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Summary

Since the beginning of massduction of synthetic polymers, also referredptasasc, the resulting

litter has accumulatedtire aquatic environment. As a result of continuous fragmentation of macro
debris, thiplastiditter has become a soup of midmnanesized particles with currently unknown
impact for human and environmental hedfbr. less than a decade, researchare been
investigatinghe effects of such particles maimhkaboratory test systeriiéedhering processes like

UV lightinducedhotodegradatiohave the potential to change material properties and ttnereby
relevant physical behavior of the syitheaterialSuch modulating effects are often disregarded in
common ecotoxicological exposure scenarios.

The famework of this thesis was the WEATHER MIC project. Within a consortium of researchers
from different scientifidisciplineswe prioritized reearch needs for an improved understanding of
abiotic and biotic weathering processdig onaquatic plastic dehrithe relevance of those
processes for changit KH SODVWLF-V IDWH D QueehtRishiieH WstRap@ionsR RY H U
in the laloratory PublicationRublication.ll

Although ntentionally added chemicagy@dditives) in polymehave beenf concerrfor long, it
remainedinknown if substances liberated from adeftda=microplastics during abiotic weathering
(such asphoto-degradationare of ecotoxicologicatelevancee.g.by inducing cellulatoxicity
pathways andtress responsebherefore,l preparedleachate waters from four W\éathered
polymerspolyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS) and polypropylene
(PP) concaatrated and dosdtdemin reporter gene and microalgae ag¢Baypication ,|IManuscript

). Leachateffom all testedanicroplasticenduced oxidative ss responsesth elevated activation

for the UMweathered leachatP& leachatesontainedliverse alkydarboxylic acids stemming from

the degrading polymer, whiekplained over 40% of the observed activatidgheoPeroxisome
Proliferation Activate® H F H S \® R3.6aE evidenced by mixture effect modellinginvestigated

plastic leachatbad only effects on growth inhibitiorthe microalgaScenedesmus vaouilaims

potency for photosystemhibition Effect concentrations derived frotretgrowth inhibitiorof
microalgae showed thienilarpatternsacross all leachates and correlated significantly witfiahose

the reporter gene assalise weathere®BE leachates showed higher activity, which could also be
caused by the carboxylic acgigen that their algal toxicity also agreed well nedicied bseline

toxicity.



Biotic weathering processtgrt withthe formation of a superficial biofilm that changes the
fate and effects of plastic debRsilflicatidi ). As this procesgepresents probably the first and
longest biological interaction with environmental plastic, it is of utmost importance to understand the
development, structure and function of epiplastic microbial commantie¢keir ecological
relevance. Before micrgb&ttach to new habitable (plastic) substrates a thin laygarot matter
(OM), a secalled conditioning filmadsorbgto the substrate surfa@ehich hasmplications for
subsequent colonization.
By the means ofdariertransform ion cyclotron resor@mass spectrometry {FR MS)l tested
the hypothesis of matersglecific conditioning films on plastic surfaces as well as its relevance for
subsequent biofilm formationdémonstrat that theinvestigated substrates glass, PET and PS
showed selewg adsorption patterns towards ODifferences in the OM fingerprint were also
detectable between preathered and dark control polymeric substédtesthe adsorption of this
first OM layer thematerial surface propertiesich asthe surface hydrophucity, changed.
Noteworthy the materiakpecificconditioning filns did not entirely mask the material properties but
preservethe underlying surface characterigiittse outeilorganic mattewaterinterfacgManuscript
II). These observations provided a potential explanatisub&gquent matersecificattachment
by microbegluring the first days of early colonization phase. As the $rofiturel, taxonomic,
structural and functional differences disapdeamd the ommunities on differentubstrates
convergedo highly similar communiti@danuscript JII
In my presented ecotoxicological and microbial studies, | demdntiedteveathering athe
persistent plastimateriahas impacts oits fate and effectdateratspecific implications of OM
adsorption and biofilm succession demonstrated that experiments and results have to be set into the
context of larger time framd#$e fact that polymer leachates generated under accelerated weathering
conditions activated certain cellular gene pathwaysas®thlgae toxicity should prompt us to
reconsidecriticallythe currentexemption of polymers from the REACH registrationezatliation
VLQFH WKH PDWHULDO FDQ QR ORQJHU EH UHJDUGHG DV "LQ&H

This thesis advarseur understanding of chemical leaching during pophmoerdegradatioand
the biologicdkeatureshat plastic surfaces display dutiegarly microbial colonizan phasefr-uture
studies should acknowledge the relevance of weathering processes for the interpretation and

robustnessf effect assessments of plasticgder to ensurdeuman and environmensalfety



Zusammenfassung

Seit Beginn der Massenprodwkti von synthetischen Polymeren oder Kunststoffen
umgangssprachlich als Plastik bezeickhketnuliert denAbfall in der aquatischen Umwelt. Durch
kontinuierliche Fragmentierung von Makroabfallen sind manche aquétisisysteme heutal

eirer Suppe aus mikrbis nanoskaligdPartikeln geworden, deren Auswirkungen auf die Gesundheit
von Mensch und Umwelt wir bisher nur schwer abschatzen k&nsiegit weniger als einem
Jahrzehnt untersuch&issenscliiersinnen die Auswirkungen solahBattikel hauptsachlich in
Labortestsystemen. Verwitterungsprozesse, wie thsml. UV-Licht induziertemPhotoabbau,

konnen Materialeigenschaften und damit das Verhalten von Kunststoffen in der Umwelt verandern.
Diese relevante Anderungen im physikalischererhalten von Kunststoff(partikelurch

Verwitterundindenin géngigen 6kotoxikologischen Expositionsszenarlenr@tBericksichtigung.

Den Rahmen dieser Arbeit bildete das Projekt WEATHER MIC. Innerhalb eines Konsortiums von
Wissenschaftlemen verschiedener Fachgebiete priorisierten wir Forschungsfragen zu tieferem
Verstandnis der abiotischen und biotischen Verwitterungsprozesse, die auf aquatischen
Kunststoffmdll einwirken, zur Relevanz dieser Prozesse fur den Verbleib und die Effekte des
Umweltkunststoffes und zur Anpassung derzeitig begrenzter Testbedingungen iRubdikatign

[, Publikation)ll

Obwohl gewollt zugesetzte Chemikalien (z.B. Additive) in Polymeren seit langem Anlass zur Besorgnis
geben, ist bisher wenig dartiber bekannt, atied®abkn, die wahrend der abiotischen Verwitterung

(z.B. durch Photoabbau) aus addflitiem Mikroplastik freigesetzt werden konnen, von
okotoxikologischer Bedeutung sind, z.B. indem sie relevante zellulare Signalwege und Stressreaktionet
induzieren. Dahewurden wéssrigeLaugungsprodukteon vier U\Averwitterten Testpolymeren
Polyethylen (PE), Polyethylenterephthalat (PET), Polystyrol (PS) und Polypropylen (PP)
aufkonzentriert und in zellbasierte Reporterged MikroalgeiBiotests dosiertPublikation Il
Manuskrip?).l Laugungsproduktéen Mikroplastiksorten induzierten oxidative Stressantworten mit
erhohtem Effektpotential bei Uxérwitterten Proben. PEaugungsprodukte aktivierten dariber

hinaus spezifisch den Peroxideroliferatoraktivierten Reptor £(PPARf. Unter Anwendung

eines Mischungsmodells (Eisbergmodellierung) und effektdiagnostischer Bewertung konnte ich tber
40 % des beobachteten biologischen Effektes in BiRA&Eh einen hohen gemessenen Gehalt an

Alkanlarbonsaureerklaren, welche als Abbauprodukte aus dem verwitterndem Polymer stammten.



Die Uberwiegend unspezifische Toxizitat der untersuchten Kunststofflaugungsprodukte ging mit
geringer Photosynthesehemmung in der MikrSalgeedesmus vaceiola¢nsBerechneWerte fur

die Basioxizitat stimmten gut mit den gemessenen apikddminstumsepunktenfir die
Alkankarbonsaurenin den Mikroalgen Uberein und die aus den Mikroalgen abgeleiteten
Effektkonzentrationen korreliertstatistisch signifikantit den Ergebissen aus den Reportergen

Biotests.

Biotische Verwitterungsprozessginnen mit deBildung eines oberflachlichen Biofilms, der den
Verbleib und Auswirkungen voimweltplastikverdndertRublikation IV Als wahrscheinlich erste
und langste biologischdraktion mit Umweltplastik ist es von gréf3ter Bedeutung, die Entwicklung,
Struktur und Funktion von epiplastischen mikrobiellen Artengemeinschaften zu verstéinen und
okologische Relevama bewerten. Bevor sich Mikroorganismen auf riweststoff) Substraten
ansiedeln, bildet sich zunachst eine diinne Schicht aus omakiiathea(OM), ein so genannter
Konditionierungsfilm. Dieser hat potenzielle Auswirkungen auf die spatere Bedikitélsg.
FourierTransformationsonenzyklotronresonasdasgnspektrometrie (FICR MS) Uberprifte ich
die Hypothese der Bildung von materialspezifischen Konditionierungsfiimen auf
Kunststoffoberflachen untiewertete deren Relevanz fir dashfolgende Biofilwachstum

Ich konnte in meiner Arbeieigen, dass OMifaden untersuchten Substraten Glas, PET und
PS selektiv adsorbiert wurde. Unterschiede im Komelitigysfilm waren auch zwischen
vorverwitterten und dunklen Kontrollproben der jeweiligen Substrattypen nachWacbaler
Adsorption dieser ersten Ghicht anderten sich die Materialoberflacheneigenschaften wie z. B. die
Hydrophobie der Oberflachen Bemerkenswert ist, dass die materialspezifischen
Konditionierungsfilme die Materialeigenschaften nicht vollstandig maskierten, sondern die zugrunde
liegenden Oberflacheneigenschaften bis zur &uBeyamkWasseGrenzflache erhalten blieben
(Manuskript)l. Dieser Sachverhalt liefeeime mogliche Erklarung fur unsere Beobachtungen von
anschlieBender materialspezifischer Anlagerung von Mikroorganismen in den ersten
KolonisierungstagerMit zunehmendem Alter des Biofilms verringerten sich strukturelle und
funktionelle Unterschiede zwischen verschiedenen Testmaterialienlieurtdxonomische
Zusammensetzunder verschiedenen Substr&tnvergiertezu gleichen Artengemeinschaften

(Manuscript )

In den vorgestellten 6kotoxikologischen und mikrobiellen Untersuchungen konnte ich zeigen, dass

abiotische und biotische VerwitterungsprozessestenteKunststoffeAuswirkungen auf dessen



Verbleib und EffekthabenMaterialspezifische Erkenntnissea éaksorption von OM und Biofilm
Sukzession sollten uns veranlassen, wissenschaftliche Studien -Bioftlastik in grof3eren

zeitichen Rahmen und Kontext zu setzen. Meine Ergebnisse, dass Polymerlaugungsprodukte aus
Verwitterungssimulationen bestimne#utire Genantworten und Stressreaktionen aktivierten sowie
Algentoxizitat induzierte, sollte uns dazu veranlassen die derzeitige Ausnahme von Polymeren von der
REACHVerordnung zur Registrierung und Bewertung erneut zu verhandeln, da das Material nicht

I IQJHU D Ogéltdiia@nd UW~

MeineArbeien erweiterunser Verstandnis zur Freisetzung von Substanzen wéahrend des Photo
abbausson Kunststofferund Uberbiologische Eigenschaften von Kunststoffoberflachen wahrend
der fruren mikrobiellen Besiedlungsphagekinftige Studien sollten die Relevaheser
Verwitterungsprozessen adfe Validierungund Verlasslichkeit vofunststoffteststrategien

anerkennen, um so @esundheit von Mensch und Umweeltgewahrleisten
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1. Introduction

1.1 Our Plastic Age

You sit on it, you drink from it and you wear it: Plastic. But how and when did its story of success
begin and where has edlus today? In the year 1839 the Chemist Charles Goodyear invented
vulcanized rubber which was the first sgmihetic polymer. At the beginning of tH&c2@tury, the

invention of Bakelite marked the beginning of the modern synthetic polymer iRdeistrgiterial

was durable, isolating and heat resistant iskbly it rapidly gained popularity in the industry. After
thesynthesisf further polymers such as Polystyrene (PS) and PolyvinyleCRM@Y, Polyethylene

(PE) and Polyethylene terephttea(fET) in the first half of the 2€entury, mass production of

plastic begufThompson et al.0®9) The yearly production volume haached around 3@dillion

tonsin 2019with tendency to further increg&asticsEurope 201HIthough the first detections

and incidencebetweenthe resulting plastidgtér in the environment and wild life were already
UHSRUWHG LQ WKRadipenhtenet RIQIQ72A Cafpenter and Smith, B0#mber of the

Council of the British Plastics Federation sbetekithen??W KD W 1 S O ReviA\shhaf pro@artiW HU LV
RI DOO OLWWHU DQG FDXVHV QR KDUP WR WKH HQYLURQPHQV
Today, global plastic litter input from rivers into the sea were estimatadtteelrange of 0.244.0

million tond year(Schmidt, Krauth, and Wagner 20I¥gspite those numbeydastic littering,

especially in the aquatic environment, has received increased aitgnti@ecently Richard
7TKRPSVRQ:V SDSHU "/RVW DW 6HD :KHUH LV $Q@mpskiet3 0DV W I
al. 2004has stirred up scientistsswarch for the missing fraction of our emipiedtic litterHe

discovered that a major fraction of large plastic debris has constantly fragmented to smaller pieces
down to the micro se with increasing abundance over the last dddadespson et al. 2004)

(Figure 1.1 A The article hasomned the term microplastitat was later defined at the International
Research Workshop on the Occurrence and Effects of Marine Debris as the litter fraction of plastic <

5 mm (Arthur, Baker, and Bamford 2009nostly generated by the fragmentation of larger
macroplastic (>5 mn(see chaptdr.9. Examples of such fragmentation psseare given in Figure
1.1depicting macr@igure 1.1 BC) and micrdFigure 1.1 Adebris from a recent expedition to the

North Pacific Garbage Patch.

