FNBecretion (negative

control), cells were incubated without NFPwhile cells in the positive control were stimulated with

2.5>g LPSReardingthe TNF" releasein spheroids, spheroids were grown férdays, challenged

with patrticles for 24 and caecultivated with 500 macrophages for further B4Positive and negative

control were comparabléo the previous analysisd6¢ 18 h prior torunning the ELISA, the plate was

coated with 10QuL of the capture antibody solution. The plate was washexdw#h 300uL wash

buffer, same for consecutive washing stgpand norspecific antibody binding was blocked b

incubation with a coating age. For both methods, samples were extracted from the supernatant, and

the sample was diluted (1:10; 1:100; 1:1000; 1:10000) to cover the detection range of the ELISA kit. A
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TNFh standard curve dilution was prepared according to the provided kit. All samples werdansed
at leasttwo times repeated determination. After washing, 10D of the appropriate sample dilutions
and standards were added and incubated 2dr. The plate \as washed, and 1Q0L of the detection
antibody was added (incubation tinieh). After further washing, 108L of diluted AvidiftHRP solution
was added to each well for 38in. After the final washing step, 16Q of freshly mixed TMB Substrate
Solution wa added for 15nin, and the reaction was stopped by adding 1@0of the stop solution.
The absorbance was measured withinriilh at 450nm (reference wavelength 570nm). With the help
of the standard curve, calculated by the added standard, the'Tbi#hcentration in the supernatant

could be calculated, considering the dilution factors.

2.12.9L ucifer Yellow Assay

BNL CL.2 cells were seeded as describedl & @fter 4 days of incubation (standard cell cultivation),
particles were dded in the respective concentration and incubated foh2#fterwards, the medium

in the upper and lower well was aspirated, and 2000f ImM LY in DPBS was added to the upper
well, while the lower well was filled with 8QL DPBS. As a negative cohteotranswell with no cells
seeded was used to estimate the blocking of the membrane itself. Attesfancubation, the bottom
well was thoroughly mixed by pipetting, and 100 of the bottom well was pipetted in a 9¢ell plate
(5-fold determination, he mean of the five technical replicates was used). Afterwards, the
fluorescence of the wells was measured by using the plate readed85nm, Em 530nm). The
fluorescence intensity of the negative control was treated as%0@ermeable, and the permbidity

of the wells was calculated accordingEquation5.

Equation5 Calculation of the relative LY fluorescence
I Qo ObdEN'A ¢1 QiPOQEGR— p T

where: MFRampieis the mean fluorescence intensity of the fivefold determination of the test sample in
the lower well; MR{cis the mean fluorescence intensity of the fivefold determination of the negative
control (i.e., well seded without cells).

2.13. Ribonucleic acid Sequencing

Ribonucleic acid (RNA) sequencing (RNAseq) can gain information about gene expression by analysing
the up and dowrregulation of specific genes. Usually, the ratio of a treated sample (in this case, with
MPB is set to an untreated sample to compare the reaction of the cell on the transcriptional level to

an active substance. Here, RNAseq was used to unravel the different reactions to pristine and weather
MPP.
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Samples for the RNAseq were prepared as foll@@€;,000 cells/well (ImKC) were seeded iml2
growth medium in a @vell plate and incubated for 24 at standard cell culture conditions. Afterwards,
150pg/mL P&m and P&o were added and incubated for another B4 The supernatant was
discarded, and tk cells were washed twice with DPBS. 3k0ysis buffer REWwas added to each well

and incubated for Inin. The lysate was immediately transferred to an RN#es= Eppendorf tube and
frozen at- 20°C. After that, the preparation and data processing of the RNAseq samples was done by
AG Weigacording to Volkl et al(2022).

2.14. Particle distribution during cell division

To track a possible, specific distribution of engulfed MP during cell division, cells were initially stained
with CTV, and 150,000 stained cells/ well were seededih in a 12vell plate and incubated for 24

at standard cell culture condition. Afterwards, cells were loaded with particles XIL8BPS,m, red
particles/well) for 24h to ensure enough ingestion time. All wells were wasttemtoughly several
timeswith DPBS to move unbound particles, and fresh growth medium was added. Then, cells in one
well were detached, and the particle distribution in the cells was a@adlypy FC with the established
method 3.1.1 (data corresponding to day 0). Withis data set, the approximation of a perfect
homogeneous distribution was calculated (&gation6). Cells were subsequently analysed on tlay

and day2 by FCto track the distribution of the PCl and to conmpathe approximation with the

measured datay).

2.15. Analysis of particle excretion after ingestion

A possible particlexcreting and reéngestingof MPP was analysed with the following experimental
procedure. 150,00@ellgwell (J774A.1, ImKC) were seededairi2well and incubated for 2 at
standard cell culture conditions. Afterwards, cells weneubated with 1.68x 10° particles/well

P Syum,green OF PSum,red fOr 24 h. All wells were washetthoroughly several timewith DPBS to remove
unbound particlesand fresh growth medium was added. Cells were detached the cell count was
determined. A nxture containing 75,000 B, greenl0adedcellswith 75,000 P&m red loadedcellswas
seeded in 12 well plates. Control wells only contained celldgaded with eitherP Syum, greenOr PSum, red
(150,000 cells/well each)Cells were washed, detached, and asat every other dayby FC
(B EM: PSum.greer 441/486NM; PSym.re: 512/565nm).

2.16. Singlecell sorting

The singlecell sorting of cells was conded for the COMET assaygssortcellswith ahigh PCI. Briefly,
300,000 ImKC cells were seeded ion? cell culture dishes and incubated for 24t standard cell
culture conditions. Afterwards, 158g/mL particles were added, and cells were incubated for further

24 h at standard cell culture conditions. The plate was then washed with DPBS twice and detached by
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treatment with citric buffer. Cells were collected and centrifuged (2005 min), the syernatant was
removed, and the cells were reseeded in @2 cell culture dish. After Ifin incubation, to allow low
attachment for the cells, the plate was placed in the SingleCell sorter at the AG Weig. It has to be noted
that a longer attachment time wwld result in difficult harvesting of the cells since the SingleCell sorter
sucks up cells via a capillawnhile a toashort incubation would result in floating cells, making them

hard to catch Cells with a specific fluorescence threshold (133) wedeegiaip as individuals with a

high PCI. 100 cells were sorted and transferred into an Eppendorf reaction tube, and the COMET assay

was conducted as described2rll2.7.

Y

Schemel4 Principle of the SinglCell sorter

2.17. Protist cultivation
Cultivation of T. pyriformis and Amoeba proteus

T. pyriformiswas cultivated in 20nL of a 26 (w/w) proteasepeptone broth at room temperature
(20¢ 25°C) in a 10m petri dish. Thrice a weekniL of the culture was tragferred into a fresh medium

for maintenance, and the rest of the suspension was discarded.

A. proteuswas cultivated as proposed by Prescott and JaHtés in the following referred to as
Prescotkes(KCL2.4mM, CaHP©2.9mM, MgSQ 1.7 mM, pH6.4). Briefly, amoebae we cultured in

a 10cm glass Petri dish at room temperature in Presgottedium and were fed twice a week with
approximately 1@ 20 T. pyriformigper amoeba. The amount éétrahymena added was high enough
to ensure a close vicinity between prey and ¢mor. For passaging amoebae from dish to dish or
seeding in case of experiments, individuals were pipetted with am_1Eppendorf pipette while
observing them under the microscope. Amoeba seeded for experiments were kept fowRKout

prey organisms tensure a high uptake demand.

41



Induction of pinocytosis

Induction of pinocytosis was conducted to analyse the uptake mechanism of MP particles. Pinocytosis
was induced by adjusting the pH of the Presegthedium to pH4.3 with HCI. Additionally, 125M

NaCl was added to the medium (Presgaéimedium).Forthe uptake experiments, the amoebae were
incubatedfor 45minin the Prescotia.cmedium. Afterwards, organisms were transferred back to the

standard Prescog.smedium for longer incubationr analyss.
Uptake of MP in amoeba and ciliates

To analyse the uptake of differestzed MPP or fragments, §0L00 amoebae were first starved for

24 h by transferring them to 35m glass dishes containingril. Prescotiermedium without any prey
organisms providedo stimulate the need for food uptake. X015 amoeba were afterwards
transferred toonewell of a 12well glass plate. iL of the respective MP suspension was added to the
starved amoeba in Prescattcorresponding to the following MP end concentrato® $sum 3.6 10’
beads/mL; P&m: 2.1x 10* beads/mL; PSoum PSo40umandPSo7sum 5 X 10° fragments/mL. After the
respective incubation time specific to the experiment, amoebae were washed by transferring them
twice to fresh wells in InL Prescthresmedium to remove leftover MPP. Afterwards, several amoebae
were transferred to a microscopic glass slide. To not squash the amoeba, the cover glass was placed
on fragments of a second cover glass to slightly increase the space between the slide aoddr

glass. Subsequently, amoeba were analysed under the fluorescent microscope, and particles were

counted manually (magnificatiod00 for P&um0 S+ Ra | Y R6 pf beads/fragraeNts).x

To investigate if phagocytosis induction increases thtakg of MAP, A. proteuswas seededas
described above. The organisms wedditionallyincubated with a mixture of. pyriformis(5x 10*
cells/mL) and P&soum Or PSo7sum (5% 10% fragments/mL) simultaneously, and uptake analysis was

done as describedbove.

To assess the uptake of particlesTinpyriformis 10uL of a densely grown culture were exposed to
PS.sum red (€Nd concentration: 3.& 10’ beads/mL) for 24 in a 35mm glass dish containingral
Prescotker medium. For observations, 10 of MPRexposed individuals were transferred onto a

microscopy slide and analysed by a fluorescence microscope.
Particle coating with proteins

For protein coating, MPP (IL of the 2.3% (w/v) aqueous suspension) were incubated overnight at
37°C in InL of a 26 (w/v) bovine serum albumin (BSA) solution orl1lof a 1®% (v/v) fetal calf serum
(FCS) solution in Prescettmedium. Afterwards, the particles were centrifuged (13,&@) 5min).

The supernatant was carefully discarded, the resulting pellet wae oesuspended in Halistilled
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water to wash leftover protein solution, again centrifugeti3000xg, 5min), resuspended in

Prescottr and used immediately for the experiments as described above.
Trophic transfer of MP particles

T. pyriformiswas incubgéed with the respective amount of BP (P&sum 3.6x 10" beads/mL;

PSum: 2.1x 10* beads/mL; PSoum 5 x 10° fragments/mL) for 24 as described above. Afterwards, the
individuals were washed to remove leftover MP and resuspended in Prest@tiium.The organisms

were then offered to starved amoebae in a prgyredator ratio of approximately 101. After the
indicated incubation time, several amoebae were washed and observed under the microscope for
uptake experiments (as described above). The remgiamoebae were incubated for the respective

time for retention experiments.
Fixation and staining of amoeba

Amoebae werestained to visualise ingested prey organisms inside the food vacubherefore,
individualswere transferred on a glass slide dirced byincubationin 1 mL 3.7% (v/v) PFA in DPBS for
15min at room temperature. Afterwards, the PFA was aspirated, the slide was carefully washed with
DPBS, and L of 251g/mL Hoechst 33342 dye in DPBS was added to the fixed amoebarfon irb

the dark to stain genomic DNA in prey and predator. The stained amoebae were washed with DPBS

and observed by fluorescence microscopy.

2.18. Statistics

If not otherwise stated, datare reported as mean * standard deviation. n represents the number of
biological relicates. OriginPro software was used for ANOVA with HBRdmferroni multiple
comparison test and Tukejosthoc-analysis to determine whether data groups differed significantly.

The pvalue indicates the significance of the analysis

2.19. Licence agreements

Pats of the schemes and figures were drawn by using pictures from Servier Medical Art. Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0/).
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3. Biological interactions and effects of microplastic on a cellular
level

Potential damagedue to MP on the cellular levelan occurat different stages in the pathway of a
particle through a cel{Schemel5). The first encounter of théP and the cell iprobably of high
relevance. Without interactiobetween the particle and the call an intracellular uptakgit is unlikely
that effectswill occur.Following thisthe intracellular distribution of the particles and the subsequent
intracellular effectsieed to be addressed. These effelitelyvary m variougparticle parameters and
can arise on differenbiological levels, makinthe analysis highly complex and mygrametrical.
Lastly, a possible excretion of the particles needbdoanalysedo estimate the fate of ingested
particles In the following, thee fundamentalquestions areaddressedo explore the complexity of

microplastic toxicity on a cellular level

p
@HE mitochondria )  nucleus with nucleolus

@ ribosomes lysosomes

ah

~ ’i “ Golgi apparatus

Schemel5 Possible pathwayand interaction sitesof aMPPwith a mammaliancells
3.1. Quantitative PClanalysis and the dependency of macrophages' polarisation state

As mentioned in the introduction, PCI is highly important when assessing microplastic toxicity. The
fundamentals and more idepth anaysis was there mainly done in cooperation (s&e).
Nevertheless, for this work, methods were established to quickly and quantitatively analyse PCI. The

influence of the polarisation state on the PCI as a further factor wagpanentary analysed.
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3.1.1. Quantificationof PClwith the flow cytometry

A method for measuringhe PCliaFCwas establishedince a high amount of cells can be measured

in a relativelyshortamount of time Furthermore, this method has the advantage that €l can be

put in relation to parallel analysis methods in the FC iaerpret dataon a more complex leveg.g.

relate measuredeffects with thenumber of particlesthat interacted with a individualcell. This

method was established in cooperation witlulia Jasinski andasLJdzo t AAa KSR Ay ab2EAC
LRt 2adeNByS YAONRLI NIAOf Sa 2y byRdduphydikletal (ZDALR LK IS &
Asthe first approach greenfluorescent particle (P&am, P3.sum PSum, PSum ,PSum and PS,m) were

used For particles 1 um, thefluorescence of the particles attached or ingested to the cells could be

measured welland a quantitative PCI could be determin&igurel).

No particles 1 23456 =6 No particles 1 234
6,0K — —Hi— 2 0K — —H
2 um 16 pm
1,0K =
4,0K 4 7
- -—
c c
> 8 J
8 O 1.0K=
2,0K 4
500 =
il .

R ) 10 ' 10® P
FITC - YG Particles FITC - YG Particles

Figurel Representative PCI analysiga FCusing ImMKC cells

Shownis the fluorescence ¢mKC cells interacting witPS,m and P&m. Gates represerftuorescence fothe respectivePCl.
Particle fluorescence (fl&m:441/486nm) was measured with the FITilier. 25 pg/mLparticleswere added per 150,000 cells
in a 12well plate and incubated for 24.

While a distinct fluorescence signal could be measured for the smaller particleg{ RS P&sum),

the difference between single PCI was too smallifiedentiate (Figure S5)

A highly linear dependency could be measured when gating the respective populations and applying
the median fluorescence intensity to the gat@sgure2). This, on the one hand, verifigbe gating
strategy. On the other hand, it also opens the possibility to discriminate higher particle co@tsy(>
placing the gates according Eagure2. This way, despite the difficulty of visual discrimioatbetween

populations with more than 6 particles per cell, higher PCI can be calculated and accordingly gated.
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Figure2 Linearity of PCI and the respective median fluorescence measurdeChy

Data are extracted from the respae cell populations fronfrigurel and show the representative method fopg. Black
colour represents measured data points, red coexamplarilycalculated gate borders.

The analysis by F&buld be expanded fther. A linear relationship between the side scatter and the

number of interacting particlewasadditionally observedFigure3).
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Figure3 Relationship of the side scatter measuremeatd the PCI

Shown are ImKC cells, gated after the respective amouPCeifter the established strategy Figurel for A: Pgmand B:
PSum.

Although the selectivity between the respective populations deaedaa differentiation between cell
populations was still possible. This method of analysis furthermore opens the possibility to work with
non-fluorescent particles, enabling the usage of staining and analysis methods which otherwise might
overlap with thefluorescence of the particlet.has to be noted, though, that this method only detects

PCland can not discriminate between interaction or full particle ingestion
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3.1.2. Influence of polarisatiostate of macrophagesn the PCI

In addition to the previously emtioned particle parametetscellspecific states, e.g. different
polarisation states of the macrophagesninfluencethe PCl.Therefore, the influence of M1 and M2
polarisationon PCI in both macrophage cell lines (J774A.1, ImKC) was investifat@eliminarily

verify a successful polarisation, two approaches were usest, the ROS amount was measured via

FC
ImKC
A IL-4 B [ JI4
251 LPS 25+ [ JLPS
with =~ . without o
20 2D_poIarlsatlonstlmlgh " polarisationstimuli
= ) » Exchange >
3 T o ~of medlg
=15 = 15
=2 3
g £
© 104 1 © 10
92 &)
] o
x [id
X ) —H ’ﬂd—‘
o L I 1] I oI =
10 20 50 100 NC + +24 -Ei 24 NC
Congcentration [ng/mL] Incubat|0n time [h]
C [ JiLa
* 24h 48h Eites
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o
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Figure4 Determination of the polarisation by measuring the ROS amount

A: Different concentrations of the regpive polarisationstimuli were testeidd ImKCwith an incubationtime of 24 h. B:
Polarisationkinetic was analysed by testing the tidependent polarisation (with polarisationstimuli) as well as the recovery
afterwards (without polarisationstimulifor 100 ng/mLLPS and 20g/mL 4. C: Different concentrations and incubation
times with respective polarisationstimuli were tested in J77&%measuring the ROS amount by FC

In the case of ImKC cells, the ROS amount increased significantly after potari2ily, with a slight
concentrationdependent trend for LPE-igure4A). For It4, an increase in ROS could be observed as
well. The trend showed a lower ROS production compared to LPS, and no concentratindeteye

was observed. A kinetic was furthermore recorded to analyse how quickly the polarisation is
assembledKigure4B). Here, an explicit time dependency could be observed for LPS. The ROS amount
started to incrase after 3, with a significant increase up to B4In the case of #4, a maximum of

ROS was already reached aften.@-or both polarisation states, when incubating the polarised cells
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with fresh growth medium, the ROS amount quickly decreased ated,@lfi, was almost comparable

to the negative control.