12



Figure 1.1Pollution of the aquatic environment by plastic debris. Samples taken during a research cruise (SO
268/3) with RV SONNE crossing the North Pacific Garbage Ratbhacre to microplastidlifferent size

ranges (source: Annika JahnBe)Macrodebris (fishg buoy) with fouling communit@: fishing tow
overgrown with stalked barnacResdunculatalp: redshiny macrophytes on plastic debris (souBzeSBefan

Lips)

The aim to deliver information about the current littering status and effects in thefrasiniwater

and terrestrial environment, to present mitigation strategies for industry and policy as well as to raise
awareness confronted sciestisth the obligation to provide standards and harmonized methods to
assess exposure and hazard potehpkdstic debrigHidalgeRuz et al. 2012; Hartmann et al. 2019)
Understanding the environmental fate and effects of aquatistlitteprerequisite for an informed
risk assessmetdam, Yang, and Nowack 20@)er 2000 scientific journal articles (Web of Science
VHDUFK ZLWK WKH NH\ZRUG® of PédetddRIS20Im)ésbrib&he de@ctidhkoH
microplastién the most remote environments amddencedetween organisms and marine debris
are proven fomore than700 specie€all and Tiompson 20150ne of the most advantageous
featurs of synthetic polymers, its long durability, has now created a severe pollufidnsssaie.
environmental issué the persistencef plastic 2 provides thebasiccontent of this work: the
weatheng of plastic.Weathering describes the diffeadrbtic and biotic impacts on plastic debris

13



that causes ageing, degradation, disintegration and final mineralization of the material commonly
GHILQHG DV "WKH pofsmthatic polyBedpfb & XK PG HE\ R X W G(Reéklbhakl [SR V X U
2002) Strictly speakinggUDJPHQWDWLRQ GRZHVD WRMUEQODIREXWRYV D FR
weathering/Vhile many scientific studvesreundertaken to assess the fate and effects of plastic litter
using standard materials and technithessoften disregagdthe influence that weathering may have
on the inestigated proce&shapter 1.Rublicatiorahdll). To investigate how weathering changes
the transport, fate and toxicity of plastic in the marine environment was the overall aim of the
WEATHER 2MIC project in whicframework thishesishas beewarried outTherefore, the focus
of this dissertatioarethe two main weathering processes: the abiotic and biotic weafh@aisiic

Several environmental factors may cause polymer weathering. The main degradation drivers
are solar radiation, heapisture and microbial colonizat{®ickett 2018)Table 1.1 Figure 1 B
D). Minor impacts will have atmospheric pollutants and dust, thermal cycling, flexing due to wind and
electrical loads and others. Most importantly, the degree of impact that a weattesswgpay have
on the polymer depends on the environmental conditions, the polymer chemiptiyiteeg type,
colorants and additives) and certainly on the investigated critesi@ridifailuresuch as tensile
strength or elongation at bréRickett 2018)
To better understand the relevance of weathering plastic in the context of plastic pollution we need to
understand the extent of this pollution issue and the environmental problems associated with it.
Therefore, the next section gives an overviewthevexposure and effects of environmental plastics.

14



Table 1.1Summary of different weathering processes and the respective consequences for polymers
(adopted fronfickett (2018)

Environmental ,
Effect on polymer materials

variable
Solar radiation / $EVRUEDQFH RI 89 OLJKW E\ LPSXU
UV-light structure itself forming free radicals whéth lidbnds break
= Increase in reaction rates with temperature once photochemis
= Temperature o .
Q initiated; freezthaw cycles may lead to cracking
o
g Moisture (humidity For some polymerydrolysis may be relevant. Rain affects su
L condensation, rain appearance and causes washing of degradation produc
i)
=S Oxygen Requirement for photoxidation
Mechanical stress Physical break of polymer chains

Biodegradatioat the surface, mineralization of eleyw

Microbial growth L . L .
g monomers, potential interference with abiotic weathering proc

Biotic
weathering

1.2 Exposure of theAquatic Environment to Plastic

The scientific community has yet not fully agreed on a generally valid defoategotize plastic

debris (but isnainlydoneby sizeJHartmann et al. 2019lastic is subject to ongoing fragmentation

into smaller pieces from large marco debris (> 5mm in size), to microplasti@35000) down to

the nano range (< 335 um) (here definitiodsimans et al. (20).7This large size range together

with diversepolymer types differentadditiveformulas andompositions makes it difficult to assess
theexposure of a specific fraction of plastics to a variety of organisms that may be more or less prone
to be affected by a certain particle type.

Environmental plastic loads are difficult to estimate and emission assumptions are prone to errors.
The most réhble number in plastic emission scenarios is the production amount since researcher can

retrieve these known and reliable numbers. 275 million metric tons (MT) of plastic were estimated to

15



be in the oceans in 2010 with emission rates of around 8 milladmMcre and 1.5 million MT of
Microplastic entering the marine systems everfdgedeck et al. 201Eyen in the unlikely event

of drastic emission reductiohay et al. (202@yojected 710 million MT of plastic to be present in

the oceans by 204@breton et al. (201&3timated that 319 % of this coastal plastic emissions are
facilitated by rivers, one of the major transport pathway dfdaad soues(Schmidt, Krauth, and

Wagner 2017)nterestingly, only approximately 1 % of the global plastic mass estimated to enter the
ocean in 2010 coube extrapolated by a global dataset of measured marine plasfiadSatidle

et al. 2015)That means that the vast majority remains undetected by the current methods applied and
its ultimate fate is still under debate. Due to easier accessibility and existing routine methods,
researchers have focused mainly on driflexgfic debris at the water surface. However, recent
publications suggest the sea floor, deep sea sedBeegisann et al. 2017; Kane and Clare 2019;
Kane et al. 202@nd the epipelagic and mesopelagic water cimoy et al. 2018) be major hot

spots of plastic pollution in marine systems.

Microplastic water concentrations may range from 4000 itef¥dmgtze Estuary) to below 1

item/m3 (East China Sedhao et al. (20149r from 2175 items/k@Vianello et al. 2018) 1 item/kg

(Dekiff et al. 2014fpr sediments. Problematic with such data is the use of a variety of different
sampling techniques and detection methods that may evestuddfd indifferent units and
measure¢Shim, Hong, and Eo 2017; Prata, dat&Cduarte, et al. 2019; Muller et al. 2020)
Furthemore sampling procedures and preparatée prone to be affected by crogstamination

which further introduces uncertainties in the empirica{Rlatamel et al. 2016; Witzig et al. 2020)

To overcome thesexperimental challengessearchers have suggested harmonized reporting
guidelines just recently to increase robustness, reproducibility and comparability of studies across
different microplastic study desi¢f@swger et al. 2020)

Conclusively, plastic debris has been detected ubiquitously in freshwater bodies, such as rivers and
lakeqEerkesMledrano, Thompson, and Aldridge 20a8uarieSadri and Thompson 20a4d the

open sedCozar et al. 2014licroplastic, generated as a result ath@eng including mechanical
impacts such as shear forces or abrasion, is distributed from the watdRsisfmreet al. 20]15)

through the water colung@hoy et al. 2018pwn to deep sea sedimg@auwenberghe et al. 2013)

For theassessmenf risks posed by plastic delirésed on exposurieis of utmost importance to

be aware of the reliability and accuracy of the exposure measurements.

16



1.3 Effects of Fastic Debris

7KH SXEOLF:-V SHUFHSWLRQ RI OLWW Heut.rédlicéstherredeatondd Q D H\
value of natural water bodies and coastal foh&EsP 2009) This mainly applies for macro debris

but plastic of all sizes from madmmicre and nanoplastic may exhibit adverse effects to biota on
different trophic levels across all ecosystems, from the terrestrial tonthnemraonment. Negative

effects of plastic debris on biota may range from entanglement to ingestion and may reduce the
nutrient and energy budget but may also cause intestinal damage andRUockegeet al. 2016;

Zhang et al. 2019; Lei et al. 2018; Jepsen and de Bruyil2ts¥)mpacts are frequently reported

for macro debriBut uptake of particles in th@cro or nano size range other organs than the
gastrointestinal tract such as the gills or translocation to the circulatory system was also reported for
vertebrae and invertebrates in controlled laboratory giWdiees et al. 2014; Su et al. 2019)

For such effect studied microplasticit is important tcacknowledge limitatiorlsy common
laboratorypractice(Publication Potthoff et al. (201))The challenge in characterizingrtbleof
microplastic particles, ihat they lay outside the applicability donf@incurrent standardized
assessment strategi@suin et al. 2019)This applied) for the above mentioned environmental
concentratiomssessments byfso nonstandardized exposure assessments (chapter 1.2). But also

our current ability to correctly assess adverse effects by microplastic particles in a-tgsicahdese
UHODWLRQVKLS LV KDPSH U H Co-ghenic&l HelandirévtheFobddrved effests U L Q V L
specific to a certain particle size class? Is it specific to a certain polymer type or could it be attributed
to specific surface characteristics (e.g. surface charge, specific surface area, and sanfagehconditi

as topography/roughness)? The versatility of polymer types and their resulting fragments pose
problems for scientists to evaluate their impact and relevance for ecosystem fuRatdinatgi

.

Many studies on ecotoxicological effects afopliastic towards test organisms typically apply virgin
spherical particles,-salled primary microplastic, of a defined size(€lakset al. 2013; Lee et al.

2013; Besseling et al. 20déwevermost processelat scientistbserved in laboratory studiesl)

inevitably change upareatheringn natural sgems. These changes mainly depend on dramatic
changes iphysicechemical properties of plastic surfaces (chapter 2.1, 31An8&;ripd) kbr plastic

particles and thdyginterfere with the mechanisms of investigdtinn Zhan, et al. 2020jaterial

changes due to weathering nhaynper direct comparison and extrapolation of laboratory studies to

insitu observations in naturalystems Furthermore, many experimental studies have applied
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microplastic concentrations far above the levels documented é&quttie environmerftenz,

Enders, and Nielsen 2018dditionally weathered microplastic particles occur at a broad size
distribution and diverse irregular sh@llesetFerguson et al. 201@)is worh noting that polymer
propertiese.g.of manufactured objects of PE, could already be different from those of the raw pellets
(Nowlin 2014)In principle, thesassessmenhallenges aret insurmountable obstaxées long as

researchers are aware of théilg and influencing factors.

An important prerequisite for correctly assessing the effects of particles towards biota is to evaluate
the observed toxicological effects in the context of an environmentally realistic scenario in respect to
the natural hatat of the investigated organism. Since in natural waters, organisms generally have to
cope with natural particulate matter (such as clay or mineral particles) studies should benchmark the
observed effects to the presence of these natural particlesapylitaion of adequate controls
(Ogonowski et al. 2016; Gorokhova, Ek, and Reichelt Z@2@dgrease robustness angrove our
understanding of particle toxicity in microplastic testtmggie®esuggested to consider and report

on i) particle surface properties, ii) particle size and shape distribution and iii) bulk fatexmeters

as density, brittleness or crystal)i{ftyblication Rotthoff et al. (201))

Summarizinghe ingestion of such plastic debris was deteeteadmultitude of different species

from different trophic levels. Invertebrates, fish, turtles, birds and mammals are reported to ingest
plastic litter or to be entangled Rummel et al. 2016; Bravo Rebolledo et al. 2013; Goldstein and
Goodwin 2013; Gonzalez Carman et al. 2014; Van Franeker et al. 20dgesD&stbraith, and

Ross 2015)Further, laboratory studies demonstrated that interaatwrnsxaological effects of
microplasticon biota range from mortality, inflammatory responses, inhibited growth and
development, reducing energy, low feeding activity, oxidative damage, immunity and
neurotransmission dysfunction or behavioral abnorfoaléyange of test organis(8srungaru et

al. 2019; Triebskorn et al. 2019)

Adequatelyssessing theazardf plastic debris specially challenging since typical test strategies do
not apply and need further adjustmentslication).lDne way to eshate the impasbf multiple

stresers on the earth system is a frameworkRmgkstrom et al. (2009he secalled Planetary
Boundary concept.
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1.4 Plastic Pollution as a Planetary Boundary

To evaluate the impact of different anthropogenic stressors for ecosystem fuRctodsingm et

al. (2009)GHILQHG D VDIH RSHUDWLQJ VSDFH IRU KXPDQLW\ E\
mentioned sections support the hypothesis that enviraiplastic pollution meets two out of three
planetary boundary criteria (defined for chemical pollMambeod et al. 20)4pamely, 1) its global
exposure, which is 2) not readdyersibl§MaclLeod et al. 2014; Persson et al. 20&&ther it

causes an unknown disruptive impactawital earth system process would be the third and last
criterion. The later condition is most uncertain since per definition it applies to currently unknown
impacts where science can provide indications and early warnings, dlgdaadiary impts were

detected and investigated in retrospective prodasges.Publicationwe (the WEATHERMIC
consortium) prioritized research needs of weathering plastic within the planetary boundary concept.
To reduce uncertainty of the currently unknown dtapaf plastic pollution (criterion 3), we
conclusively asked for improvement of our understanding of the multiple abiotic and biotic factors
influencing the weathering process by characterization of particles over time, including morphology,
particle sizéistribution, and surface properties and their degradation pi@dhcise et al. 2017)

This knowledge is a prerequisite for other plassited research disciplines such as modelling of
transport and distribution of microplastic particles, controlling and monitoring particle camcentrati

in toxicological studies or for interaction \witbroorganisms0s).

1.5 Regulatory of Polymers under REACH

Polymers are generally exempted fmaduct safety assessment and registration requirestt@nts

the EU Regulation (EC) No 1907/2006 onRlegjistration, Evaluation, Authorisation and Restriction
of ChemicaldREACH). Still, articld38(2)a)(EC No 1907/2006 REACH)jroposes to select sound
and valid scientific criteria to report on the risks posed by polymers. This overall risk cotih include
leaclng potentibof polymers for ureacted and netovalently bound monomers do-molecular
weight compounds as criteria in a proposed hazard rg@kimgnission 2012; OECD 2019)
Analytical studies have detected potential degradation produdesesitdblymergGewert et al.
2018; Hakkarainen and Albertsson 2@0¥dh are generally disregarded by the -abengoned
regulations. To my knowledge, a hazard assessment of weatheretydegradation products has

not been eported so far, although transformation/degradation products are commonly of relevance
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and concern for the evaluation of chemicals since they may have similar or in some cases higher effect
potential than their parent compoul@etrie, Barden, and Kaspr®drdern 2015) Such
transformation/degradation products of (industrial) chemicals have to be reported in the
Physicochemical Information (7.15) and in the Ecological Information (9.2 and 9.3.4) within the

REACH (EC1907/2006) dossier for registered substances. The relevance of my thesis with respect to

the abovanentioned regulatory aspects of polymers under REACH will be discussed ih.8hapter

16 Aim of this thesis

For the abowintroduced fate and effects of plastic debris, weathering processes may play a key role
LQ PRGLI\LQJ WKH PDWHULDO SURSHUWLHV LQ VXFK ZD\ WKD
or severely affected aattered(Liu, Zhan, et al. 2020; Ho et al. 202t least, the ongoing
weathering anfilagmentation from macro debris to mi@od nano particles should prompt us to
investigate these relevant environmental mechanisms that amnmetthately as well fas long

periods of time after emissids a frst consequence, researchers should acknowledge this source of
uncertainty whee.ginterpreting laboratory studies using standardized microspheres as representative
environmentaMP. Second, we should address and overcome our limited understanding of plastic
debris in natural systemsd waters by specifically studying potential interfesteffects of
weathering processes on environmental pi@atialicatiorahdll).