For J774A.1, the ROS amount did not increase significantly aftein2dbation with LPS or-L(Figure

4C). Incubation time with the polarisationstimulag/therefore increased to 48 where a significant

ROS increase could be measured, indicating a slower reaction of the J774A.1 cells compared to ImKC.
This could also be observed in the literature, where incubation times between72® of the

polarisatonstimuli were used by different groups for J774A.1 ¢&fg?),

Additionally, & antibody staining of polarisatieapecificsurface markers was use@ommonly used
markers in the literature are, e.g. CD68D8D and CD86 for M1 polarisation, while CD163
predominantly utilised for M2 analygiseel.5). For ImKC, the used antibody stains did not significantly
increase to any treatments except for CD80 and the dsgjhsed LPS caentration (Figure5A). For
J774A.1, in contrast, CD80 and CD86 showed the expected significant increase when treated with LPS
(FigurebB).CD68 showed, comparable to Imé&glls, no increase at any treatment. Surprisingly, CD163

showed asignificantincrease when treated with LPS but only a slight increase-fbafter 24h.
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I NC I NC

450- | |20 ng/mLLPS 450- |[_]20ng/mLLPS
> I 100 ng/mL LPS > 1 [l 100 ng/mL LPS
i 400+ 120 ng/mL IL-4 2 4004 |20 ng/mL IL-4
Q ) ]
£ 3501 £ 3501 |
& 3001 8 300+ .
8 250 & 250+
%] w 4 a
2 200 ¢ 2004
g 8 ]
T 150 i 150_,
£ 100- £ 100
© ©
T 50 T 50 I w W W
i o

0 = 0 T T T T
CD68 CD80 CDS6 24h 48h 24h 48h 24h 48h 24h 48h

CD6&8 CD80 CD86 CD163

Figure5 Determination d the polarisationstate by antibody stainingof polarisation-specificsurface markers

Fluorescence was measured in the flow cytometer and is given in relation to tpolacised cells (100).Q¥epresent non
polarised cells as mock contrél.ImKC ells were incubated for 24h with the respectstenuli, harvested and stained with
the antibodiesB:J774A.Xells were seeded in a-4&ll plate, incubated for 24h or 48h with the respective stimuli, harvested
and stained with the antibodies.

The low reaction of both cell lines regarding CD68 prtéidaccould be explained by the structure of
the surface markerwhere most of the protein is located intracelluldy. Despite being one of the
primary markers for hepatic macrophages, it cduerefore be complicated to use as a surface

marker??®. The high increase in CD163 for J774#ar. be related tan unspecific expression thas

48



a side effect of the LPS treatméfifl. However, the onlynoderateincrease in CD163 and the following

M2 verification needs to be analysed further. On the one hand, another polarisation stimului; e.qg.

10, might induce a higher marker expression. On the other hand, CD204 or CD206, as other surface
markers, might as well be beneficial to analydewever, the M2 polarisation is a complex mechanism

with various pathway<ue to the complementary resultsf ROS measurement and antibody staining,

the polarisation of the macrophages can begardedas successfuior the following interaction

experiments

Subsequentlythe PCl's dependenonthe respective polarisation state was analys€derefore, cells
were first polarised (24 for ImKC, 48 for J7774A.1) and afterwards challenged VR®m, s Since
the polarisationstate was already diminishing aftert6éwithout stimuli, the particles were added to
the medium withthe polarisation agenand then ncubated for éh with the cells. PCI was afterwards
measured by the established method3rl.1(Figure6). Cell populations were dividedtmno particle
uptake (0 paricles),low PCI (X 4 particles) and high PCl4>articles).
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Figure6 PCI dependency of polarised macrophage

Thepolarisationstimuli was added for 24 (ImKChand 48h (J774A.1)NC represent nepolarised cells as mock dool.
Afterwards,15 ug/mL P&@m rea particles were added for I6to the medium with the respective polarisation stim@ells were
detached, and P@lasmeasured in thé&Cwith the established metho®(1.1). significance beel: *= p>).05

In the case of ImKC cells, a significant dependency of the polarisation state to the PCI could be
observed. For treatment with 108g/mL LPS, fewer cells witlo or low PClvere observed, while the

cell population with > particles wasignificantlyincreased When polarised with #4, the distribution

shifted contrastively. The distribution shift was similar in the case of the J774A.1 cells, but LPS
treatment showed a nossignificant change to more PCI, while the treatment witdd Hesdted in a

more significantchange especially for cells witut PCI.This points outthe cellspecific reactions of

cells to MPP. The purpose of the M1 polarisatanexplain the increase in the PCI for this state. Next

to the high excretion of cytokine$/1 polarisation is charactedd by a high phagocytic activity due to
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its role in microbial defencg&3*142l Activated macrophages wander around more actieglyheplate

and can thereforeinteract with particles more efficiently. M2 polarisation, on the other hand, is a
complex process with subtypes that all have different functiongiva 1-:4 mainly recruits M2a and

M2d polarisation, primarily responsible for wadrhealing and angiogenesiganslatinginto less
effective phagocytosis activity. M2c polarisation, on the other hand, mostly induced-1, ik
responsible for the phagocytosis of necrotic cells. This shows that the stimulus might already be
responsilte for the interaction with cells and thaéthesecells react differentlyThis establishesraore
complex mechanisgwhichcouldalso explain the contradictory literature resuli&hile S$ock et al.

found no polarisation effect in the PCI for THEells plarised with LPS and IFNM1) or IL-4 and I

13 (M2) 89, other studies found increased uptake of nanoparticles in M1 polarised (by LPS) J774A.1
cells??® while others showed an increase in uptake for M2 macrophagesdtid 110 stimulated)

(218.227] BinnemarsPostma et afurthermore showed an influence of the protein corona on the particle
interaction of polarised cell$?%. M1 macrophages ingested more particles when incubated without
serum, while M2 macrophages had the upper hand for particles preincubated in serum. Finally,
Akilbekova et al. investigated the influence of th@arisation (LPS and-Lstimulated) on the uptake

of various particles (e.g. polystyrene, PMMA, various functional groups like Sulfonate, Amino, Amidine
and more) and found different results for all particlé€l. Overall, it can be concluded that the
polarisation state and the PCI are indeed connected, though variowsneers like cells, particle

properties and polarisationstimuli affect the uptake probalilit

3.1.3. Summary andanclusion

The established method for the quantitative interaction rate with particle=@proved reliable and
quick. It opens the analysis BICI vid=C which in return helpgor analysis methodsisingthe FC to

dedicate effects to particular cell populationgth a specific PCl amount

Macrophage polarisation provedo have a significant influenceon the PCI in the heresed
experimental setp. The classically activated M1 macrophages showed an increased uptake

attendance, while alternatively activated M2 macrophages rather decreased the interaction.

As shown irBchemél5, the first encounter of the dewith the particleshouldbe a crucial moment for
the later fate and effect on the cells. iSimvestigation, especialiy cooperatiorwith the expertise of
others (seel.2), therefore, wasan importantsetup for later expeiments about understandintghe
possible effects of MP on the cellsis likely that without interactionno measurablémpact will be
observedTherefore, establishingnalysis vi&C and polarisation dependenafythe PCimainly served

to understand andnterpret later datawith the hereused cells and particles
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3.2. Patrticle distribution after ingestiorof MPP

A further important factor foreffect triggeringconcerns the particle distributioinside the cell
(Schemelb5). Two main questions were hereby asked: Do particles accumulate at specific aganell
How are particleglistributed during cell divisicghThese findingsare summarisedin the submitted
Y Iy dza CPebistydéne ticroparticle distribution after ingest by murine macrophagésby

JasinskiVolklet al

A possible accumulation or docalsation of the particles at specific organelles was hereby analysed
by Julia Jasinsk#®. By antibody staining of specific organelles (mitochondria, ER, Golgi apparatus, and
lysosomes, nuclei, cytoplasm, early and late endosomelpaaisation of particlesvasanalysed with
P3.am, PS.sm and PSum. Experiments were conducted with both macrophage cell liihedkKC and
J774A.1¥incethese specialised scavenger cells were more likelygestparticles. After an incubation

of 24h with the particles the respective organelles westained, andhe localisationof particleswas
analysedlngestedparticleswere mainly located in the cytoplasmo matter thesize.Only thesmaller
particles PS.2.m and PS sum) were additionallyfound in the ERbut no celocalsation wasseenwith

the nuclei, mitochondriaGolgi apparatusor the lysosomeA cclocalisation in the endosome could

only be observed in the case B3 sum

The next step was to analyse the distribution of the particles during cell diviganious publications
about thedistribution of nanoparticles during cell division exté%%® and it has been established
that these patrticles are randomly distributed. However, thoee magnitudes largemicroparticles, no
data exst. Particles mighteither be distributed randomly to the respective daughter cells or split
symmetrically To analyse this, the particle count was related to the number of cell divisions for one
cell. Thereforegellswere initially stainedvith CTV After stainng the cells25 ug/mLPS,m greenWere
added, and the number of particles per cell was traced for various teysg the FC, the fluorescence
intensity of the CTV and the respective particle numbeuld be brought in proportion due to the

paralel measurementFigure?).
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Figure7 Particle distribution during the cell divisiomeasured by FC

Shown is a representative dot plot of the thdependent distribution 025 pg/mLPSym, greenin 150,000imKC on the-gxis
and the corresponding dilution of the CVT dpehe xaxisfor ImMKC cellafter 2 days

PCl were counted up to 1BCl/cell, using the established metho@®it.1 For the bllowing calculation,
populations of up to 12 CIl were used he figures and tablasombinethese populations in # PCI for
a more straightforward representatioBy measuring the number of particles on the first day and
tracking the CTV intensity, an apgimation ofhow the particle number per cell should look in case

of a symmetrical distribution was calculated.