Andogous to chemicals where not only the parent compotiadso transformation produotsyy

have the potential to cause (eco)toxilgsellas et al. 2013)so polymers may undergo
transformation and degradation upon exposure to amdtimotieenvironmentalkeatheringactors.
Themixtures of substances liberdteth weathering plastics are calledchategand magomprise

mixtures of polymer degdation products as well as additiaes, potentially their respective
degradation product®hereasleachates frome.g. municipal landfills or soils are commonly
investigated and their (eco)toxicological potential is well accepted, chemical mixtures of leachates
liberated during polymer weathering are aftenegardednd have not gained much attention in
industry and the scientific community. My research questitims (eco)toxicological relevance of

abiotic weathering placst are presented in sectionll.@igure 1.2A, "' DELRWLF ZHDWKHULQJ
Another aspect, where weathering plasticaitexyiological effects is the generation of a biofilm
(Figure 1.1 BD). In the environment, basically all surfaces submerged in water are rapidly colonized

by such microbial consortia and so they were obviously also detected on environmental plastic debris
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(Zettler, Mincer, and AmaiZéttler 2013)These microbial communitigaykeyroles withinour
global nutrient cycles (such as carbon or nitrogen cyclésivarttie capability to providarious
enzymatic pathwayslevant for ecosystem funoing Furthemore the lifehistory strategythe
pattern like growth, survival and reproduction evolved by natural salédtiorg attachedt the
watersubstrate interfadacilitated by extracellular polymeric substances (EPS$ beoitlers an
importantdriver of theate and effects of @igc debris since biofilms form a biological coating. Plastic
surfacexhange their physicochemipaebperties as a result of abiotic weathering with potential
implications fobiofilm attachment. Sectio®.2.specifies my research questions with régbéatic
weatheringHigure 1.2A, "ELRWLF ZHDWKHULQJu

The overall aimndparticulaichallenge of this thesigreto simulate natural weathering conditions
in the laboratorgind to identify their relevance for our existing knowledge on propernpiescasdes

of polymer chemistry and biology. To achieve this goal, | made use of a variety of different biological
test systems from cell culturea whole organism tests (single cell microalgaeniplexnatural
communitiesKigure 1.2C). Employing tlese test systemsould gain insights on different levels of
biologicaintegritywith increasing complexityigure 1.2C). Assessing the impacts of stressors on
wildlife at higher levels of biological organization, like populations or communitiet wélto
better understand their indirect effects caasgay species interactions and different setisgioif
life-history traitgKohler and Triebskorn 2013)

level of bio.
C complexity

A B
Publication lll  cell culture

-

Manuscript | whole organism

(in prep.) (single cell)
g Manuscript |l
’ (under review)
oy > community

e (A

Manuscript Il
=S ) (in prep.)

Figure 12: The tworesearch domains of this thesiabidic weathering by phottegradatio(®, WRS "DELRWLF
Z H D W K) tdndi bQtitpweathering via microbial colonizgon ERWW R P u E L R)bldwirgihie WK HU L Q
sorption ofdissolved organic matter (DQNIhesetopicsare integrated i) Publication Bhd Manuscripts

[l with increasing level of biologicainplexity(C): fromin vitrocellculture (reporter gene assays), to single

cell whole organism tests (microalgae) to community analyses (hatural biofilms).
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16.1Abiotic Weatheringand Effects of Leaching Substances

As outlined irPublication, ppropertie®f plasticare modified by weathering processes. The herein
mentioned processes mainly addresseplastigarticle characteristics such as degradation and
fragmentation asgell as the relevance of the @ \P H U -V HlkeseRakpetisldnly condidebulk

polymer fractioni.g, the particle/debris itself) that stays more or even less intact with ongoing
weatheringHowever, fasticassociated substances have the potantiehch from the polymer
(Teuten et al. 2009hese substances can be polymer residues such asmdooligomers or
chemicals added intentibpgadditives such as fillers, d9tdbilizers, plasizers or processing aids)

or unintentionallfunreacted chemicals, impurities, processing bypradiuitg) manufacturing.
Studies have demonstrated the leaching of chemicals from plastic ovén tmeeased leaching
probability under the impact of different stressors such as salidightlivid turbuleno@ittner,

Yang, and Stoner 2014; Suhrhoff and S&ittzher 2016; Paluselli et al. 2018)

The formemamedprocessRI WKH SRO\PHUV:- OHDFKLI@S ree&vatHEeY O RI |
high level of attention in industry ahd scientific community. Not least foownufacturerand
chemical companies who supply food contact nisteribe food industrmeed to comply with the

(8:V UHIJXODWLRQ IRU SODEWNd: 10RKRLEGWRIBhQsWDByRW nitgtetdiridf L D O V
substance@mainly additives¥ under scientifiscrutinyalso inmicroplastigelated researcne

reason for this additifecused research may be the ubiquitous and daily use of consumer plastics
containing a mixtusef additives, partially with knoecto)oxicological effects of the singtided
substancée.g acute toxicity and estrogenicd@erine disrupting activity of phthalai€ken et al.

2014). Another reason mdne the general opinion tisgnthetic polymers arert

But polymers degrade under the impact of weathering proeesse®rrespondingly release
degradation productSewert et al. 2018)he emission of degradation products and their biological
effect potential, however, has gained little attehtitoxicity tests ofmicroplastigarticles, the test
organisms anenavoidablgxposed to a mixture of particles and dissolved substmot@sg from

the polymersn this simultaneous exposureméroplastiparticles and dissolved chemicals liberated
from the polymer, it remains unclear which stressor contributedidsesve@cotoxicological effect
(Publication Rotthoff et al. (201))Minor attetion so farhasbeenpaid to the chemical breakdown

and potential toxicity of weathering plastic with focus on the polymer chemigifygiselfL.3. |
hypothesize that:
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x Chemicals leach from synthetic polymers during accelerated weathering (8lsé-IB®RE 1
weathering applying Lhddiation)

x Chemicals liberated during artificial weathering from mostly afdelgiy®lymers are of
ecotoxicological relevaneeg(by activating certain cellular toxicity pathways and/or algae

toxicity)

UV radiation

----- = ol =
degradation
products

Foa

29
P b 4

S
-————l

Figure 1.3 Conceptualized fragmentation and leaching of polymers by abiotic weathering conditions such as
the U\tradiation applied in these studldge am was to identify potential adverse effects caused by polymer
degradation productshapter 2)

To address #se hypotheses, Waveleachednicroplastics oflifferent polymetpyesin artificial

seawater and exposed one batch of samples to strdigihtiWhereas the control treatment was

kept in darknesg\fter this accelerated weathering treatment, thetécacitars were concentrated

and dosed in cddlased reporter gene and microalgae bioassays to assess their effect potential towards
relevant cellular stress responses or algae photosamthegisvth A brief introduction to abiotic
weathering, the resibfPublication [Rummel et al. 2018)dManuscriptds well as a summary on

the main findings are given in chapter

16.2 Biotic Weatheringand Implications of Microbial Colonization

The second weatherifagtoractingon plasticend objective of this thegsa biological process: The
colonization of plastic surfaces by microbial commuritgesd€ 11 B-D, Figure 1.4. These so

called biofilms colonize almost every submerged surface and build up consortia of bacteria, algae and
fungi (and other taxonomatasses) embedded in EPS. Typidadly form aggregates, films, snat

23



sludges or flocéFlemming and Wingender 201Dhe spatial proximity and variety of different
organisms of different trophic levels and ecologietidns render biofilms as important drivers of
biogeochemical cycles. Titwke is not least due to their life foand natural habitat the surface
water interface that leads to highly organized structures and architectures which is essential for thei
functioning, especially in resgectorrinert substratg§rimaud 2010Biofilms are well adapted to
harsh conditions such as higtensity UMight, high or lovtemperatures, high alkalinity, acidity or
salinity high pressure or low nutrient availabitprder to survive these extreme conditions their life
strategyas a biofilm is considered to be crEi@mming et al. 201@heir supracellular organization
within the EPS matrix facilitates steep gradiemfism nutrients, pH or oxygemigh biodiversity,
celtto-cell communication and horizontal geaasfer(Flemming et al. 201&urthemore theEPS

matrix protectdiofilms against desiccatigmovides digestive capacities and resource capture by
sorption (Flemming and Wingender 2DThe latter process becomes additionally relevant for the

sorption of hydrophobic organic compounds as discussed in chapter 4.

FIGURE 1.4 Corceptualized biofilm formation on a microplastic particle. The gobwittrobes on the
surfaceaesultsin a biological coating that has the capacity to interfere with and modify a variety of physico
chemical processes at the wabddymer interfacghapter 3.1). Furthermore, microbial colonization can have
important ecological implicatidahapter 3.2).

2IWHQ WKHVH DVVHPEODJHV BRBR§HZWHRK HBESOR KU LWKHLRIP B EQQ
and deteriorate the surface they are attachedigume(R.1 BD). In this context, the term
‘biodegradatioprefers to the chemical breakdown of a polyWierobes have evolved a plethora

of different metabolic capacities and are capbtigradingnd mineraling synthetic polymers to

CO,, HO or CH, (Shah et al. 200&hus, contributing to the ultimate fate and removal of plastics in

the environmen{Shah et al. 2008Jhe reason why thapserficial colonization of plastic debris is
particularly interesting and important from a scientific perspiestivés interference with a variety

of processes not solely related to their ability for biodegradation. The changing interfa@atiphysics
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chemistry and, additionally, biolofjplasticgluring biofilm development is of high importance for
theirmaterial characterist(Esgure 14). Publication Ii¢hapteB.2.2 gives a comprehensive overview
regardinghe impacts of biofilm formati@m the fate and effects of environmental plg&iosimel

et al. 2017)

Examples for thinterferencef natural systems with the pure physical behavior of pastics
given in studies gf.gnanomaterials, where physiological environifiaetsthe rajol formation of
proteinrcoronaby adsorption around the nanoparticles. This prodeima has the potential to mask
material propertie that the biological identity is distinct from its syntheti¢Waékey and Chan
2012; Lynch et al. 200%judieshave demonstrated thaethptake andesultingecotoxicological
effects of nanopatrticles towards test organisms can bealteved alleviatday such adsorption
processeSeitz et al. 2016; Seitz et al. 2015; Nasser an®Q¢6¢clradare et al. 2020; Fadare et al.
2019) Galloway, Cole, and Lewis (20bfhpared thiscoronauconcepbof nanoparticle® micro
and nané ODVWLF DQG FRIFRHE® Q\DK HL @/ D F Ri\ed Bi(pFoteing ovshiigW K H
on nanoparticles, the stalled absodme(Walkey and Chan 2012; Galloway, Cole, and Lewis 2017)
Correspondingly, prior to the formation of a biofilm in natural waters, a layer of organic and inorganic
molecules adsorbs almost instantaneously to new eatitddtes such as plastic litter entering the
aguatic system. This conditioning filmemrecoronagformation is undescientifiadebate to govern
biofilm succession and community structurenbgifyingthe suface properties and providing
nutrient resoices(Schneider and Marshall 1994; Schneider et allfl@@4dupolymer types differ
in their relatednitial conditioning film and subseqt biofilm community structure,can have
important implications for downstream effects of environmental plastic. Identical biological entities,
communities and functions would suggest that we could evaluatéicepipfass collectively
without further differentiation in their hazard or effect potential. If we face distinct stetial
differentiation of epiplastic communitiéss would prompt scientists to consider each polymer type
separately. Furthmore, a materiadpecific community may result in specific functions wbidt
potentiallyhave ecosystewide implications. Withimy brief review(Publication )VI further
elaboraté the hypothesdsr this thesis that:

X The conditioning filnts distirct for different polymer types and weathering treatments

x In dependence of matersgecific surface properties, biofilms form plapgcific

communities
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| tested these hypotheses by incubating pristine andgiteregolyethylene terephthalate (PET)
polystyrene (PS) and glass (congfiglgs in natural stream watdaiuscript, lunder review) and
characterized the quality of the conditioning film by rinsing and concentrating the organic layer
followed by high resolution mass spectrometry. Thewdatcompared to surface characteristics of

the respective materials. Funtianme in a shortand longterm incubation experiment, | investigated

the structural and functional endpoints of biofilms by next generation sequencing (NGS) techniques,

confocalLaser Scanning Microscopy (cLSM) and Pulse Amplitude Modulation (PAM) Fluorometry

(Manuscript Jih premration)
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2. Abiotic Weathering

Several different degradation pathways corgribuhe weathering of polymers such as chemical,
thermal, mechanical, biological and radiolytahoto-degradatiorfTable 1.). Three factors can
initiate the oxidative degradation of polymers in the presence of oxyteght, b¥at or mechanical
stres (Izdebska 2016)Since UVMnduced poto-degradationis the main driving force of
environmental polymer degradatigdndrady 2015byolleagues and | performed accelerated
weathering of polymenssthin the WEATHERMIC project focusing on this environmentally relevant
degradation proce@Sewert, Plassmann, and MacLeod 20hB)next section will give an overview
overthe chemical reactiomsd testing methods behind the abiotic polymer degradation, specifically
the photo-degradatiorfollowed by my research thre evaluation of the toxic effects of leachates of

UV-weatheredhicroplastigparticlegPublicatioh andManuscript |

2.1 The Chemistry of Photodegradation

Industry has undertaken enormous effortendureand improve the polymers lifetime and
performance over their time of use. Since all materials are subject to weathering they are designed anc
modified to increase resistance to impact loads that act during their life cycle under normal conditions
for ther intended use. The outdoor environment is the most severe environment for synthetic
polymers(Feldnan 2002kince several physical impacts act concuragrthat high dosageat

promote polymer degradation.

Pathways of polymer degradation in the marine environment are summarized in aGewiert, by
Plassmann, and MacLeod (20t63hort, polymers with a carbcarbonbackbone such as PE, PP,

PS or PVC degrade generally by pmitiated oxidation in three steps. Initiation (equatior2(&y.)

polymer chain scissions caused byigh¥ produce free radicals, Propagation2(2)y.these free

radicals react with oxgrgand form peroxy radicals. This step may promote further degradation via
chain scission and crosslinking as well as further radical reactions leading to autoxidation, Termination
(eq.2.3): Inert products are formed by the combination of two free s§@iealert, Plassmann, and
MacLeod 2015)
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Initiation: R-R —»R' (2.1)
Propagation: R+0, — RO; 2.2)
Termination: 2RO; —— non radical products (2.3)

"adopted fronGeuskens and David (1979)

Initial oxidation occurs in the amorphous regions of the polwhih are responsible for the

P D W H U L D Ocausing Higpré&pbr@onately large chaswggsas osslinkingand chairscissions.