This approximation was calculated as folldase als&Schemel6 and Equation6):

- The number of particles per cell at day O { ) was measured for the respective cell
populations

- Cell division was calculated by measuring the CTV fluorescence every other day

- In the case of ImKC, the CTV intensity was only 1/3 on day 1 compared to day 0, indicating
three times the amounof cells or approximately 3 cells out offtar J774A.11/2 CTV intensity
was measured, indicating twice the amount of cells or approximately 2 cells out of 1)

- A symmetrical distribution was assumed

- Particles per cell on the assumed Day 1 were calculatednted, summarised)( ) and

normalisedto 100% { )

- Same procedure for the following days £ )
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- The calculated numbers were used as an approximation for a symmetrical distribution and
compared to the measured data
&

T
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Schemel6 Exemplary process scheme for the calculation of the approximation considering a symmetrical distrifotion
ImKC cells

Equation6 Mathematical equation for the calculation of the approximation
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The measured cell populations and the calculated approximai@ shown ifmable5. These results

were then compared to the calculated approximation, and the differepdevés calculated

Table5 Measured cell populations for particle distributionral the respective value of the calculated approximation

J774A.1
Day 0 Day 1 Day2

Particles Measuredi Measured Approximation n Measured Approximation n
per cell [%] [%] [%] [%] (%] [%6] [%6]
0 47.70 73.69 65.68 8.01 79.21 84.89 -5.69

1 22.62 16.43 26.20 -9.78 14.62 14.42 0.20

2 12.19 5.44 5.23 0.21 3.39 0.69 2.70

3 6.595 1.92 1.39 0.53 0.91 - 0.91

4 3.625 0.78 0.93 -0.15 0.31 - 0.31

>4 6.77 0.91 0.57 0.34 0.16 - 0.16

ImKC
Day O Day 1 Day?2

Particles Measured; Measured Approximation n Measured Approximation n
per cell [%] (%] (%] [%] (%] [%0] [%6]

0 15.86 37.29 29.79 7.50 59.20 56.52 2.67
1 13.78 19.60 31.08 -11.49 18.54 38.26 -19.72

2 11.81 12.82 18.04 -5.23 9.055 5.21 3.84

3 9.91 8.68 9.58 -0.91 4.91 - 4.91

4 8.06 5.74 7.37 7.50 2.635 - 2.64

>4 37.86 16.77 4.14 10.99 5.01 - 5.97

Results indicated thahe distribution was moresimilarto the approximatiorfor J774A.1 cellsvhile

a more random distributiorfor the ImKC cells was observd@r cells with low PCI, the difference
between approximtion and the measured distribution proved to be the hightstboth cell lines
Furthermore, a fraction of cells (28) with >4 particles per cell remained after 2 days for ImMKC cells,
which should not be the case when considering the approximatiaantobe excluded that these cells
are loaded with more particles due to less cell division since Gi&/dye showed no specific
dependence for fewer cell divisions with higher particle numbers in this range of particle nuaders

Figure7).
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The distribution of intraellular material can be symmetrical, ordered or random during cell division
Organelles ardnerebyoften distributed symmetricallyand the distribution of cellular material is often
carefully choreogaphed to ensure viable cells after cell divisiéit?*®l On the other hand, the
distribution of celiforeign material is a more complex problem. Zhao et al. showed that particular
proteins trigger the distribution of ingested bacteria from random to symmetritstidution or even

a onesided distribution of all bacteria to one daughter cell with the otleell remaining without
bacterial?®®, The bacteria can emipulate this distribution by expressing proteins to either increase
bacterial spreading by a more symmetrical distribution or direct the distribution to an unbalanced
distribution. The distribution is controlled ltlge formation ofintercellular tubuleswhich connect the
bacteriatloaded phagolysosomes during cell division. Without the formation of these tubules, no
directed distribution is possible, ana more or less symmetrical distribution is more likéff!,
Interestingly, when comparing theptake kehaviour of the two cell lines, particles seem aligned in a

distinct, roundshaped, tubdike pattern for the ImKC cells, while J774A.1 se&ndistribute the

particles more randomly over the whole cel&dure).

J774A 1 ImKC

Figure8 Particle distributionof PSym, greenin IMKC and J774Adells

White circles illustrate thdumped distributdn of PS,m greenin the J774A.&and thetube-like formation for ImKC cellSonfocal
microscopypictures weredone by Julia Jasinski.

This might indicate a formation of tubules for IMKC while J774A.1 spread the particles mostly in the
cytoplasms. IMKC delseem tointeract with the particles more, treating them as some intruding
foreign matter that needs to be deposited. This fits with the distribution data, where J774A.1 seemed
to distribute the particles more symmetrically, while ImKC showed a higheiatien to the
approximation arguing for specific storage of particlé&gturally, possible staining of the tubules and
more experiments regarding the formation of these tubules are necessary for a more precise

statement.

To summarise,@&localisation with specific organelles was only found in the cytoplasm and, in the case
of smaller particles in the ER endosome This, and especially the nobserved cdocalisation in the

lysosomes, argues for unspecific ingestion by macrophages or at least noagisten as bacteria.
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On the other hand, the distribution pattern of the particles during the cell division argues for a, at least
celkspecific, handling of the particles after ingestion. Significant differences between J774A.1 and
ImMKC were observedndfor the distribution in ImMKC cells, one can assume a badikgaandling of

the particles. A celipecificreaction was observabledespite no clear conclusion for a systematical

distribution of the particles.

In vivg some cells might handle the patkts as a stowawayyhile others misrecognize them as
bacterial intruders alerting an immune response. Both optiorafect the organism since either
accumulation or a debilitated organism might be the consequeskhewing the high relevance of the

fate of particles after a cellular uptake
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3.3.Cellular effectanduced byMPP

The previous paragraphs analysed relevant fundamentals for possible effects on th&hmltsitical
parameters for the PGind ingestionwere identified, and the intracellular distribtion to specific
organellesas well as the distributioduring the celluladivision wasletermined.Results indicated that
the particlesmight beingested byspecificcells and remaimtracellularfor at least various days. This
allows numerous reactiondetween the cells and the MP, possibly resulting in different biological
impacts and outcomeSchemel5). The followingpassage addresses the central part of this wiirg,

cellular responses to different MPP parneters.

According to the literature, arious critical particle parametemsere identified which might induce

toxic effects(see Scheme3). As simmarised in four recent review&%94%] size, concentration,
surface charge, leachables or additives, adsorbed pollutants or microorganisms, and the ageing status
of MPwere identified toaffect the following toxicityCytotoxicity, oxidative stress, immune response,
genotoxicity, viability, meabrane integrity, proliferation and polarisation were namad possible
biological effectsCarcinogenicity and mutagenicity due to additiee¢eachablesvere further added.
Despite efforts being put into microplastic research in the last years, thegdewe stressed the
importance of multiparametrical, comparable studies usingell-charactersed particles with
environmental relevancand concentrations closer to environmental ones. Therefore, in this work, a
systematical approach was chosen. First litidogical responsi dependency on the PCI or ingestion
using particles with different surface charges was investigafdtbrwards, the influencef narrow

size difference®n the toxicitywas determined. For both parameters, solelystine PS beadsvere

used due to their availability in narrow, monodisperse size ranges and easy surface ch&pestiglly
prepared particles were subsequently used to assess the influence of monomer residues on toxicity.
Afterwards, experiments were expanded to otltroleum-basedpolymer types likdPEor PVCas

well as biologicabased polymers PLA and cellulose acetate (CA). Particles witkdafpredprotein-
corona were subsequently used to transfer observed effects to the particles' surface layer. Finally,
envronmentally more relevant particleompositionswvere used. fificial weathering was applied to

the particles comparing the effects to pristine onelsastly particles extracted from commercially
available wall paints were used in a final attempt to cageeto realistic modelsComplementary
assays were used to analyse the distinct cellular efféctsletermine which particle properties

implicate which biological outcome.

3.3.1. Influence of the PCI

As describegreviously the surface charge of MPP influentles PCI and ingestion strongly.réturn,

interactions between particles and cells grebably highly important for cellular effect$his was

57



investigated and publisheth the cooperatioral LJ- LISNJ & { dzLJL)2 aSRf & ARSY (A Ol ¢
substantialy differ in their material properties influencing partietell interactions and cellular
NBalLlyaSaé¢ o0& wvwokeetldsRES Wal-chevhcterkey pattidlesfrom this study

(PSolyscience high PCI; RRromod low PCl both 3 um in size surface chargé Sojyscience - 28.6+0.1mV

P Snicromod - 1.5£0.0mV) with known PCI were applied to analyse subsequent effects on the
macrophage cell lines ImMKC and J774Rirkt, an MTT assay was used to determine the metabolic

activity of the cdk and, in return, conclude the overall viability of the c@figure9).
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Figure9 MTTanalysisof INKC and J774Arhacrophage cell lines in dependency of the surface charge of theiglag

Data represent the percentage of thespectiveexperiment to themetabolic activityof the negative control (cells without
particles). Blue colour representSyiSience red colour Psromos Dark shaded codes for J774A.1, lightly shaded fo€ImK
significance level: *= §.05. Data points represent mearsSb, r= 3 ¢ 6. Figure is adapted from Ramsperger, Jasinski, VOIKI
et al. (2022) and modified

Significant differences could be observed betweepRnceand PSicromod, @S Well as between both

cell linesFor PSicomoa, NO effectcould be observed, no matter the concentrationthe cell line Cells

treated with PSQoyscience Showed decreasedmetabolic activity for concentrations 250ug/mL As

shown in Ramsperger, Jasinski andlkl (2022) P Soiscience Showed significantly higher PCI and
ingestion rates for bothcell lines while cells seemed to ignore R®me¢ Since other particle
parameters are supposed to be identical, the PCI results, combined with the results of the MTT assay,
indicate aninteractiondependent cytotoxicity.It was further shown that an increase in particle

internalisation leads to induced oxidative stré$$° which in turn might damage the DN?A or lead
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to bioenergetic failurd?®®l, Since the MTT assay, as described above, represeraseaaview of the
metabolic ativity, these side effects might also influence the resuRarthermore, phagocytic
ingestion of particles is energlependent?. Due to the high amount of ingested particles in the case
of PSQoyiscience @nd subsequently a higher energy consumption, less erergld be available for cell

proliferation or cellular metabolismesulting in the lower measured MTT

When comparing both cell lines, for ImKfe decrease in metabolic activity was more distinct and
significant while a similar trend, but no significance f#74A.1, was found. This higher sensitivity of
ImKCcanbe associated with the different origins of the macrophages. It was shown that Kupffer cells
react more sensitively to stress factors compared to other macrophage cell lines (RAW 264%7cells)
J774A.1on the other hand, are generally described as more robtéten, e.g.treated with 2pum 249

or 1um "2 carboxylatedPS particles, no acute influence on the viability couddnteasured with

comparable assayer J774AL.

Interestingly, IMKC cells showed increased metabolic activity for concentrafidssand 37.5ug/mL

for PSQoyscience This can beorrelated with the hormesis effectThis effect describes the phenomena of

a positive influence on organisms when challenged with low concentrations of otherwise toxic
components.It has been shown that an increase in metabolic activity at low concentrations was
measured for some contaminants, with a continuous drop at highec@atnations?41:2421 This unique
appearance for ImKC, in cbimation with P&yscience @gain argues for cell specificity and a dependency

on PCI to trigger reactions.

To support tke finding from the MTT assaythe cell proliferation in response to both particles was
measured for a low, medium and high particlencentration (37.5, 150 and 15Q@®/mL) and

compared to control cell@~igurel0).
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Figure10 Cell proliferation of J774A.1 and ImKC in response t@yR&nceand PSicromod

Experimerg were performed in 2®ell plates with a initial seeding density of 100,000 cells per well mLigrowth medium
Data represent mean D, r= 3. Figure is adapted from Ramsperger, Jasinski, VOlkl et al. (2022) and modified

Results from the MTT assayubd be confirmed. While R&omod Showed no significant influence, no
matter the concentration or cell line, R&scenceSignificantly impacted the proliferation. For the highest
concentration (150Qug/mL), proliferation was almost completely depletest both cell linesIn the

case of ImKC, 15@y/mL already showed a small impact aftertv.2

Thisconcludes at least inin vitro 2D cell cultureand the here tested particle propertieshat the
presence of MPP alone is not critical, but effent@nlydevelop when &P Cloccurs In return, itshows

a high relevance of the surface chartgethe possible measured effectsxd other parameters that
impactthe PCI Therefore, in the following chapters, the surface charge of the used particles was

alwaysanalysel (carried outby Julia Jasingki

3.3.2. Influence ofthe particlesize

Asthe followingparticleparameter, particlesizedependent effect®n the cellavereanalysedVarious
considerations were taken into account to decide which particle sizes should beRe#idles in the
environment are highly polydisperse, and the size rangd®fs defined between im to 5mm. To
assess the influence of the size, though, it is beneficial to work with monodisperse padiaesign

effects to specific sizedlaturaly, particle sizes over Jm are unrealistic to react with celis vitro
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sincethey are onlyaround20 um. InRudolph Vélklet al. (2021)it was shown thafor aparticle size

of 6 um, the PClwith macrophageslready drastically reducesvhile epitheial cells only react with

even smaller sizes. The previous chajftuethermore showed that particlesvhichdo not interact with

the cells do not trigger toxic effect€ombining these finding®tanalysethe influence ofthe size,
monodisperse PS particlegth narrow size ranges were useBY2um PSsum PSum, PSum, PSum,

PSum, coefficient of variation 40% according to the supplierTheir surface charge did not vary
significantly when incubated in a growth mediwxcept for P&m (Table6). This allows a reduction to

iKS a2tS AyTFtdsSyOS LI NIYSGESNI LI NIAOE-B aAl S¢ o
Y ONRLIKEF3ISa o6LYY/E WrTtn! om0 ¢SNBE dzaSR® ¢KSasS RI
p2f @aieNByS YAONRBLI NIAOEfSa 2y Ydz2NAYS YI QRPLIKIF ISa

Table6 y-potential of the particles used i13.3.2

Particle KCI Growth medium
PS.2um -47.4+0.3 -26.3+0.1
PS.5um -52.8+0.2 -26.2+0.1
PSum -66.1+0.1 -29.2+0.5
PSum -76.7+0.3 -30.7+0.1
PSum -78.4+0.4 -28.6+0.1
PSum -85.4+1.4 -11.7+0.2

Data represent meart SD, n= 3. Data was measured by Julia Jasinski and is published in Rudélghet al.
(2021)

First, an MTT assayith MPPincubation times of 24 and72 hwascarried aut (Figurell). No reduced
metabolic activity could be measured in epithelial cells (BNL CL.2 and)Stggardless of
concentration, particle size or incubation time. When taking previous results into accoisnfintting
seems fitting. Both epithelial cell lines showed low PCI with the used partiéjeshile in3.3.1, it
could be demonstrated that P@te crucial for triggering effectslhe finding of no significant effects
was, thereforecomprehensible

For macrophage cell lines, concentrations above |25fnL showed aecrease in metabolic activity
for incubation times of 24. An extension of the incubation time to H2decreased the critical
concentration to 1@; 100pg/mL, with ImKC cells once more seeming to be more sensitiveo (40

metabolic activity compared to 6% for J774A.1 for the same treatment).
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Figurell Metabolic activity of cells after 24 and 72h incubation withdifferently sizedMPP

MTT assay was used to determine the metabolic activity. Data represents a correlatian roétébolic activity to cells
without particles acting as negative control (1#0metabolic activity). Data represent meaSR, r=3. Figure is adapted

from Rudolph, Volkl et al. (2021) and modified
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The observed effectsvere sizedependent. The highesteduction in metabolic activity could be
measured for particle sizes between @.8 um, while P&yumand P&m showed little response to the
MPP burden, no matter the concentration. Thanbe associated with the uptake mechanism of the
particles. The eergy-dependent phagocytosis is mainly used for particulate mattehénsize range

of 0.5¢ 5um. For the smaller RS.m pinocytosis might be responsible for the uptake, which is less
energy intensive. Furthermore, in the case ofRParticles, only dew PCl were measurétt. The
neglectableeffects for P&.m and P&m cantherebybe explained Comparabldo 3.3.1, a slight but
significant increase in the metabolic activity was measured fgrRR8d P&min a concentration range

of 10¢ 37.5pg/mL for ImKC cells, with J774A.1 shaya similar trend. This might again be ansig a

hermetic response, leading to a stimulation of the cellular metabolism in resportge toild stress.