(Andrady 2015bAs a consequencogcrosslinking,reduction irmean molecular vgit and lossf

additive substances such as plastitieematerial becomes brittle which may lead to fragmentation
upon mechanical stress. Only a thidlagpr of the polymer can be penetrated byighvwhich is

why photodegradation processesurto a depth of 5000 pmcaugg crack propagation at the
outside(Turton and White 2001; Min, Cuiffi, and Mathers 2020; ter Halle et alA2@1L&sult of
photo-oxidationand after the UMtabilizers and antioxidants (often added during manufacturing
which trap free radicals formed by-ligyit exposure) have undergone their protective reactions,
smaller molecular mass molesare formefGewert, Plassmann, and Msad 2015)Furthemore

the material often discolorizes or turns yellow aftedepeadation and releasfethe stabilizers

(Pickett 2018)In material science, the change of mechanical properties due to weathering can be
routinely measured as the tensilength or elongation at bre@Rajakumar et al. 2009Q)ther

endpoints to monitor surface or bulk material functionality and chemis&yg.aaentact angle
measurements, surface charge lay pmdential, absorbance spectraFoiariertransform infrared

(FTIR) or RAMAN spectroscopy and others. Two of these technigues, contact angle measurements
and FTIR spectroscopy, find their applicatidvianuscript Il

The ongoing fragmentation causedhaydegradation processes described above has led to some
DTXDWLF HQYLURQPHQWYV QRZD G FigureNLQ.FD2€pité\thie fEdbleafiS O D VW
disintegration of macroplastic down to miared nanoplastic that may cause negative effects upon
ingestion and interaction with biota, the other aftemlooked issue is the leaching of substances
during weatheringBejgarn et al. (201%)vestigated effects of leachate waters derived from
commercial plastic consumer products towards the marine chiitepaal spinipegerestingly, the

authors found that some leachate waters increased their ecotoxicological potential with ongoing

irradiaton time by an artificial weathering treatment indicating enhanced leaching and accumulation
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of toxic leachate produdiBejgarn et al. 201%Jontrarily, some of the products became less toxic
with prolonged irradiation exposure, probably due to enhanced decay of toxic chemicals liberated from
the product. Comparablguhrhoff and ScheBottcher (20163letected enhanced leaching from
plastics due to Wight exposure only for a few chemicals, th@rityaof analytes remained
unaffected by the UtWfeatment. A similar effect was described in a recent stGdhiayo et al.
(2020)in which the leaching time over 3 weeks with-deyt cycles decreased negative effects
towardsV. fischeriThe effect of artificial solar radiation on leaching DOC from PE and PP varied
depending on the material and duration of expesarstudy bjRomeraCastillo et al. (2018)

For theabovementionedstudies, chemicals or DOC leaching from commercially available consumer
products may be plastic additives,-cmralently bound oligomer or unreacted monomer residues
and/or polymer degradation products. Hence, leachate waters are generally a mif¢uzatof d
chemicals often of unknown composition or even unknown chemical structural information due to
the presence of transformation and degradation proGeetert et al. (2018)jentified chemicals

that were likely chain scission products frordefyfading synthetic polymers. For all polymers PE,
PP, PS and PET the authors found homologous seriesmbleaulameight polymer fragments

with oxidized endroups, mainly dicarboxylic aqi@gwert et al. 2018j is currently unknown,
wheher plastics havether ecotoxicological potential than pure leaching of additives. To test this
hypothesis, an artificial weathering seagdeveloped within the WEATHBRC consortium and

applied in my project stud{€ewert et al. 2018; Oelschlagel, Pfeiffer, and Potthoff 2018)

2.2 Accelerated Weatheringand its Application for Ecotoxicological
Testing of Microplastic Leachates

To overcome the problematic extrapolation of degradation time scales by natural weathering,
researchers have developed alternative weathering testing methods. -fidesseathering
techniques apply mostly one speaifaterial stressan one experimenthile several may act in

concert at natural exposure. In general, the International Organization for Standardization has set up
a large portfolio of ISO protocols to simulate and track the polymer material changesiontexp

damp heat, water spray, salt =D (4611:2010@xposure to sunlight and climate such as humidity

and temperate (SO 482 part 13 (20132016), ISO 87(20M®)). Several researchers have developed
different aehoc weathering methodsndrade et al. (201Bighlighted the advantage of adjustable
conditions in their sefp and the possibility to scale up volumes. Other researchers induced polymer
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ageing by kD, and Fento reagent at low piLang et al. 2020)Vithin our WEATHER-MIC
consortium, two different weathering setups were developed. A less extreme weatipewag set
developed byelschlagel, Pfeiffer, and thotf (2018)by the application of a U\ght source in
combination with sample vessels on a rotation Faisteermore, Gewert et al. (2018) used a strong
UV-light source centered in a rotating wheel of quartz glass sample bottles with an additgpnal c
system.

In chapter 1.8, | hypothesizethat UV-light causeghoto-oxidationof the polymers imrtificial
seawatesind that thehemicamixturediberated from weatheringcrgplasticare of ecotoxicological
relevancdFigure 1.3. To investigat the effect of UVight, as the main driver of environmental
abiotic degradatiogi\ndrady 2015k)n the leachinggpential of additivéree polymetsve appled

the weathering wheel describe@Gbyert et al. (2018our commercially important polymer types
(polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP), and polystyeree (PS))
leachatedn artificial seawatdry project partners at the Department of Environmental Science
(ACES) Two positivecontrols from electronic wagtewaste)and a computer keyboaktiown to
containhigh concentrationsf PCBs, Polybrominated Diphenyl Ethers (PBDESs) and Bisphenol A
(BPA)(Morin, Arp, and Hale 2015; Morin et al. 20&#¥ includedtdemonstrate the sensitivity of

our test battery towards substances liberated from the test.rhataiete waters of dark controls
(here after DCand a strong WNight exposure scenaflere aer UV)corresponding to roughly 1

% year of middle European outdoor exposure were concentrated via solid phase extraction (SPE) and
dosed in the respective bioasflaigsire 2.1 ac). As a result of this enrichment and dilution in the
assay, the effectramntrations are given in the units of the relative enrichment factor (REF). To
facilitate a more intuitive interpretation of low and high effect concentrations to be associated with
respective low and high hazard potential, | used the inverse effedtatotdefined as effect units

of bioassays (El).
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b Iceberg modelling
‘ & effect diagnostics

d e

microalgae

Figure 2.1 Framework of thm vitrandin vivetudies on the ecotoxicologieévance and identification of
the mode of toxic actioof microplastic leachates.Generation of microplasteachates under Uight
exposurén artificial seawatdr: dosing of SPEoncentrated leachates in repayégre assays;dosing of the
leachates in microalgesay]: chemical analytits identify potential polymer degradation prodaotéfect
diagnostics andeberg modelling to explain the observed effects

2.3 In vitro and /n vivo Bioassay<o ldentify Mixture Effects and
Modes of Toxic Actionfrom Microplastic Leachates

For the study of effects by chemicals liberated during aviéiatakering of plastifiSigure 2.1 awe
choose a test battery of differegortergenecell linegFigure 2.1 B. and the microalg&xenedesmus
vacuolai(Figure 2.1 ¢. Using cell lines as smvitronodel system to detect chemmeittureeffects

has several advantageous compared to classigalrganism tests. Animal husbandry is obsolete
and legal and ethical animal issues are not of concebas€elhssays are sensitiveaoastime
efficient alternativeiEscher and Leusch 201[) short, the recombinant cells carry a vector or
plasmid which encodes for a responsive element which is undetribleof the receptor of interest.
Downstream of this responsive element,-caied Upstream Activation Sequence (UAS), a reporter
gene is cloned. The reporter gene may then docbdaferase, which can be quantified with luciferin
as substratee.g.CALUX® assays) or an enzysueh as factamas&hich is capable to cleave a
fluorescent substrae FRET reagent i@eneBLAzer assays) and reporter gene induction can then
bedirectlyread out via bioluminescence, absorbance or fluorescence.

By this approach, we aim at identifying the activation of speeificlogltal endpoints and thereby
facilitate the identification of certain modes of toxic a@#loA) (Escher and Leusch 201The
concentrated leachates were dosed in different transgén&sdelicovecytotoxicityin all cell lines

and the specific effects ipfactivation of metabolienzymes via binding to they/l hydrocarbon
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Receptor (AR) (Brennan et al. 201&hd the pendsome proliferatesctivated receptor gamma

33%5Meale et al. 2017; Invitrogen 200T7b)specifichormone receptoimediatd effects
(estrogenicity ( 5j(Invitrogen 2007a&ndii) adaptive stress responses exemplified by the oxidative
stress respon$@REc32)Wang, Hayes, andoi2006; Escher et al. 2012)

In Publication lllgairedinsight in the MoA of plastic leachates by reporter gene &says.
ecological relevance of such testsvever,increases with the complexity of the applied test
system/organism and relation to ecosys{&dkler and Triebskorn 2018cologically relevant
endpoing argphotosynthesis amqaimary productiorfzor theinvestigation of effects of micropies
towards microalgae a particle exposuseenarioyewouldface the situation that ttesstorganism
may be impaired by the physical presence of particles or by secondary effects stemming from leaching
chemical§Prata, da Costa, Lopes, et al. 20h@)first named process may lead to particle adsorption,
aggregation or shading effects as discussfithby et al. (2017ndirect effects towards primary
producers by chemisdéaching from microplastic have gained little attentionlsaofat.al. (2019)
demonstrated the release of additive compounds into water by leaching microplastic with time and
detected decreased quantum vyield efficiency at photosystem Il at high leachate concentrations for the
microalga€hlorella vulganso sensitive marine cyanobacterachlorocostass were affected by
plastic leachate exposuwvéh increased transcription of common stress response(@enest al.

2019) Both studies applied plastic test material where additive leaching could beTdgetbee.
testing leachaté®m additivefree polymersr microalgae represents a tool to idetitéyvloA on

the base of the food chaexcluding any effects potentially stemming from leaching substances
intentionally added to the polymers (additMésthoose mroalgae as a suitablgiveest organism

since microalgag(plankton)and biofilm forming organisn{such as protistshay be the first
interactiorand have the longest contact treeveen erironmental plastics and biagoutlined in
Publication 1V

7R EHWWHU DFF RXdQthg mierbalga@$UEE we tested the hypothesis that
dicarboxylic acids, previously identified as degradation productsveatti€red PEGewert et al.

2018) FRXOG H[SODLQ WKH REVHUY HoBif Hhep Caused WaseliQeGoXiEiWihR Q R
microalga@igure 2.1 d €). Thereforewe dosedeference mon@nd dicarboxylic acids wahange

of carbon chain lengths (b LQWR WaatHmBodlgdessayr-or the 3 3 $ Srésultsthe

effect concentratiorderived from single compound testseappliedto a concentration addition

model The observed bioanalytical eff¢bhtsye EU,) were related tthe modeled effects based on

the sum ofH D F K F K mdéakurddl Coréentration atsdrelativeeffectpotency(EUcnen) (Publication
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[Il, Materials and MethodB)Y this secalled iceberg modelli(ideale et al. 2017; Judson et al. 2016)
it was possible texplore how much of the obsenadtectcould be explaindoly thequantified
chemicalgFigure 2.1 &.

To investigate the MoA ofi¢ carboxylic acidgxic ratios (TR), as the ratio between the
SUHGLFWHG EDVHOLQH WR][L bas@d\ orkReUqusvititative3 SiistfieetiviyO O O L Q
relationship (QSAR) yscher et al. (2019nd the measured cytotoxicity,dl@ere calculated.
Furthermore, | analyzéterespeadve specificity rat®(SRywwoxicity, the ratio between cytotoxicity and
measured effect (EfL(Escher et al. 2020)

For microalggemainly the monocarboxylic acids were agineseremained undetected by
the appliedhigh resolution mass spectrometgthodandtheiceberg modelling wasnsequentially
not feasible Therefore) appliedthe QSARDby Altenburger, Walter, and Grote (20@4%alculate
baseline toxicity of the carboxylic acids towards microalg&ESAR is based on the hydrophobicity
(Kow) Of the chemical of investigatidfowever, at the applied pH in the asteycarboxylic acids
will fully dissociate argk present itheir amonic form for which the cellular uptake is slower and
smaller(Fischer et al. 2018)o account for speciatioii,w of the neutral species of the carboxylic
acids was pdécted by the ldg.-based QSAR yndo, Escheand Goss (201andbaseline toxicity
of the neutral fraction using the ionizattorrected liposoreater distribution ratio®|w (pH
7.4)]werecalculated followingscher et al. (202®y this approach calculated TRs also for the
microalgae data to furthexplore the MoA of microplastiegradation products a last step, |
correlated the cytotoxicity values of the bioassagsse | asTUw) to the EU values of the
microalgae assay using linear regression to further explore thty similterMoA betwea the

differentassays

2.4 Effects of Leachates from UWVeathered Microplastic in/in vitro
and /n vivoTestSystems

Applying a test battergnging fromn vitraceltbased bioassays toiawivovhole organism tedt
aimed tocharacterize and identify the mixture effects and MeA of leachates fromweathering

plastics.
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Most of the tested leachate samples of PE, PET, PS and PP induced oxidative streds{@(R&c32)

1 Bin Publication)liHere, elevated effects were obsdivetthe U\fweathered samples indicating

the generation of small reactive molecules during weatReriali.assays, the positive controls e

waste and keyboard showed clear inductioheofespective signaling pathegure 1 AC in
Publication)lINo induction of theDVVD\V $K5 DQG (5§ GLIITHUHQW IURP WKH F
for the investigated test polymé&ia efficiency and twondensenymain findings, th& K5 DQG (5

will not be discussed further in this section.

2.4.1 Specific ActivatR Q RI WKH 3 3 3/8Behtlteked Mlicroplastic Leachates

3 3 $ 5Maspredominary inducedespecially by PE leachatégyre 2.2 AandFigure 1 Gn

Publication )lIMost strikingly, the U¥eated PE (Ek} (PEuw) = 0.50) showed induction levels of

3 3 $ 5cbmparable to the Ulreated positive control keyboard (gE{leyboard,) = 0.53) Figure

2.2 A. For PE, the UMreated samples showed a more than three times higher induction than its
corresponding dark control (Ed{PEsc) = 0.15) which is the mostomounced difference between

UV vs. DC treatments in all tested as3dyes.explicit induction of the Utveated PE makave

indicate the presence of degradation productswiea¢ FDSDEOH RI VSHFLILFDOO\ DF
Candidatesvere dicarboxylic ads that were previously identified as chain scission products of
degrading PE b@ewert et al. (201&ince fat DFLGYV )$V DUH QDWXUWamgOLJIDQG
et al. 2014 is likely that the dicarboxylic acids show similar activity towards this receptor. It is also
FRQFHLYDEOH WKDW WKH LQGXFWLRQ Rbs3®&htef aBdnistX likek HG E\
DEHP (Kambia et al. 2018Jhe activation potential of active metabolites of DEHP, 4ethrythexyl

phthalate, was previously hypothegizedekamgSwan and Davis 200Bpwever its presence in the
leachates was unlikely since migration potential of DEHP was marginally affected by UV exposure
(Suhrhoff and ScheBéttcher 2016andit is typically not added to the virgin polyNarvaéz

Rincén and Suarez Palacios 2016)

2.4.2 NonSpecific Toxicity by Plastic Leachatesn the Microalgae Scenedesmus vacuolatus
For thein vivassayusing the freshwater microal§aenedesmus vactloaescence and calimber
werethe two most responsivendpoints tdeachates from weatherimgcroplasticKigure 22 B,
Figure 2in Manuscrip). Similar to the results Bublication ,Ithainlythe two positive controls e
waste and keyboard and the test polipgrdisplaye@cotoxicological potentialnegativly affect
microalgaeNo specific toxicitysuch as inhibition of the photosystevas induced by substances

leaching from weathere®@ P, PP and PS microplasticdeffect concentrations wearainly in the
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range of the blanksgble 1 Figure 2 Bin Manuscrid). One reason for the relatively low
ecotoxicological potential of ggeduction plastics may be the absence of any adOthersstudies

linked the high toxicity of plastic leachates on freshwater and marine microalgae directly to high
additive chemical conté@tapolupo et al. 2020)t also enhanced photosynthesis was refjGhead,

Hong, and An 2020)he authors speculated about this hormesis effect that leaching DOC (such as
the measured hexamocyclododecanes, bisphenol A and UV326) might have promoted
photosynthetic activity and thereby cell gr¢@iiae, Hong, and An 202Dgtu et al. (2018eteced

impaired growth, photosynthetic capacity, and gemaedranscriptional changes by LDPE and

PVC leachates for an important primary prodeicerhlorochoccus spec
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Figure 2.2 Effects of solid phasenriched microplastic leachates tested in regmmber and microalgassaysA:
Bioanalytical effect units (Ed) defined as the inverse :EQ/REF on left yaxis, REF on rightgxis), measured in the

cel EDVHG ELR D ®BMactdBiId thenicroalgaendpoint fluorescence (kk) as thenverse E6 (1/REF

on left yaxis, REF on rightgxis) Samples are color coded for SPE blanks, procedural blanks, two positiveecontrols (
waste EW) andkeyboardKB)) and the four test polymers PE, PET, PP andB& controls (DC) and Utreated

(UV) samples are presented juxtaposed in darker and lighter shades of the differé¢atlable@s.replicates resulted

in measurable effectsetsquares represent the mean, whiskers the upper and lower raf§ed6icitvefidence interval.

The absence of symbaotgplieseffect > highest tested concentration (REFa2@0197or the cell and microalgassay
respectively

([SODLQLQJ WKH (IITHFWV RI 33%$5£ E\ ,FHEHUJ ORGHOOLQJ
The EUcemp values, derivedRP VLQJOH FRP SR XQ @ig\rel ¥ VPuhfcatidH) asdB $ 5 £
the respective measured concentraficatde S3Slin Publication)ilwere summed up in a mixture
model kased on concentration additidwpplying this iceberg model, | could partly explan
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REVHUYHG HIIHFWV LQ WJKIy tBe8 hixtEireEdiferd Wivibe\ quéstified polymer
degradation products, the dicarboxylic acids, present in the |¢@icjuaee?.3 Figure 3 inPublicain

[I1). They accounted for up to 42 % of the observeg #ues in the case of PE as indicated by
proximity of these samples to the 1:1 kigufe 2.3. Tetradecanedioic acid was the main mixture
ULVN GULYHU RI WKH GHWH F Véxtrect 85t thré Gedsoms LR Dwasithe/ KH 2
PRVW SRWHQW 333%$5£ LQGXFHU R &nple\tonmpdthd @dtirguteE R[\OLF [
Figure S5, Sh Publication)llit was detected at high quantities exclusively in the PE samples with a
facor of around three higher liberation for the U¥ttreent than for the dark cont{@kable S3, SI

in Publication)llivhich is 3) in accordance with the observed bioanalytical effects of the related extracts
causing three times higher effects ashigalré 2.2 A. For PE, the substantial contribution ofc&k)
to EUi Of, in some cases, over 40 Bigyre 2.3) is an important explanatory parameter for the
333%$5£ JHQH S DWKZD \Albdrtgédny BEarised, argilkQrissdn (198blified over 60

PE degradation products, predominantly monocarboxylic acids, we expexbtpsesent in our

PE leachates as well, although they remained undetected by our analytical method.

DC UV C14di [umol/L]
1.000{ ™= EW 4 =MoL
' = KB gl
= PE @ o
mm PET $©
E PP @ >
L 0.100] wm ps
é . ' \o\o
= w ‘ o
w 0.010
L .o..o e
0.001 ‘A A
0.001 0.010 0.100 1.000
EUi0(1/REF)

Figure 2.3: The effect unitsderived from chemical analysis and single compound testing) (ElOtted

against the bioanalytical effect units,;(gEUIRU WKH 33$5£ DVVD\ ORJ VFDOH 7KH |
dark and light shaded area that 10 % and 1 %, respectively, of the observed effect can be attributed to the
analytically determined chemicals. Colors represent the different samggethealzrk control (DC, darker

shading) and the UV treatment (UV, lighter shading). The bubble size corresponds to the relative concentration

of tetradecanedioic acid, the main driver of the mixture effect. Triangles represent data where tetradecanedioic
acid was < MDL
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2.4.4 ldentification of the Mode of Toxic Action of Weathered Microplastic Leachates

Leachates induced cytotoxi€itisi,) in almost all tested asséyigure S4, Sl iRublication )lIFor

33$5£ WKH LQYHVWLJD W H Ghe3darBokylitabid Dnatre &l Qaselin&texiX hilicated
by ther TRs< 10 (Figure 2.4A). Addttionally, arboxylic acids displayed a specific capacity to induce
WKH 33$5gativa@tHat was not influenced by cytotoxiEigure 2.4 A. Following the
proposed classification B$cher etla(2019) high carbon chain length acids (2018) appeared

to have a moderate specMoA (SRw< 10), while low carbon chain length carboxylic acd$qk
VKRZHG VSHFLILF  M<RIPOKHIgNE 2.4 A thaabwas not influenced by thecatled
cytotoxicity D V V R F L D WXdd3oh Etal) 2006

For micraalgae, the calculated TRs < 1Q@Herendpoints fluorescence aredl densityverein good
agreement with the previously discussedpecific disturbance of the cell membrane elicited by the
acids(Figure 2.4 B. Moreover, the microalgae endpoints fluorescence amgnaedrdisplayed

very narrow range of TRs indicating low uncertainty between calculated and measaledsEC
supporting their baselifdoA (Figure 2.4 B. It can be assumed that the critical membrane
concentration of 70 mmolfkresulting in destabilization of tHeoppholipid bilayer was reached by

the carboxylic aci@&scher et al. 20189\t there were no specific effects induced in Blgaee, the

applied GAR is potentially not adequate for PS Il inhibition since it shall serve solely to calculate
baseline toxicity valuéSDVHG RQ WKH FKHP LB oUsefaBdodedridpad! id- L W \
the finding that fluorescence and methber as apical endims, werdhe most sensitive endpoints

in the leachate tesiEdure 1 irManuscript |

Furthermore, the EU values of fluorescence correlated well to the cytotoxicity values derived from
reporter gene assays with regression slopes close kgare 24 C). The impairment of the
photosystem is therefore an indirect effect of baseline toxicity as a similar good correlation to
cytotoxicity of reporter gene assays demongtrgted 2.4 D).
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Figure 2.4:Combined effect characterizatidthe leachatdsom UV-weathered microplastigthereporter
geneassay3 3 $ 5afid the microalgae asgsytoxic ratios (TR) and specificity far cytotoxicity (S&o)

for reference monand dicarboxylic acids ¢C18) tested ithe 3 3 $ 5ad&sayB: TRs for the microalgae
endpoints fluorescence (fluo), cell numbe).(Celbtatistically significanbrrelation between cell line and
microalgae data could be observed bljniar regression of the apical endpoint fluorestmnoécroalgae
(fluo_algak as a function of toxic units (Jid) of the AhR assafyegression parametecsefficient of
determination anptvalueare included in the pldtdbgtransformediatg. D: Correlation of Tk, of AhR and

the photosynthetic activity at 24h afteirdpfor microalgae (EAdan_aigap (logtransformediatg. Dashed line

in C and D represents the 1:1 ldelor code for C and D shows the different polymer types with respective
dark control (DC) and weathering treatment (UV)

2.5 Conclusions on theEcotoxicological Effect Potential of Plastic
Leachates

There are several aspéuthlightinghe significance of tlabovefindings: First, the activation of a
nucleartUHFHSWRU keldwduht f& 3reSdgulation of cellular development and metainolis
higher organismgDunnng et al. 2014; Berger and Moller 2@32Rqueous plastic lbates
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demonstratethat the general (scientific and industrial) opinion that polymers were inert materials
(Chow et al. 2018pes not hold true. Secoride pollution of the (aquatic) environment by plastic
debris implicates the ongoing exposure of plastic debris to sunlight, which will inevitably lead to its
photo-degradatianThis may result in even higher emission rates of substatcesyinduce
oxidative stress and haeeeptowdisruptive potentighere PPAR. Third, the generapinionwith

respect to plastics, tHaachingf intentionally added chemicagyplasticizers) solefye causing

harm to biotacan be extendday an additional source of substances of concern: the raw polymer
itself. The mainly unspecific toxicdf/the investigated plastic leachateseflected in low potency

for photosystem impairment in the microal§aenedesmus vacudtateser, basele toxicity
towards microalgae was iretliby all leachate types andiwgeod agreement with the results from

the reporter gene assays

Unraveling the potential effects of weathering plastic and the associated chemicals is a high research
priority for planetary healt@Publicatiof Dur aim to capture the ecotoxicological potential of the
expected mixtures of unknown chemicals leaching from weathering plastinreitrdessays and
wholeorganism celbased assays as practicak.téaiblicatidii and Manuscript &s summarized
abovewereconductedindera bioanalytical anthemicafocusof polymers, their leaching behavior

and theherewithconnectedecotoxidty. We identified, that weathering played a crucidbordiee
toxicological profile of plastic leachatassing increased effect potential for almost all of the
investigated polymeddowever, concurrently tweathering processes that were simulated in the
abovementioned sections and experiments (radiolgfiadkgion)microbial colonizatioon plastic
surfaceswill start from the very beginniogcethe materiahas reached aquatic systerhese
growingepiplastic biofilms are highly involved in weathering processes of environmental plastics either
activelyia biodegradation and/or by interfering in abiotic weathering. Thehefoext section will

focus on biotic weathering.
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3. Biotic Weathering

The previous chapter was under the focus of abiotic weathering conditions where physical impacts
(such ag)V-light) caused changeghe polymewith ecotoxicological implicatiomowever, biotic
weathering represeras equally important factorodulating théate and effects of plastics in the
environment due to thgmotential to change the material proge ad physicabehavior in natural
systemdmmediately upon exposure to natural waters anck lmefcrobial colonization takes place,

new habitable submerged surfaces are instantaneously conditioned by a layer of organic matter (OM)
(Figure 3.1 & Then microorganism@iOs)startcolonizingalmost all submergsdrfacesincluding

plastic debrisand build up biofiimé~igure 3.1 . For chronological and mechanistic clarity, the
following chapter presemiata on thdirst conditioning of surfaceg OM (chapter 3.1) followed by

insights in early biofilm succession (chapter 3.2).

Figure 3.1The studies presented in chapter 3 investigated relevant early processes of biotic weathering leading
to the formation of a biofilm community. Chapter 3 focusses on the adsorption of OM, theadled
conditioning film, on different polymer surfaassa prerequisite for biofilm formatigwanuscript)lib:

Chapter 3.2 elucidates subsequent early microbial colonization phases based on striuctatiahahd
community parametetddnuscriptandlll).
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3.1The Conditioning Film as a Prerequisite for Biofilm Formation

The following section and studies will further elucidate the concept of the conditioning film and its
relevance for biofildformation on plastic surfaces.

3.11The Conditioning of Surfaces byDissolved Organic Matter

Dissolved Organic Matter (DOM) is a ubiquitous central component of aquatic ec{iSgstems

3.2). Millions of organic moleculesmolecular sizes of up to sead kDadiffering in structure and
composition consist of the elements C, H, O, N, S and P and their quantity and quality reflects biotic
and abiotic ecosystem procefBSesllay and Parr 201F)gure 3.2). DOM is often categorized into

two main components, the humic (HA) and fulvic acidgt{g#painly derive, amongst others, from
decaying organic material that was build up in the terrestrial environment via atmospghatio O

during photosynthediy higher plantsr via hetestrophic organism{®olan et al. 201Ihus, DOM

is a global pool of trebovementioned elements which is coupled to the dwbgenical cycles via
microbial turnover.

Tubeworm Adult
Bacteria Diatom ] barnacles Mussels
[ “id S ——
| B
l ,
[ ' »

1 mm

%

, k3

| S §

Adult 3 L

Dissolved — — | tubeworms # ¢

i spore
ekl d larvae | Macrophytes
matter

Figure 3.2: Size ranges of different representatives of a fouling community (see fouling céiigomenityl
B) (with permission to publish by Springer Nature a modified versBatl@# and Callow (2011¥ellow
box represents the first adsorption of an organic(layestigated in chapter 8anuscript)}ifollowed by
representatives of a biofilm (green box, with open upper size range due to grazingamgl mierofauna,
investigated in chapter 3Maguscriitandlll)).
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Microplastic was claimed to subs&ly contribute to the global carbon pool by leaching DOC
(RomereCastillo et al.A8) Other studies showed a clear dependemcgasfic moleculésaching

behavior of plastics from a weathering treatthert Murphy, and Hur 202This leached fraction

is thenavailable for sorption to other natural substrates such as rflieeratsd Hur 2020n those

previous studies, the DOMascharacterized by a mixture of additives and monomer residues/chain
scission products (such pighalatesor BPA). Noteworthy, the authors claimed these organic
molecules tdoe DOM which strictly speakindp not bdong to ths group of macromolecules
stemming from the breakdown of biological ma@iely one study investigated the adsorption of
environmental DOM on PS microplastic using two types of DOM, the SuwannefARIndFA

by threedimensional excitati@mission matrix fluorescence spectroscop¥ B0) (Abdurahman

et al. 2020)The +$ DQG )$ DGVRUSWLRQ ZDWGEGKBWDRWHGRHRAU D FF
hydrophobic interactiof8bdurahman et al. 2020; Chen et al. 2017)

Materialpropertiesmay potentially be quickly masked or equalized once submerged in water that
contains a cocktail of different organic and inorganic molecules that instantaneously adsorb to the
surfaceFurther evolving the concept of OM adsorption (in analogg tececorona concept)hé

addition of OM in toxicity tests was demonstrated to alleviate particle toxicity towards the test
organism such as microalgaBaphnidlLiu, Jiang, et al. 2020; Saavedra, Stoll, and Slaveykova 2019;
Fadare et al. 2020; Fadare e2(Hl9) The author®f the previous studiesguel, that a corona
formation reduced the affinity of the particles to the microalgae cell wall and minimized the adverse
effect(Liu, Jiang, et al. 2020; Saavedra, Stoll, and SlaveykoveoZ&idtegpolate these results and

make projections for @gcDOM interactionsit is necessary to investigate the sorptive capacity of
synthetic polymers towards DOM.

3.1.2 The Conditioning of Plastic Surfaces

In the context of plastipollution studies providing insight in the quality amelchanistic
undersandingof this first OM adsorptiorwerestill missingTo investigatéhe quality obrganic
matter adsorbed tdifferent polymeric substratésneasuredhie fluorescenfraction of surface
associate@M by means BD-EEM spectroscopys a resulthieexcitatioremission spectdd the
conditioning filmslerived fromPET and PSurfacesisplayea tendency dafifferent DOM qualities
indicated by the presence or absence of certain DOM fractions in the 3D EEMRSgentra. 3,

Figure S1, Sl iManusipat Il). Differences could even be detected under the influence of an artificial
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preweathering treatment of the surfaddss indicatedlifferential sorptiompropertiesalong the
variouspolymericsubstrate typgewards OM Theresults led to the hypasis of selective sorption
of DOM on different surfacealso under the influence of phatduced changes of surface

characteristicand prompted us to conductn@ore refined analysis usiRguriertransform ion

cyclotron resonance mass spectronfielyyCR MS)(Manuscripd |l

glass DC

EM Wavelength (nm)

EX Wavelength (nm)

EX Wavelength (nm)

Figure 3.3 Threedimensional excitation emission matrix fluoresceactagropy (3EEEM) was usetb
detect any potential differences in the composition of sassmaated DOM on glg#s& D), PET(B & E)
and PSC &F) with respective dark control (DC) and-toéatment (UV) and the stream water, (S\Wised
for incubation. The results led to our hypothesslettiveorptionof DOM to polymer surfacesd formed
the basi®f myresearch questi@udressed iManuscripttib investigate this phenomengsingFT-ICR MS

in a refined analysis.