To additionally analysether biologicaleffects of MPPat not acute cytotoxic concentrations (low
concentration=5 pg/mL, medium concentration 50 pg/mL, high concentratios 150ug/mL), the
oxidative stress caused by MBRer 24h was evaluated. Therefore, thatracellularROS amount of

the cells was measurggFigurel?).
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Figurel2 Intracellular ROS concentration in dependence of size and concentratio

The nedium RO§uantity of the whole cell population was measured by flow cytometry. Quantity is represented in relation
to a negative control without particles (100). Strippd bar represents low, light bar medium and full bar high concentration.
low = 5ug/mL, medium = 50g/mL, high = 15@g/mL. Data represent meanSD, rr 3. significance level: *= §{.05 Figure

is adapted from Rudolph, V&lkl et al. (2021) and modified
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For three out of four cell lines (J774A.1, 9T@GNL CL.2), no significaROS increaseould be
observed,regardless okize or concentrationOnly h the case of IMKC a concentratidependent
significance could be observed for¢Bum particles.A similar but insignificant trend could be
observed for PsSum and P&s.m While Kupffer cells are known to react quickly and 1specifically

with an increase in ROS to phagocytosis of particular matter, peritgd@éaftA.1 are ascites derived)
macrophagesaspond less intensive#3244 This celkspecific reactionfurthermore, might explain

the different findings in the literature. While some studies found a significant increase in ROS after
treatment with MPPI3587) others did not see changes in the ROS IeV&13,

Regarding the size, the highdsipact was comparable to the findings in the MTT assay, found for
particles between %, 3 um. The higher uptake for this particle siambe the reason for the increased
ROS compared to other particle sizes. To takeepdr look into this assumption, a gating strategy
accordingto Figure 3 was applied Figure 13A and B) to split the flow cytometry data into
subpopulations with an increagy amount of PCI (NEcomparable to the negative control; V show
increasing PCIWith the help of this gating strategy, ROS production could be directly related to the
PCI Figure 13C). Furthermore, this mdiod could consider the number of cells in the respective
population to determine the impact of the subpopulation on the entire population. The higher the

number of cells per subpopulation, the higher the effect on the whole population.

When looking at thesubpopulations separately, a strong correlation between the PCI and the amount
of ROS could be drawn. This analysis further explains the low response when looking at the whole cell
population. Only for ImKC, a significant increase combined with a bjgppeilation for high PCI could

be found. E.g. for ST the ROS amount increased significantly (@d00% compared to the
negative control) for higher PCI, but the respective populations were too small (<5%) to impact the
results for the entire populatin. Furthermore, for populations with low PCI, the amount of ROS even
decreased below 10% of ROS, especially among the macrophages. Defence mechanisms induced by
cells with high PCI, e.g., the excretion of inflammatory factors or ROS antioxidanthaealaffected

cells with lower PCI, impacting their natural ROS equilibrium. Interestingly, the highest detected ROS
responses were seen in the case of smaly {R3&nd P&s-m) and large (RS, MPP for all cell lines,
except for BNL CL.2. Smaller particles have a higher sudaadume area, providing more possible
spots for reactive groups, which could lead to a higher ROS production. FortheiP&l particles, a
possbly low baseline defence due to the few PCI measured could be the reason for the high response

in case of high PCI.
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Figurel13 Correlation between ROS generation andIPC

A: Representative gating strategy as established.inl Gate NC represents cells with no particle interactioq, show
increasing PCI (SSC = side scatter, FSC = forward scatter). B: The increasing ROi$ rielizgimityo thegated PClshown in

A. C: Correlation betweerCP, normaled ROS quantity, and gated cell count. ROS quantity was nseth@d0%) tacontrol

cells incubated without particles. Size of the data points represents the % of the respective cell population. Celinpopulatio
analysis was done fdhe high oncentrationfrom Figurel12 (150ug/mL).Figure is adapted from Rudolph, V6lkl et al. (2021)

and modified
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To gain more insight into the effects of the subpopulatite cell proliferation was trackegtia FC
usingCFSEtaining withthe same gating strategy ashigurel3. Results of the CFSE are shown for the
whole population Figurel4A) and their respectively gated subpopulatofigurel4B).
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Figurel4 CFSE dilution assay after 7hincubationwith differently sizedMPP

The CFSE intensity for the respective cell lines is shown aftef 72cubation withtMPP.Data isnormalisedto the negative

control(cells incubated without particles). As the CFSE intensity pdecetiases A 1 K S@SNE RAGA&AAZ2Y S KA IK.
AyiSyardeeg AYyRAOFGS I s (WBrlYzD 6f e shiiz/paubtdd e 6w (QrpédibarsREgihh)arid2 v

high concentration (filled bars 150 pug/m(B) CFSE amount of the subpopulatioasif Figurel3). Data represent mean +

SD, n = 3 biological replicatesgnificancedvel against the negative control: *=}§.05. Figure is adapted from Rudolph,

Volkl et al. (2021) and modified
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Again, only ImKC cells showed a significant reaction with a decelerated proliferation for particles
between 0.5 and 3im for the higher concemation. The other three cell lines showed no significant
response to no concentration or sizZesimilar dependency of high PCI, comparable to the ROS analysis,
was detected when analysing the subpopulatiofbese two findings are probably connectedsilt i
known that increased levels of ROS affect cell proliferati¢fit?sl. This has bee shown for the
treatment with nanopatrticles as wetf’l. Futhermore, microplasticinduced oxidative stredsadsto

DNA damagé&*), which in turn affects cell proliferation.

Once more, the importance of the cell phenotype has to be noted. Epithelial cell lines seemed to react
to a lesser extent compad with the macrophages. This is most likely connected with the amount of
PCI, which is significantly lower for epithelial cells but highly relevant for toxic effects. In addition,
between both macrophage cell lines, significant differences were obsewittd|mKC again reacting

more sensitively compared to J774A.1. These differences were even more apparent when looking at
subpopulations for increasing PCI, demonstrating that considering the whole cellular population for
analysis of MPP effects might bigee final results, as correlations involving only small cellular

subpopulations may be masked.

Combining these resultghe importance of theparticle sizecould be shownAlready narrow size
distributions mightaffect the cellsdifferently, as seen fore.g.P%.am and PSsum Furthermore, the

size is one of the main properties influencing the PCI and uptake mechanism, which in turn is highly
important for the cytotoxicity, as can be seen for the low observed cytotoxicitl? 84m and P3um,

and theobserved dependency when analysing the subpopulations.

3.3.3. Influence of the protein corona design

Another possible influencing factor to cellular effects might be the protein conbtize particles Just
recently, Jasinski et al. found a significant inflleeata tailormade protein corona on the PCI for STC
and BNL CL.2 cells.2) 26 Thaefore, the same pre&oated particles (RSm and PGm; lysozyme,
myoglobin, fibrinogen m-coating, Table 7) we used to evaluate the metabolic activity via MTT assay

for all four cell linesKigurel5).

Table7vy-potential of the particles used i8.3.3

Particle y-potential [mV] in KCI  Y-potential [mV] in Growth medium
PS.2um, lysozyme +8.0+£0.1 -27.2+0.1
P3.2um, fibrinogen -8.6x0.1 -18.2+0.4
P S.2um, myoglobin -13+0.2 -25.2+0.2
PSym, fibrinogen -2.5+0.1 -36.3+0.1
PSum, lysozyme +17.4+0.3 -36.4+0.3
P Sym, myoglobin -16.1+0.2 -37.1£0.1

Data represent meam SD, n=3. Data was measured by Julia Jasinski and is published in Jasins{2@22).
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Figurel5 MTT assay with proteircoated particles

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without
particles). Data represent mean + SD, n = 3 biological replicates, significance level against the negativ&=CcpMpad5
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No reduction in metabolic activity could be measured for both epithelial cell lines, regardless of size or
concentration. The observed changes in PCI did not seem to affect the epithelial cells' viability. For
J774A.1 and ImKC, a reductionmetabolic activity could be measured B 2um fibrinogen While a
significant reduction could be measured for J774A.1, only for the highest concentration (43.5,ug/mL)
ImKCcells showeda significant reduction already for 0.048/mL. This reductionthough, was only

low (80 % metabolic activity) and did not seem to be concentradiependent.ImKCcells showed

further a reduction forPS 2um myogiobin (CONCeNtrations 3.43ug/mL) These results seem counter
intuitive compared td.3.1and3.3.2sinceP 3 oum fibrinogeninduced the highest cytotoxicity despite their
reduced PClwith cells. For 3um particles a trend of a concentratiodependent reduction for

fibrinogen coating could also béserved for J774A.1 and ImKC.

Controversially fibrinogencoating is used to reduce the cytotoxicity of nanomateri&s>*® and
despite the reduced PCihese particles showed the highest cytotoxicityhe herefound results,
therefore, need to be treateatarefully However, itmust be noted that while Jasinski et al. found
traces of the precoating the topmost coatinglayer formed changediuring the incibation in the
growth medium?#¢l, This change in compositimould have also affected the particles' cytotoxicity.

Further analysis is therefore needed to determthe effect d protein corona.