3.13 The Quality of the Conditioning Film and Implications for Material SurfaceProperties
| characterized the DOM composition of stream water (SW) and the fraction that adsorbed to
submerged glass, PET and PS shedt-b§R MS The potential influence of changing surface
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properties under the impact of weatherirg V-induced photapxidation) was investigated by
including a batch of artificially weathered subs#atasprerequisite for the testing of dark (DC) and
UV-light (UV) treated samples, | verified tmati@al weathering causafierationsn the surface
hydrophobicityof the materials PET_UV and PSVUFigure 3.4A), an increase in the polshare

of the surfac&eeenergy{SFE) and pronounced changes iFI& spectrgMaterial Properties SI3

in Manuscripf)llThetestpolymers were selectealsed on their importance for commercial use and
the availability of puradditivefree polymer sheetSlassslideswere includd to mimic a natural
substrate andll substratewere incubateih 0.2 um filtered SW. After retriefraim the incubation
water the slides were rinsed with waterraethanal The methanol was dried under nitrogen and
samples were-gissolved in MilliQ water, combined with the aqueous fractiemacited vi&SPE

The SPEextracts were measured vialER MSandsignals wer assigned tmolecular formulas
(MFs)allowing for elemental compositiai<C, H, N, O, S MFswereclassifiec@ccording to their
degree of saturati¢H/C), oxygenatio(O/C) anddegree chromaticitymodifiedaromaticity index

by Koch and Dittmar (2006)The intensityveighted population densiy in percent (%) was
calculated based on the summaridative intensities in each compoualaddollowingPerminova
(2019)Anothercommon way to @eribe the qualiyf DOM is to plot the MFbased on their degree
of saturation (H/C) and oxygenation (O/)sccalled van Krevelen pldtsew et al. 2017)
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Figure 3.4 A: Surface hydrophobicity measured as contact angles for the dark control (DGyeaitthé&red
(UV) substrates each paad postOM adsorptionB: Quality of SWDOM and surfacéound OM fractions
based on the summarized relative intensity of each cahgtes® defined byKamjunke et al. (2019)
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SWDOM selectively adsorbed to differsabstrates, whicould be identified by substrate
specific OM molecular compositiéigure 3.4 B Figurel and 2, Figure S 7, S 8, Slfth Manuscript
II). This adsorption of DOM to the different substrates was generally characterized by a small fraction
RI "XQVDWSBRWHGPROHFXOHY LQ 6: FRPSDUHG WR FRUUH\
XQVRBRIVXEIPRW L PROHFXO HMULQON Sa®plesidtine \3.4 B MigHre 1 A in
Manuscripf) IBubstratebound OM showedenerally larger masses than the or\dfigure S 10,
Table S 2Slin Manuscrip) |l

The greatest difference in the OMoapison pattern between DC and UV samples could be identified

for PET and PSHigure 3.4and3.5 Figurel and 2S5 7, S 8, S $I inManuscript)IFor MFs coe

occurring on PET_DC, PET_UV and S¥cilitated by bioinformatics filtering to identical MFs)

more thanhalf of the MFs were enriched on PET_Dgenerallyvith more saturatelFs. This

separation by the degree of saturation was especially detectable for signals unique to PET_DC and
PET_UV Figure 3.5A). While the difference between PET_DCREA_UV was mainly driven by

the degree of saturation, PS_UV showed a clear trend towards higher ogystaatees compared

to PS_DCFigure 3.5B).

A
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A relative intensity
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**| on DC

H/C ratio

oo MF enriched
iSlon UV

@ common MF

0.5
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Figure 3.5 Van Krevelemiagrams (H/C over O/C ratios) representing the differences in the relative signal
intensities ... UH O D W Lof &ishred/ BND M bamparison with dark control (DC) and weathered (UV)
substrates PETA] and PSK). Each circle represents a moledolanula (MF), and MFs farach substrate

were reduced to those thatammurredn the incubation stream wat8olid blue and reédFs represent those

that were unique to the DC or UV substrate, respectively
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The fractionation of SWWOM to substratassomted OM is most likely the result of selective
adsorption driven by the physatemical properties of the surfaces of the different substrates
(Figure 3.4 A TablelSurface Properties SinMManuscript)lThe most pronounced changes in the
materiaproperties such as tbentact anglérable 1 irManuscript }Ithe hereatalculated SFE and
carbonyl indefindicative of oxidative reactiof®) PET were in good agreement with the identified
differences in the relative intensities of adsdtiMd(Figure 3.4 and 3.5. The generation of
carboxylic acid end groups and moieties during weathining et al. 202@ay facilitate hydrogen
bond formation for interactions with DOMNbimilar to our result&flori and Drobota (2015)
attributed the altered sorption and adhesion behavior of PET towards collagen to surface
modifications as a result of UV weathering. Taking into account that weathering induced a decrease in
hydrophobicity and changes in the SHEEY and PS, we can deduce that these changes in material
surface properties might have caused substantial differences in the sorption behavior between
PET_DC and PET_UV and PS_DC and PS_UV. Furthermore, the OM fingerprint of PS differed
substantially fra that of PET and glass which may also be attributed to its highly hydrophobic

characteristics even for the weathered surface of FSguN 3.4.A, Table 1 ilrMlanuscrifi.

Consequences dig adsorption of OMor the material properties wexe increase in the contact
anglsof PET (DC and UV) and PS_UV (increase betw&&h\ghile the increase fylass_DC was

within the uncertainty range of the standard devi&iguré 3.4 A, Table 1in Manuscript)liStill,

distinct material contactges remained even after the OM layer has formed indicating that
equalizing masking effect that converged the surface properties could be observed. Moreover, surface
properties €.g.contact angle) post DOM incubation were shifted by a similar magnitude to more
hydrophobic properties for masft the investigated substrai@sgure 3.4 A Table 1 inManuscript

).

Summarizing, | identified that different polymer surfaces adsorbl€ivesly even under the
influence of weatheringduced changes of the surface proper@pscific surface properties
exhibited by the investigated polymers could have resulted inGMfatderactions, such as
hydrophobic, electrostatic interactiooatron bridging, that were specific for certain fractions of the
OM (i.e, here compound classagure 3.9. These selectively adsorbed OM fractions may display
also compound claspecific featuresuch as charge or hydrophobj¢itat caused distinctaterial
properties eveafter a layer ddM has adsorbedHence, theonditioningilm seemed to reflect the

underlying surface characteristics to a certain extent by passiaigiiasurface properties on to
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the outer OMwater interface. The releganof those findings for the attachment of microbial

communities will bevestigated the next section

3.2 Biofilms

After the conditioning film has foedwithin seconds to hours, a biofilm community starts to build

up onsubmergedurfacegFigure 3.6. 7 KHVH ELRILOPV VHU®MHuUVWR) PHFHGE HDW I
attached léstrategynd to provide certain functions to the consortia such as mechanicalisability,
giving resistance against currents and shear forces, protection againstndesigcaion of
enzymes, the provision of gradients (pH, oxygen content), protection from predation and toxic
substances, reserve as a carbon source anftedosg between organis(Romani, Guasch, and
Balaguer 2016; Costa, Raaijmakers, and Kurama&\2iBhiofiims may be an aesthetical issue in
householdse(g.washing machine, sinks etc.) and be the cause of serious infectious problems in
medical applications and devices (implantss,tidterage vessel@jabash and Reid 1999;
Prabhawathi, Thirunavukarasu, and Doble 2B8&y)provide key functions in global biochemical
cyclegde Carvalho 2018Ylost prominent examglef the MO V- N H\ | XdD laldl Ru@ient
cyclingaretheir relevance for the carbon, nitrogen and phosphorus tufidatehins and Fu 2017)

which manifests in the Redfield réRedield 1934)Alfred Redfield1934yecognized the conserved
elemental composition of plankton that is similar to the major dissolved nutrients in {Aer@rean

2005)

3.2.1The Developmentl Stagef a Biofilm on New Habitable Surfaces

But how do biofilms develop on submerged sffa€mure3.6 provides an overview of the
developmental stages of a biofthat generally applies to most new habitable suifaeescheme
isSFRPPRQO\ NQRZQ DV WK HNot@&wihy thérroeebyBp@rteDal. (2016ps
extended by organic molecules adsorbing to the surface prior to microbial att@ichureBiga)
whichwasinvestigated inhapter3.1 (Manuscript)llAfter the onditioningfilm has formedMOs
come into contact with the surface either actively or by attractive forces and Emorez& §b,

c). Some MOwill not be able to attadh be repelleddue to repulsive electrostatic for¢egjure
3.6b) and remain in the pelagic commurlitye secreted EPS enable adhesion and promote further
attachment by other MFigure 3.6d, €). Mainly bacteria are the first colonizers (withirshour
days) followed by eukaryotes such as diakbgwsg 3.6f). A remarkable feature of MOs is their
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ability for quorum sensing. This quorum sensing is a form -oélcedbmmunication enabling
synchronized gene expression in response to their population(8eresity, Echeverz, and Lasa
2014) As the biofilm matures it is characterized by a wide ranBesotiBtures forming thick, thin,

fluffy biofilm matts, films or sludges where parts of it will eventually be pulled off by shear stress
(Figure 3.69). These fragments will then be able to colonize other remote habitats or be available in
the water column (gally contributing to soalled eDNA)Kigure 3.6 h). Finally, organisms may

undergo different transitional or developmental stages, will be released and contribute to the pelagic

community agaire(g spores)Kigure 3.6i).

Figure 3.6: Generalized schemebadfilm attachment, succession and detachment on a new habitable
surface " P XV KU R R P. g: ARIsoptid@of a conditioning filia; Planktonic phenotype; Newly
attached cells and cell that wapelledid: Maturing biofilm / bofilm succession embedded in EPS;

e: Mature biofilm / climax communitfy;Mature biofilm structures often known as theshroonu

model; g: Detached biofilm aggregatesReattached biofilm aggregate®jewly dispersed cells
giving rise to pldtonicstages (modified version fr@ogan et al. (2016)

3.2.2 Relevance of Biofilm Formatiorior Weathering of Plastic and its Fatand Effects in
the Environment

Why are biofilms on plastic debris relevant for weathering processes ofSphasti¢fofilms
represent a biological coating of plastic debris in the aquatic environment theiranflieysieo
chemicaprocessemust nd be disregarded. These epiplastic communities have the capguatytto

a variety of differemtathwayselevant for the fate and effects oftatebrisRPublication )\Figure

3.7.

With the formation of a biofilm on plastic surfades,attachedouling organisms ma&pusean
increase in density of the particle and decrease in butymzode et al. 2018he smaller the
particle is, the faster it can reach its critical sinking d@mityarenko et al. 2016; Fazey and Ryan
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2016) Concurrently microplatic becomes sticky due to the EPS matrix, which promotes the
formation of heter@aggregates, includimgcroplasticmicrobial communities and detriusnget
al. 2015)eading to downward transport and sedimentation but also consumption and limited light

availability magause rsurfacing to the water surfa€gre 3.7).

chemicals

T/ 4
trophic transfer

e W ° <
o

toxicity

Figure 3.7Key processes of the fate and potential effects of MP in the aquatic environment that are modified
by biofilm formation. Biofilms on submerged surfaces are the result of satecthveent of MOs,

facilitation and interspecific competition in the miarabmmunities. Weathering processes may favor

biofilm growth due to increased surfaces available for settling which in turn may shield plastic debris from UV
light. However, biofilms have the capacity to biodegrade the polymer. Furthetrarespicland the uptake

and release of plastissociatedhemicalsare influenced by biofilm formation on plastic debris. Biological
implications of biofilm formation include effectstrmphic transfer of MP and associated contaminants,
community structure ofiorobial assemblages and potetati@tity to grazers.

The transport of hydrophobic organic contamin&@Cs)between plastic debris and water may be
affected by biofilms due to its sorptive properties on the one hand and its ability to mbtabolize
HOCson the othefWolfaardt et al. 1994; Headley et al. 1998; Writer, Ryan, and Barber 2011; Ding
et al. 2015)Since the capacity of synthetic polymers to sorb HOCs is of high relevance for the
environmental risk assessmemiofoplasticthe question arises whetherrtimynamic and kinetic
processes will be influenced by a superficial organic phase consisting of water, lipids and proteins
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acting as both a potential sorptive pfAsenming 199%)nd a barrier for diffusive uptake and release
of chemical¢Seidensticker et al. 200M)rthermore, EPS is a diverse biological matrtaining
polysaccharides, proteins, lipids and other biopolymers such as hufflemaiisg and Wingender
2010; Stewart et al. 2Q18hich may contribute to the sorptive capacity of the biodikied
microplasti¢Wang et al. 201&hd hetereaggregategigure 3.7).

Biological effects dhe biofilm formation on plastic debris may comprise the preferential
ingestion by primary consumers due to the higher nutritional (@Lestyn 2013pr altered uptake
and susceptibility of organisms to ingest plastic (particles) caused by hgsti@a@gepos et al.

2013) The available reports on nrbiofilm algae suggest effeofs nanoplastic exposure on
planktonic microalgae, such as inhibition of photosynthesis, promotion of reactive oxygen species
(Nolte et al. 2017; Bhattacharya et al. 20i@)th inhibition(Mao et al. 201&nd reduced
chlorophyHa conten{Besseling et al. 2014)

As demonstrated iManuscript, Isurfaceproperties of polymergotentiallyincluding those of
microplasticwill inevitably change upon conditioning film ora@rona formatioffRamsperger et

al. 2020Furthermoreweathered surfaces may display a modified topography, increase in surface
roughness and changed chemfsgingrady 2015a; Fotopoulou and Karapanagioti 2015; Cooper and
Corcoran 2010; Feldman 2002ble 1 inrMlanuscript)llThese processes may eéase adhesiard

MOs (Donlan 2002)carrying capacity ahicroplastictowards biofilm mass and, ultimately,
composition and struceuiof the microbial communiti@serr and Cowling 2003; Cazzaniga et al.
2015) Furthemore successive fragmentation into smaller pawtitiekigh surfact-volume ratio

IS an important prerequisite for biodegradation.

Although in the environment weathering processes act mostly in parallel, the abiefic (photo
degradation is often a prerequisite for-fd€litated biodegradation. Befd®s are able to use
polymers as a carbon and/or energy source and finally misgraheséic polymers to G CH,
and HO, long polymer chains need to be broken down into smalleoollgonomers before they
can pass the cell membrane. In this context, biodegradable polymers or enhanced degradable polymer:
are of relevanc@eng et al. 2016M variety of bacterial strains were identified to be capable of
degrading conventional synthetic polyr@rosh, Pal, and Ray 2Q1®)wever, in the smlled
fouling community, fungi and their ability to mechanically disintegrate plastic by penetrating the
polymer with fungal hyphae and their capacity to release degrading Saychez 202@)ye
currently understudied. Biofilms may not only promote biodegradation ofrpthstEnvironment
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but they can also interfere with the abiotic photolytic degradation since they eabsofighg
pigments reducing the light transmittance of up to @9éitistein, Crocker, and Gray 2016)

Biofilms have theapacity to actively deteriorate the material surface they (Ahaibbnye et al.
2021) A prerequisités, thatbiofilm-forming organisms first have to adhere and establish a biofilm
community to facilitate potential subsequent biodegraddicnobiologists are currently
investigating communities present mastic surfaces and the underlying factors determining
communitystructure and succession patteZiestler, Mincer, and Amaizaéttler (2013introduced

WKH WHUP “SODVW LV S Kkdsddcigted doi@rouniti@slard/disin'éy frendtbe\suvraunding
surface water. Kndadge about the community structure and the underlying forces driving these
assemblages at each succession stage will help us to elucidate the impact of plastic pollution on aquati
microbial load and divers{§berbeckmann, Loder, and Labrenz 2Qkoupling the processes of
biotic weathering such as early Bt@chmenand influencing abiotic weatherprgcessewas a

crucial step for my followirsgudies.