3.3.4. Influence ofmonomer residues

As yet, especially the surface of the particleas analysedAnother possible parameter might be
residual monomes. Styrene monomers, e.g. are known to be tdxt®¥ when leaching from packing
materials.To verify if thidindingis truefor PSMPPas well, the influence of the residual monomer on
the cytotoxicity was analyse@hese esults argprocessedh y G KS &adzo YAGGSR LI LISNI a
Y2Y2YSNRBR Ay GKS YIyAFTSaidltiAazy 2F 60eit20G2EAOAGER
et al. 2023. To assess the influence of the residual monomer, particles were sgathiediouseby
emulsifierfree emulsion polymerisation and characteris@fs+ri Number average molar mass (Mn)
= 25370, diameter 51517 nm, Y-potential=- 26 mV) by the group of Prof. Greiner from Yuanhu
Zhang. The cytotoxic effect of these particles was thenpamed to commercially available particles
(PSups MNn=33090, diameter 50%7 nm, Y-potential=-26mV) in this work. The Hnouse
synthessed particles were additionally purified by autoclaving and rapidly shadlyagainst
methanol/water (50/50) mixedolvents to reduce the monomer residues to a minimum. Compared to
the 99.26% purity of the R&a a 99.96% purity could be achieved fogRresulting in a 2& higher
monomer burden for Riwa compared to PSiea L929 cells, a known standafiiroblag cell line in
toxicity testing, were subsequently used to assess the cytotoxicity of these different particles
(concentration range: 0.ig/mL¢ 1900ug/mL) via the MTT assdligure 8). A significantly higher
cytotoxicity for Pmieawas found compared to RsAor all particle concentrations except the highest.
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Since all other tested parameters were comparable, the observed cytotoxicity was ascribed to the
styrene monomer residues. However, other potentiallyotgkic surfactantscanbe present on the
PSura While P&ipavere synthesised by emulsififiee emulsion polymesation, residual proprietary
surfactant might be present on R&. These surfactants often bear cytotoxic potential as well.
However,as a onclusion from this studyit could be shown that monomer residue axd further

cytotoxic potential to MPP.

3.3.5. Influence of the polymetype

So far, experimenthave beensolely conducted with PS particleSince tle main focus in the first
experimentsdid not depend on the polymer type but on other particle parameters, which are easy to
control for PS particles (size and surface chemistrsing PS particles was sufficiehtis pattern of

using PS beadsn be followed in the field of microplastic reseaas well, where over 5% of studies

62Nl SR 6AGK t{ YAONRALKSNBa IyR az2yte F T8¢ aidR

0 X[for particlesof similar size and shap® y 2 NH [°4/ Neverthekess, MPP pollution in the
environment is highly polydisperswith PP and PBEsthe main pollutant (combining about 7% of

total pollution), and PET, PVC or PS only combining abott 206th about 1®6 left for more
specialsed polymers?%25l The following section, thereforaysesPE and PVC beads as well as
biologicatbased polymes (PLA and CAThese polymers were selected sif@ads in a similar size
range andy-potential (Table8) were applicable, proving critical in the previous experiments. All four

cell lines (J774A.1, ImKC, STBNL CL.2) were used for the experiments. These data are processed in
the finished mand ONJR LJi &/ St € dzf  NJ STFSOGa 2F RAFTFSNBy

JasinskiVolklet al.

Table8 Size and-potential of the particles used i8.3.5

Particle Size[um] y-potential [mV]
PSum 2.25+0.15 -30.7£0.1
PE-4um 1.80+0.35 -27.7+0.6

PV@ 4um 1.40+0.15 -26.1+0.2
PLAum 1.75+0.85 -21.9+1.3

CA 5um 1.50+0.40 -6.9+0.2

Data represent mean + SD, n =D&ta was measured by Julia Jasinski

To canpare the data of these used patrticles and reduce the parameter to the used polyaiier
Jasinski comparethe PCI and ingestion of the particles by confocal microscdpgre were no
significant differences in macrophage uptake riateall particles egept CAsum This reduced ingestion
rate might be related to the lesse¥-potential for CA sumcompared to the other used patrticles. For

the BNL CL.2 cell line, uptake was only observed tor B&rticles and, interestingly, low uptake for
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CAsum Inthe case of SFC, no uptake was observediowever, PCI interactions were found for all

used polymer particles.

Atfter verifying the PCI and uptake&hich proved to be critical when estimating possible toxic effects
(see3.3.]), MTT and ROS assay were used to assessfibet of the chosen polymerin the case of
MTT, no distinctoxic effects could be measured in the applied concentrations, no mattepahaner

type or thecell line Figurel6). For PLAm, a trend towardsa highercytotoxicity (<80% metabolic
activity) above concentrations of 1%@/mL could be followed for macrophages. These data are
comparable to the previous result, where only high concentrations abti@ug/mL showed
cytotoxicity. This indicates that the polymer does not significantly determine cytotoxic effects, but

other parameters might be responsible for cytotoxicity.
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Figurel16 Metabolic activity after 24 h incubation with the difrent MPP polymers

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without
particles).Data represent mean + SD, n = 3 biological replicates
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Additionally a ROS assay was conducted tmplement the dataor a high and a low concentration
(Table9, Figurel?).

Table9 Particle concentrations of the used polymer beads for the RG&amFigurel?

Particle Lowconcentration [ug/mL]  Highconcentration [ug/mL]
PSum 0.44 43.54
PE-aum 0.31 30.60
PLAm 0.42 41.87
ImKC JT74A.1
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Figurel? Intracellular ROS concentration in dependence of polymers

Medium ROS of the whole cell population was measured by flow cytometry. Quantity is represented in relation to a negative
control without particles (10@0). Light bars represent low, full barsthigdncentration (concentration used, Seable9). Data
represent mean * SD, n = 3. significance level against the negative control: * = p < 0.05

Especially PL.sw and CAsum particles showed a significant incisain ROS for both macrophage cell
lines. CAsumshowed a small but significant increase in ROS for both epithelial cell lines as well. InKC
cells showed a significant increase in ROS after treatment with,RRll increases, though, were only

seen forthe higher concentration used. Interestingly, the highest ROS increase was conducted by both
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biologicatbased particles (GAum PLAum). Contradictory biopolymers are often used as antioxidant
coating agents in, e.g. food packing or medical impldits However, the biopolymers in these
applications aremainlyused as coating agents and not in particulate shape. Furthermore, biological
and intracellular degradation might be an affecting point when using biopolymai®t the
incubation time(24h)in the used setup was quite shdft®. Either way, the effects of biodegradable
particles need to be analysed more to understand possible mechanisms behind the observed ROS
increase. The observed significant e&se in ROS for PE particles was again only observed for the ImKC
cell line, which was also the most sensitive in previous experiments. Once more, the phenotype of the
cells is also highly important, as macrophages were more affected in MTT and ROSrapsagdto

epithelial cells.

Comparable studies analysing the effect of particles other than PS beads on cells are rare. Some studies
indeed used particles like PE, PVC, PP oFPE%% but particles were quite large (> 10n) and
polydisperse. A direct comparison to other studies is therefore difficult since the particle size highly
affects the uptake, and cytotoxic effects depend ygbn the cellular interaction and uptaka.8.1).

Here, no matter the polymer, significant effects on the cytotoxicity could not be found eHfiects
occuredonly for high concentrations (> 15@/mL), comparable to restglin 3.3.2 This indicates that

effects are more induced by the particles themselves than the polymer used. However, this statement
can only be made for inert polymer beads in laboratooypditions Environmental conditions might

alter particle propertieglifferently fordiversepolymers which caraffect the particles' cytotoxicity.

3.3.6. Influence of artificial ageing of particles

As previously mentioned, commonly used pristine PS particles do not necessarily replicate MPP found
in the environment®@ due to theexpectedenvironmentaldegradation by mechanical stress photo-

and bioticdegradation®19102 |eading to a change in size and surface characteristics (physical and
chemical)®41%] Therefore, m converging to more realistic particleartificial weatheringof PSum

and PSum,green Via UV irradiation and mechanical stresas conducted to simulate environmental
degradation and compare effects of these aged particles to pristine ones. These data are published in
0 KS LBristdSNl artificiallraged polystyrene microplastic particles differ in regard to cellular
responseé by Volkl et al. (2022) Artificially agedPSum were prepared by and with the method of
Meides et al. (2021 with irradiation times of 200, 400 and 6@0Theseageing times were used since

their study also showed thahainlysurface abrasion is happeningthis period but the particle size

is not changing significanth low size change wagecessargince particle size affects the uptake and
cytotoxicity (se€8.3.2, which would be a change in more parameters (ageing and size), complicating
the interpretation of the data. Due to the accelerated laboratory weathering (factor 5.2), these ageing
times approximately correspond to 4368nd 130 days in the environment. Aged particles are
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therefore calledPSs, P% and P&y, respectively. ImMKC cells were used since they proved the most

sensitive in previous experiments.

Before evaluating the cytotoxicity, the size and surface charfghe particles were analysed as

important influencing factordy Julia Jasinsiiablel0).