As outlined in chapter 3.dbiotc weathering may affect the material surface propertiesnalyich

alter the range and diversity of MOs that are abtiheweTherefore, it is important to highlight that

the aimof the following studyas not to characterize biodegradation as such bluctdate the
effects of different polymer substrate typaswhere artificiallreweathezd by photeoxidization

to intentionallymodify their surface propertigee section 3.andto investigate the influence of
these changing matepabperties on fasequent biofilm formation.

3.2.3 Biofilm Formation on WeatheredPlastic Surfaces

In the previous chapt&.1 we saw @ the conditioning film differdaetweenthe investigated
substratesAs outlinedn chapter 3.1.1his may have ceaquences for the physadwemicabehavior

and biologicahteraction of polymer surfac®@géthin Publication )V prioritized thaesearch needs

to deeper investigate factors that may drive microbial community structure. Many researchers have
hypothesied a certain plastic caemmuniy, the f O D V W I(Zé@ ¢, HMihEkr, and AmaiZéttler

2013), however underlying mechanisms shaping such-gpesiiitc oreven materiapecific
communitiesare unknown. One explanation for this detection of meaeeeific microbial
communities may be the relevance of material surface prdpartiegain material displays unique
surface properties (surface charge, surface roughness or topograpthy3, skdect for organisms

capable to adhere?
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To address this questidmexploredhe bacterial and eukaryotic community formatioglass, PET
and PS substratésach asJV and DCtreatmentsby applyinga set ofmeasurement techniques
capaleto detet changes agcologically relevant endpoiitsa similasetupas described in chapter
3.1 I investigated early biofilm formation in a short term-thaggsampling at day 1 anda®y ina

long term 32lay(sampling at day 1, 3, 7, 12, 20in8Rpation experime(provided irManuscript Il
andlll, respectivelyYhe substrate slides were incubat&W\retrieved oihe specifed sampling
days and passed to therespective measuremenisfiBns that includgprimary producersre of
extraordinary relevance aswdrientsourceat the base of the food weébonfocal laser scanning
microscopy{CLSM) was usetb elucidatalifferent biomass proportions of bacteria, algae and EPS
fractionswith concurrent three dimensional structure informaierstaining and image analysis
techniquegcarrying the unit biovolume [um3] derived frestazked pixels, salled voxelgNeu

and Lawrence 2014)he autotrophic comumityfacilitates Ce&¥ixation and oxygen provisidtulse
Amplitude ModulatiofPAM) fluorometry(Brooks and Niyogi 201das applied to measuaréey
function of aquatic biofilms, thphotosynthetic capacityhypothesized thahe aforementioned
differences in the surface properties and conditioning film on plastic surfaces mayeterrefle
different biofilmbiomass and photosynthetic capadiigh was tested by generalized additive mixed
models (GAMMSs) and the Akaike information criterion (AIC) for model seldatimchanges in

the apical endpoints and structural composition would occur, it may still be conceivable that the
taxonomical community composition could indicate any differeetesen the substrates of
investigation Therefore,| applied 16S rRNA gene amplicon sequencingchniques(lllumina
sequencing)and ordination analysdgrinciple coordinate analysis (PCoA) and-nmemic
multidimensional scaling (NMD®))gaindeepeinsightin the biofilm communityManuscriptand

[11). While the aforemeipned apical endpoints were investigated solely in thedongtudy, the
latternamed ext generation sequencing techniques were apgbetth the short and longterm

experimerg

3.2.4Structural and Functional Capacity of Biofilms on Weathered Plastic

Biovolumes of bacteria, algae and EPS ndatvedopmenbver 32 days of incubatioid dot reveal
any clear differences betwdendubstrates glass, PET an(FRfsire 3.8 Figure 5 an@ inManuscript
[lI. Still the appliedyeneralized additive modesultedn the smallest AIC and therefore in best
model fitwhenincluding 'substrateas a factdiFigures in Manuscript )lincreasingpacterial growth
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could be detectahtil day 12 which then leveled off tower growth ratantil day 32Results by

Cheng et al. (202idicateda similatrend of high growth rates for bacteria attaching on different
plastics until day 30, which then leveled atitatureclimax communityzor glass, all investigated

biofilm structures (bacteria, algae and EPS) showed similar growth pattern irrespective of the
weathering treatmefiigure 3.8A, Figure6 in Manuscript [l When refining the analyses to detect
differences betwedrofilms grown otJV-weathered and D€lbstrates, PET_DC displayedne

order of magnitudéigher bacterial bios& han PET_UV at early biofilmsuccessioriday 1

3)XFigure 38 B, Figure6 in Manscript 1)l Noteworthy, EPS volumes detected on PET_DC at early
biofilm development until daiiree exceeded those of PET_UWe abovementionedhigher
bacteriabiomas®n PET_DCcompared t#ET_UVon day 1 and ®ay be the result sfichhigher
EPSbiovolumes that could be detected concurrentlyEdr DC at early time poin{&igure 3.8

D). This might have enabledcreased cell adhesion and attachméht potential prolonged
implications on higher bacterial abundances during succession-3@ayFitRire 3.8 B.
Furthemore, higher hydrophobicitypf PET _DC could have provoked increased attachment
efficiency for bacteria comparedhe more hydrophillPET_UV {Table 1, Material Properties Sl 3

in ManuscripfIComparable to this result, PS_DGvekd similar higher bacterial biomass than glass

and its UMweathered counterpart PS_UV on the first samplingddgy#3) (Figure 3.8 C, Figure

6 inManuscript )JIIThis difference changed and leveled off during the course edl#tyard@ibation.

A study undertaken on PE, polylactic acid (PLA) and glass, detected statistically significant lowest
bacterial abundanfe the glass micro particles. Contrasting to my ré&sdthage, Neu, and Gabel
(2018)described a different biofilm composition on polymer substrates ethglymethacrylate
(PMMA)) comparetb glass and polycarbonate (PC) substrabésh had downstream effects on
consumptiorand growth rate by a freshwater gastropod.

At early biofilm development on day 7, highest fluorescence signals measured via PAM fluorometry
could be detected for PET, while glass showed lowest fluoresceriguiedd (n Manuscript )l

However, afteB2 days of incubatidhe mean fluorescent yialddquantum yielodf the substrates

glass, PET and PS was highly sifiigure5in Manuscript )l

Summarizingstructural and functionahdpoints wereharacterizetly high variability at the early

time pointuntil day 712 which then leveledf until a biofilm climax communitwas reacheafter

32 days of incubatioNé&nuscript JII
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Figure 3.8 Generalized additive mixed mod@8MMs)on the biovolumefim3] of bacterigA-C) and
extracellular polymeric substances (EP®)yer 32 days @ficubation time including weathering (DC and UV
treatment)as a factorA: comparisorbetween bacteria biovolumas glass_DCand glass_UV with no
differences in grai. B: PET_DC showedigher abundance gfokaryotegshan PET_UV.C: bacteria
biovolumes of PS_DC and PS_With differences at early time paillts EPS volumes measured for the
substrates PET_DC and PET_B¢lid and dashed lines are the predicted meaf$ @ttonfidence bands
of the meamas shaded aremsdy-axis is logcaled.

3.25 The Microbial Communities on Weathered Plastic

Theamplicon data of theokaryoticommunitieand the aforenentioned pical endpointshowed
considerable similarities indicatedroynation aalyses based on dissimilarity meagtiggse 3.9

A,B). In two independent studies (the shamtd longterm study), early microbial communitietd

day 3scattered in their community compositiwhcated by the large distances between the different
substrate communitigsigure 3.9A, B, Figure 5 A irManuscript, Figure7 in Manuscript JlIThe

pioneer colonizing commities on day one of the shtaim study tendetb group in a material

specific manner indicated by ¢lese spatial proximity fDIC and UV of each substrate t{ipgure

3.9A, Figure 5 iManuscripdIThe materiaW SHFLILF FOXVWHULQJ PD\ EH GULYHC
surface learacteristics which still, as discussed in chapter 3.1, remained after a layer of OM has been

adsorbed. This observation highlights a common pattern between material surface properties, OM
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signature and the early microbial colonization on differentsesastr

The materiagpecific communities on day one (although not significant but detectable for the most
dominant pioneer colonizgfagure 4 inrManuscript)limay have been controlled indirectly by the

V X U 1D F H -¢hedistry th&tRasses on its features touter OM-water interface forming a
distinct conditioning film of adsorbed JMable 1 ilrManuscrip).lThe presented data supports this
hypothesis since the material properties were still not similar afeasOidtion (no equalizing
masking effect) and OM signatures appeared to be raajeeiadient. The herein proposed process

of early biofilm formation on polymer surfaces is supported by studies with similar results but on non
polymeric materia{Schneider and Marshall 1994; Bos, van der Mei, and Busscher 1999; Gubner and
Beech 2000)

No dearmateriakpecific grouping at early time points could be observed for therforgjudy

(Figure 39 B, Figure7 in Manuscript Jllin thislongtermstudy, | applied a similar batch of-lawd

DC- treated polymer substrates, however, analyzing the quality of the OM of the conditioning film
was not feasible and therefore conclusions could not be ldtavastinglyfor the shortas well as

for the bngterm studyPET communities (DC and UWgrelocatednostdistant from glass and PS
samplesHigure 3.9 A, B). Generally the communities converged highly similacommunity
structures indicated by overlaygagplesn the ordination analysiEdure 39 B) which compared

well to the measured apical endpoints such as biomass and photosynthetiEigapa&tg AC).

Incubationtime was the main driver of biofilm diversity in both studies which is in accordance to
other studiegHarrison et al. 2014; Li et al. 2017; Pinto et al.. Pxk8son et al. (2014)i et al.
(2017pndPinto et al. (2018ported highly comparable resaf community successions with strong
convergence within a few days, weeks or months. This highlights the importance to understand
successional processes of biofilms especially with respect to the evaluation of incubation studies with
a single samplingiptas it is often the case in sequencing s{Wieght, Langille, and Walker 2020)

Those may be prone to overestimate the substrate effect forbiwdiinne, since a single sampling

event represents only a snap shot and may eventually capture communities that have not reached &

climax communitgKirstein et al. 2018; Ogonowski et al. 2018)
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Figure 3.9 Principal Coordinate Analysis (PCd)and na-metric multidimensional scaling (NMDS) plot

(B) of prokaryotic communities based on 16S rRNA gene amplicon segiieSbiodterm experiment that

was conducted in parallel to the study investigating the adsorption of OM described in pBapng.1

term study over 32 days of incubation. Symbols represent the different substrates each as dark controls (solid
symbols) and UV pweeathered samples (empty symbols). Color code represents the sampling time

3.3 Conclusions on the Conditioning Film andEarly Biofilm
Formation on Weathered Plastic Surfaces

In Manuscript, Il incubated various substrates of glass, PET and PS in natural stream water. To
investigate the conditioning fillrinsedthe surfacesenrichedhe rinsing water and measured the
conditioningOM substances via HCR MS.By this approach, | could demonstthe selective
sorption capacity of different polymer types and weathering state towafdsaOddnsequence of

this selective fraction from incubation DQM underlying surfagroperties were not completely
masked and equalized across different substrates. Mdahsoaesorbed OM laypreservedhe
PDWHULDOV: VXUIDFH SURSHUW dtgr iltdRfateRvRieh ikl i Ide@MédwoR W K |
govern early microbial onizationThe earlgolonization phase was highly divergent indicating, that
different surface characteristwbichremained distinct after the OM lalgas formedgouldhave

caused this diversitis apotentialresult of thegaxonomical differencdsobserved structural and
functional differencewithin the samesarly colonization phasthose difference becamdess
pronouncedvith ongoing biofilm successiandthe prokaryoticommunitiesas well astructural

and functionakndpoint measurenvergedndicated bysimilar biomasses and photosynthetic
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capacitied his convergence led to highly similar communities on different substrates after 32 days of
incubation.

The above studidemonstratthat freshwater communities of different sutestraay not necessarily

differ between polymer types as scientific staftessuggestAs a consequence, the ecological
relevance of epiplastic biofilms and their potential to modulate ecosigstant processes may

highly depend on the system of sfigation (such as potentially trophic state, geography,

environmental factors).
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4. Implications

In my thesis, | presented data on the two main aspeatsotic and biotipolymer weathering
processe® QG KRZ WKH\ DOWHU WKH SRO\®MWHild pdlydérRaseryenadrdllid vV 1D
regaded as inert, we identified mapter2 that substances liberated from addite® preproduction

polymers during leaching have the capacity to induae acagliulartoxicity responses. Most
importantly, the observed effects were elevated when the polymer leagnorgotedby artificial

UV-light weathering conditions that corresponded roughly to over one year of middle European
outdoor exposure. Thassults are of utmost relevance for a critical evaluation of the hazard potential
of environmental plastic since recent test strategies focus mainly on particle toxicity.

In chapter3, | provided relevant insights in the material behavior under nandgitibns. When

exposed tgnatural) water and biological actisigytson polymer surfaces, the material properties

will inevitably change withateriakpecificimplicationsThe firstlayer of OM displayed unique
featuregor different surfacesnd signatured OM werepresumablthe result of selective adsorption
processesThis conditioning affectettie material properties, such as surface hydrophobicity, to a
certain extentSill, surfaces remainéistinctfor the investigatechateriad even aftera layer oOM

has formedCommunity composition changed over time with heterogenous taxonomic and functional
capacities during the first few days of succession that converged with time to a homogenous (in

structure and function) biofilm communitycss different substrates.

4.1 EcotoxicologicalRelevance ofWeatheringPlastic

The data and result$ chapter2 have to be seen in a widentext ofmicroplasticesearchThe
generaldcus of thiemergingesearch field comprisesinlythe detectin of macro, microand
nanoplastics in the environment to be able to assess the exposure of ecosystems and biota to this
stressor that we have been emitting for the last 60ygarsllel scientisttest the hypothesdsat

this anthropogenic debigauses harm to the exposed organisms in the aquatic enviréoment.
plastics, iman and environmental health concerns were expressed especially due to the application
of hazardousubstances during production asdadditives containedpiastic articleFhisis still

WKH JHQHUDO SXEOLF DQG VFLHQWLILF RSLQLRQ ZLWK UHVSFH
| could demonstrate that chemicals liberated fromwvéAthered microplastics induced oxidative

stress Rublication )llacross allested polymer types. Furthermore, the induction of the receptor
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mediatedissay PPARNndicated alterations in metabolic getbwaydy plastic leachat€subtypes

of the PPAR members, including PPARYy, are known to regulate genes involved in gliygsdse and
metabolism(MacNaul and Moller 200@hich raiseszoncern about potentiativerse downstream

effects of itactivation bylastic degradation productberefore, my results stand in contrast to the
prevailing opinion of the inertness of raw polymer matgdghe pure carbon chaires)d provide
HYLGHQFH WKDW WUDQVIRUPDWLRQ DQG GHfétumesGiBolV LRQ R
ecotoxicological relevance (Heté year outdoor exposure equivalence).