Table10 Size and-potential of the particles used i13.3.6

MP size [um] y-potential [mV]
PSum 1.5+0.04 -30.7+0.1
P&s 1.88 £ 0.05 -339+0.2
PS3e 1.49+0.10 -295+0.1
PSs0 1.63+0.22 -26.4+0.2

Data represent mean = SD, n = 3. Data was measured by Julia Jasinski and is pulMisikbet &d. (2022)

The size analysis by DLS revealed that the size did not change significantly, but the deviation increased
with longer ageing times. Thepotential did not differ highlyfor the different treatments with a

slightly lower absolute valu®r PS3s0. Since the ageing of the particles should influence especially the
surface, further characterisation was conductddsing SEM,ulia Jasinski analysed the particles'
morphology(Figurel8). While there vas no difference in the morphology for 25 P3sand P&, the

longest ageingeriod seemed to influence the particles. A high frequency of cracks and a davofhg

the particles was observahlexplairing the higher size deviation of the particle

PSoum PSa43

Figure18 Representative SEM pictures of the used particles at the respective ageing times

Scale bar = um, samples were prepared and pictures were taken by Julia Jasinski.
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In addition to the visual morphological analysis, thefate chemistry ohgedparticles was analysed
by Nora Meides irMeides et al. (20213ince specially reactive groups on the surfare supposed to
interfere with the cellshomeostasisDue to UV irradiation, these reactive groups are promdt&d©el
which needs to be verifiedndeed, the measured O/C ratio increasexponentially at the surfage
arguing for increasing amounts of carboxyl, peroxide, and keto gréups the final characterisatip
the fluorescence intensity of the aged particles was meassiece some of the assays dejied on

fluorescence analys{Eigurel9).
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Figure19 Particle fluorescence measured usifigw cytometry

Shown is thgreenfluorescence of the particles for the respective weathering time U4t least 100,000 particles were
measured for the quantification of the fluorescenemgure is adapted from Vaolkl et al. (2022) and modified

The fuorescenceéntensity and deviatiomf the particles decreased with increasing ageingetince
fluorescence could be measurgthough FCand confocal microscopy were ustdguantitatively and
gualitatively analyse¢he uptake and interaction raterirst the PCI measured by flow cytometry was
compared between Bgn green P2 and P& (Figure 20). Here, no significant differencés the PCI
between the used particles could be observasing the FSC/SSC methdelveloped in3.1.1 The
differentiation between the amount of ingested particles via fluorescence proved more problematic.

Due to the decreased fluorescence intensity, no distinct particle populations could be observed.
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Figure 20 Representative gating strategy for the quantitative uptake of RS, P3sand P$so

150,000 cells per well were seedett treated with150>g/mL fluorescent particles (R, P@sand Pgso) for 24 h. Shown is

the gating strategy forinvestigating particle-cell interactions (PCI). Cells were initially evaluated by scatter properties
0C{/ k{{/0 G2 &asStSOi I NB®iiggsingtknordoptatid celld whileSdsregartlihg@ébristaidy” S 0
cellular aggregates. Upon uptake or cellular interactions of MP, thefl8@@scence increasedllowing to define an
additional subgate containing cells with particle interactions (P€tl line). The gate PCI was set with the-treated cells

(i.e., control population without PCI (control) and then transferred iaPB3sand P%o. The intensity of fluoresceaof the

cells in the PCI gate is depicted in the histogram representéRi®nm (green line), P (orange line) and RS (blue line)).

Figure is adapted from VoIl et al. (2022) and modified

A qualitative confirmation of the ingestion was done by Julia Jasinski by confocal micré$tajged

particles, no matter the ageing status, were similarly ingested as pristine ones.
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Since no significant differences in PCI or ingestion were obseaweldother particle properties like
size and-potential were similar as well, a comparison between.R8nd P&eswasapplicable Fora

first estimation of the cytotoxicity, the MTT assay was usagufe2l).

120 W 15 pg/mi
£ 150 pg/ml

100

%
+

Metabolic activity [%]
N o
o o
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o

PSS PSS PSes PS130

Figure21 MTT assy determinesthe metabolic activity of Pged

Data represent the percentage of the particular experiment to the metabolic activity of the negative control (cells without
particles). Data represent mean + SD, n = 3 biological repliGitgsficance levet:= significantly lower compared to RSine

within a concentration group, # significantly lower than all previous data points within a concentration group, p < 0.05.
Figure is adapted from V&Il et al. (2022) and modified

Interestingly, when using oeentrations(15 and 15Qg/mL)unharmful for the cell with Pgn (see
3.3.2), the artificial weathering of the particles induced an ageilegpendent cytotoxic effectWhile

for Pz and P&, the cytotoxicity was only increaddor the higher concentration (150g/mL). In the

case of P&, which was the most affected by ageing according to the characterisation, effects were
visible already for 1hg/mL (63% metabolic activity) and even higher for 3&5'mL (48% metabolic
activity). However, while theVITT assay might be a useful tool for the first evaluation of toxic effects,
it is affected by various biological aspeétd. Therefore, further analysis of the mechanisms of toxici

on different biological levelaere conducted. Membrane integrity, genotoxigitkidative stress and

the immune response were analysed, identified as key parameters by various ré&i¥wR First, b

study the membrane integrity, an LDH assay was aphigi(e22).
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Figure22 LDH assay used to determine the membrane integrity

Data represents a correlation to lysed cells acting as control group®10DH release). Data represent me&D, n=3.
* significantly higher compared to all otheamples, p<0.05.Figure is adapted from Volkl et al. (2022) and modified

No significant LDH release was observed fos..RFS3: and P&, for neither low nor high
concentration. Treatment with R$, on the other hand, induced a concentratidependentincrease

in LDH release. This release is likely associated with the morphological change atther®$ared

to the other particles. Sharp edges and fragments presumably damaged the plasma membrane,
resulting in a release of LDH and reduced metaboliwviagt probably due to the reduced viability of

the cells. MTT and LDH assagan be used as indicators of apoptogjgrogrammed process of
autonomous cellular dismantlinggnd necrosis(passive, accidental cell death resulting from
environmental perturbabns), respectively?>¥, suggesting a hypothesis regarding the mechanism of
action of the investigated MP. Whereas;Rheither induces apoptosis nor necrosis, the observed
cytotoxic effectof PSgeqcould mainly be attributed to necrosis due to the highly significant effect in
the LDH assay. However, some apoptotic processes cannot be ruled out. The MTT assay was conducted
24 h posttreatment, at which the apoptosis process was assumaboinpleted. Yet, the observed

decrease in metabolic activity could also reflect a p®dptotic secondary necrosis procéss.

Other studiesaffirm the observednembrane damageStudies found increased effedtiggeredby
irregular microplastic fragments for human cell lines and primary blood [€¥it8”} while preserved
smooth spherical morphologies showed effect on theplasma membrane integrity hs concludes,

that the morphology of the particleseemsto be a toxicity mechanism.
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Subsequently, genotoxicity triggered by the treatrhevith the microparticles was analysed by the
COMET assalfigure23).

Figure23 COMET assay to estimate the genotoxicity

Pictured is the percentage of Tail DNA for the respectivelyetiezells. Data are represented with whisker boxplots showing

the 25% and 75% quartile, with the whiskers representing the maximal and minimal values. Outliers are defined as 1.5 times
the 25% and 75% quartile threshold values and are represented as diamotside the box plot. The median is indicated as

a black line and the mean value as a black square. Sorted particles bycgihgtarting were used to determine the influence

of the PCI on genotoxicity. Control (n = 314»kih = 59), PHm 15>g/mL (n = 418), Pgm 150>g/mL (n = 324), Bgn sorted

particles 150>g/mL (n = 20), R$15>g/mL (n = 103), R$150>g/mL (n = 107), R&15>g/mL (n = 71), R&150>g/mL (n =

71), Pgo15>g/mL (n = 72), R&%150>g/mL (n = 102). * significantly higheompared to control, # significantly higher within
MP-treated groups, + significantly higher than all other groups, p < 6i@&re is adapted from Volkl et al. (2022) and modified

No significant influence for 1fag/mL treatments was founddight and canparableincreases in tail

DNA percentage compared to the negative control (144@&or the higher treatment concentration
(150pug/mL)could be observed for R&, P3sand P& (21.84%, 18.0%6, 19.5%6) PSsotreated cells
showed a significant increasin tail DNA percentage with 33.€8 for the higher concentration.
Noticeably, a relatively high deviation was measured. This could be associated with the different
amounts of PCI for the respective cells. Cells with a higher PCI rate might show aseid¢eglaDNA
compared to cells with few particles, comparable to the finding3.82and the PGtlependent ROS
increase. To verify this, cells with a high PCI were sorted via fluorescencecsihgerting. Only
PSum green COUld be used since the fluorescence of the aged particles was too low for sorting. Indeed,
the measurement deviation could be narrowed to the expected upper sector for high PCI, arguing

again for a PCIl dependency.

Studies regarding the genotoxicity BIP in vivoin comparable size ranges are rare. However, when
considering nanoplastienore pedictions might be made. Shi et al. (2022) compared the genotoxicity
of 80nm and 2um PS particles with COOH and $itfface functionalisatiof*®. Here, the smaller

particles with Nk functionalisation showed the highest genotoxicity on A549 (human cancerogenic
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