Another focu®f the studies inhapter 2 was to assess the impacts and ecotoxicological relevance of
microplastics beyond the perspective of the mere polymer fmaditite Studies describing particle
toxicity towards test organisms are important but may eventually not cover all potential toxicity
pathways elicited by plagfirsaheb, Hossini, and Makhdoumi 2080) does our approach of

testing solely the mixture toxicity of substances liberated from degrading polymers. For a holistic
assessment, both aspects of particle toxicity ardnteahemicals need to be covehddny
microalgae studies wengable tofind halfmaximum effect concentratisalues for microplastic
particles due to the high concentrations needed to induiteasigtoxicityand suclvalues may vary
depending on the characteristics of Bpewiicroplastic§Prata, da Costa, Lopes, et al. 2019)
Although(Prata, da Costa, Lopes, eR@l9)comprehensively reviewed the effects and impacts of
microplastic towards microalgae, the authors entirely disregarded the hazard posed by plastic leachate
to cause algae toxicityhe detected baseline toxicity towards microaygplatic leachates should

prompt researchets deeper explore the hazard potential of plastics under different exposure routes
than the sdar classical partiedxposure scenariddthough baseline toxicity is the minimum toxicity

any chemical can exhibit, does have environmental relevance because baseline toxicity is
concentratioradditive and all chemicals act together in baseline tokicityly knowledge,
Zimmermann et al. (202@0)as the first study that addressegieralexposure scenarias a
comprehensive studhy investigating separately i) plastic particles with additives, ii) the particles
without extractable chemicals, iii) the extracts of the plastic itself and sglwaéeplastic migrates

in an ecologically relevant test setup. The authors demonstrated that extractable chemicals in the
investigated plastic type polyvinylchloride (PVC) were the main driver of toxicityDomagisa

however this was not the casedther polymer types such as polyurethane (PU) and polylactic acid
(PLA) (Zimmermann et al. 2020)

The relevance of transformation products of chemicals liberated during our applied weathering

treatment could not be addressed adequiately studiesRlication [IManuscrip) ILongterm
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studies with different exposure periods would help to undets@nfdrmation of potential
transformation productSonclusions could be drawn from theaste sample for which it was known

to contain additives. &lady dark control samples induced cellular stress responses and effects of the
e-waste leachates were elevated due to tireatvhentPresumably, forwastenot only degradation
products but also transformation products of leaching additives coulthirse@ the observed
effects. This assumption should be investigated in future studies.

Another important findingf mythesisyith respect to the ecotoxicological relevanuietit plastic
weatherings the adsorption of OM asitlinedin chapter 3.1So far, several studies demonstrated
the alteringeffect of OM adsorptiom microplastic studigdlei et al. 2020)n many caseshe
negative effects towards test organisms were allevitltegpiesence of OM potentially due to
changed surface characterises adsorptiofSchur et al. 2021; Cedervall et al. 2007; Fadare et al.
2020) Contrarily,increased negative effects wadsereported which was attributed to iased
uptake through elevated aggten processefacilitatedoy a corondormation(Nasser and Lynch
2016)or altered surface characteristics that faveigdellular uptakéRamsperger et al. 2020)
thosestudiesvarious types of OM, such ld&s and FAs as wé as proteinswere applied. Eh
contrastingesultslerived from those studigighlight the importance to further investigate the quality
of adsobedOM to increase our mechanistic understandisgedfific aganisrparticle interactions.

The applicability of ndetected materidependent OM adsorptiotillsneeds to bdemonstratetbr
particles in the micr@and nanaangen future studiesStill, the impact of weathering processes to
modify the physicohemical interactiongf plastic surfacebighlightsthe necessity to better
understand weatheriimgluced changes aodncurrenplasticOM interactionsA call for research

on such modulating effedty OM adsorption in toxicity testing policies was just raised recently
(Nasser, Constantinou, and Lynch 2020)

In Publication ldnd Manuscript (Ehapter 2)] provided evidence for potential ecotoxicological
implicatios of nonrcompoundedlastic materialsnder relevant environmental radiolytic impacts
(.e, UV A+B irradiance)With the here presented studiesould substantiallynprove our
understanding that:

x Chemicals leaetifrom synthetic polymers during accelerated weathering

x Chemicals liberated during artificial weathering rfin@amly additivefree polymersvere

capabl¢o activatecertain cellulgstresyresponseandto cause toxicity in microalgae
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4.2 Ecological Relevance oBiofilms

| have investigated thenditioning films and biofilm developmentdferentplastic surfaces as the

first biological signature that environmental plastic debris may display. From an ecological perspective
it is impotant to know whether epiplastic biofilm communities select for specific communities and
whichunderlying mechanisms may drive this phenomieleotical biological entities, communities

and functions would suggestluatingpiplastic biofilms collectiyalithout further differentiation

in their hazard or effect potential according.ppolymer type. In contrast, distinct and material
specific differentiation of epiplastic communities would rather prompt us to consider each polymer
type separately.

My presented studies reveal that the very first interaction between plastic surfaces and organic
molecules from surrounding natural water feltomateriakpecific adsorption patterddanuscript

II). These differencdikely depenéd on varying surfaceharacteristics aneasure®sf different
physicechemicakurface properties hawalicatedManuscript)ll Surfaces with either mineral or

organic coatings can have profound effects on the interaction between bacteria and the substrate
(Scholl et al. 1990; Fletcher 19%&erestingly) detectedthe followng attachment and early
successionf microbialcommunites to be dighly divergemprocesswithin a short time frame of

days. They were presumably the result of stochastic attachment processes and to a certain extent drivel
by specific @anisrrsurfacanteractions. The detectednvergence of the prokaryotic community

within 32 daysintil highly homogenous assembiiesy indicate i) decreasing relevance of surface
properties for secondary colonizers and ii) the predominance of highly abundansgenatalist

biofilm stages. These insights in taxonomic structures were complemented by functional parameters
of the maturing biofilmgvianuscript JIIMost importantly, results fro@LSMand photosynthesis
measuremengipported our previous observatibt@mmunity convergence on taxonomic levels

by similar photosynthetic activity and biossfss maturebiofiims (i.e, hereafter 4 weeks of
incubationpn glass, PET and PS substraies(iscript JIIThe divergent taxonomic pattedusing

early colomation phase compared weilh the small but distinguishable differences in functional
capacities for the first few days of succession. Howessr differences disappeared tner as

well indicating that mature biofilms on polymeric substlidtest displayanyalteredcapacity to

contribute to ecosystem services as other natural (here glass) swbsichtks In fact, the

availability of additional anthropogenic surfaeeaquatic plastic debris) then needs to be related to
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naturallyoccurringsurfaces e.g. mineral particles) to be able to adequately assess downstream
ecological relevance of biofilm formation on pastic

Contrarily tomy findings, researchers continue to detect pipsafic prokaryotic (ceje
communities in naral watergKirstein et al. 2018; Kirstein et al. 2009)data indicatetthat such
observatioemaycertainlydepend on theespectivéime frame researchers look at. This dyrfamic

to the hypothesis bymaralZettler, Zettler, and Mincer (2020t there might be some polymer
spedic communities in early attachment and successioh,withieventually converge over time.
Furthemore a potential explanation for these contrasting results may be gdmsrldmckrann,
Kreikemeyer, and Labrenz (20ITHe authors observed matesecific prokaryotic communities

only under certain nutrielmited conditions. They hypothesized that potentigllgnore nutrients

were available, the quicker a conditioning diithprimary biofilmcould develop, the faster a
secondary, lessibstratespecific, biofilm could be establisii@therbeckmann, Kreikemeyer, and
Labrenz 2017Yhere is increasing evidence that environmental factors and not the plastic substrate
type has major impact on the microbial community compd¥itraght, Langille, and Walker 2020;
Oberbeckmann, Kreikemeyer, and Labrenz.2017)

The above discussibtits well intathe more holistic perspective that effects and fate of plastic marine
debris may vary considerably in different parts of the globalArmeaalZettler, Zettler, and Mincer

2020) Supposed thagtlastic communities vary temporatyd geogghicallythen there will be
variation in the transgopotential of invasive, harrhfar pathogenic species, their interaction with
plastieassociated organic pollutants, additives and riM&sS et al. 2003; Zettler, Mincer, and
AmaralZettler 2013; Amardlettler, Zettler, and Mincer 202Bjyant et al. (2016alculated for the

North Pacific Garbage Patch that the biomass of pelagic microbial communitiesl theeed
epiplastic autotrophic biomass by roughly three orders of magnitude. Epiplastic coououlechitees

of environmental importance since net oxygen production and respiration rates were significantly
higher than those of the pelagic commuyidtyant et al. 2016However, the evidence for the
ecological relevance of plastltabiting communiteecontributing to biogeochemical cycles still has

to be providedSchmittJansen et al. 2020)

In this work, | revealed some matespacific implications of different polyrhgreswith respect to

OM adsorption and biofilm succession and demonstrated that experiments and results have to be set

into the ontext of larger time frames. In specific, | demonstiaéed
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x The conditioning film differed between polymer types and wegtheatments.

X Mature freshwater biofilm communities were highly divergent in the early colonization phase

and that their taxonomical, structural and functional capacity convergjetkewith

4.3 Regulatory Implications of Weathering Plastic

JLUVW FRQFHUQVY DERXW DFFXPXODWLQJ SODVWLF ZDVWH KD
of plastic debris b@arpenter and Smith (197&0d the plastindustry reacted by starting to recycle
plastic materialgdditionally,the long history ofe.g.bisphenol A, today knowrs an endocrine
disruptorand phased out in the EU as Substance of Very High Concern,(SpitaGably the most
weltknown exanple for problems that lawmakers and regulators faceawBhRO\PHU -V VDIH)
assessme(tialden 2010)he reason fauchlate changes in regulatiothislack of knowledge and
precaution when placing substances and products on the market.
Forintentionally addedicroplastigssecalled primary microplastice Euopean Chemicals Agency
(ECHA) has undertaken steps forward to restriat tlse inconsumer products of any kijucst
recentlyMicroplastics havewbeen added to the registry of restriahtentionsandopiniondrafts
by theEuropeanChemicals$ J H Q FEECNA) Committee for Risk Assessment (RAC) and -Socio
economic Analysis (SEAC) are available to the (uGktA 2020) The reason fahis quite fast
legislative stefiorward laysin WKH 5%$&-V DF N QdR pléskicGpbHukdA @¥Va global
phenomenon, theolymerspersistnce and adverse effects so that risks are currently not adequately
controlled(ECHA 2020)see chapter 1.4 Plastic as a Planetargld@g)iThis ispositivefor the
environmental agencies, poblic andheenvironmental health. However, widarly emission rates
to the oceans of suchSULP D U\ p P LareleRiS aidol WowWdrFbétween2®& million tons/a
(Boucher and Friot 201 ®missions from mismanaged waste are estimated to repeaseqor
fraction of plastic inpubtthe seaf around 4.&12.7 million tons/édJambeck et al. 201B)erefore,
it is of utmost importance to inclugglymers as suchtime discussion of the approval process.

Today, polymers are generally (with some exceptions) exempt from registration (TITLE II)
and evaluation (TITLE VI) under Regulation (EC) No7/2806 REACH (REACH atrticle 2,
paragraph 9). Still, the regulation for Classification, Labelling and Packaging (CLP) applies for
polymers. What needs to be registered by any manufacturer or importer in the European Union is the
monomer substance (if cantariteria on percent monomer units in a polymer or the dduantity
is exceeded). For additives, the general REACH regulation applies if they are added in concentrations

above 2 % w/w andn annual quantity of above 1 ®(ZIRS 2011 Noteworthy, additives that are
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used to preserve the stability of the polymer and impurities are declared as part of the polymer and do
not need to be registered separately under REAIRIS 2011 Although exempted from registration
under REACH, a report prepared for the European Commission estimated that between 30 % and 50
% of all registered polymers may have properties that equilct rclassification as hazardous for
human health and/or the environm€é@ECD 2019; Commission 2012he regulatory framework
includes mechanisms to determine the eligibility of polymers for the exemption of registration mainly
basedon their unique physighemical properties that are generally different frorpatgmer
chemical substandgtenry et al. 2018hey are based on the general consensus by the OECD expert
JURXS RQ SRO\PHUV WKDW SRO\PHUV RI ORZ FRQFHUQ 3/&
environmental and human health impya@ECD 2009Henry et al. 2018)

With regard tany results othapter 2the regulation does not cover the potential of polymer
degradation anderewithconnectedelevance for human and environmental saféggynonstrated
that pristine polymers without (to my best knowledge) further blending and compoundiogidas it
generally not be the case for articles and consumer products, may already exhibit certain
ecotoxicological potential towardssitroand whole organism eblised bioassayRuplication lll,
Manuscript IA few standardized protocols exist tauat@lthe leaching and ecotoxicological potential
of solids and polymers in particular. Furthermore, accelerated ageing and subsequent testing guideline:
for plastics, polymers and composites are available, mainly designed to ensure that the materials anc
products meet their expected functionality and durability over their lieegnmetiie automotive
industry) (published by DIN, ISO, ASTM.etelowever, this does not necessarily cover hamaan
environmentakafetyassessments. The here presentedodathe ecotoxicologicalotential of
polymer leachates, especially with respect to the investigated environmentally relevant weathering
SURFHVVHVY UDLVHV FRQFHUQ DERXW WKH FXhetefdi@We(8: -V HC
should undertake all necessary steps to critically question the current practice and reconsider the

exemption of polymers under REACH.
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5. Recommendationsfor Future Work

The scientific publications and manuscripts qexben my thesis dewnstratethat weathering
processes have the potentialter the (eco)toxicological and ecological fate and impacts of aquatic
plastic debris. Abiotic and biotic degradation pathwagdalaycial role for the material properties

of synthetic polymeemnd their interacti@with the physical and biological environment. Polymers
can no longer be regarded as an inert materiabagadpondingly a strong argument can be made
thatlaboratory results should be complemented by or at least set into mamenentally relevant
scenariasThis may comprise the acknowledgementatheringnduced leaching and subsequent
effect potential by migotastics as well as the sudacelulating effects of @ and changing
microbial communities thedpidly build upraecoecoating (ecaorona and/or biofilms\Whether

the observed matersgdecific OM fractionation on different masized polymer substrates applies

to micre and nanoplastic particles as well needs to be addressed in future research since this may have
conseqguences not only for colonization but also foirtherentoxicity.

The fact thapolymerleachategeneratedinderacceleratedeathering conditions activated certain
cellulargene pathwayand showedilgae toxicityhould prompt us to criticalkeconsider the
exemption of polymers from the REACH registration and evaluation. Future studies should
complement the presented observations by including a higher numbekedfelevant polymer

types. Furthenore | could not assess whether negaffeets by leachatgenerallyncrease or may

also decrease with ongoing artificial weatheringUmder prolonged weatheringnditions the

emitted degradation products of conaarght besubject to furthephoto-degradatiorfdecreased

effect potential) or continuously maosgic substancesould be liberated and accumulate in the
leachate water (increased effect potential).

The material plastigasonceinventedas a convenient substitute for stone, wood or pottasy. It
designed to last for centurierg nowadaythismost desired featuiits durability, becomes its major
threat.Evidence is accumulating that plastic can affect human and environmental health. Therefore,
we have to change our way of product design, rellastics in a circular economy and rigorously

stop emissions.
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