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Zusammenfassung

Zusammenfassung

Die stetig steigende Produktion neuer synthetischer Stoffe sowie die Nutzung und Entsorgung
hunderttausender von Substanzen fir unterschiedlichste Anwendungsgebiete verstéarkt den weiterhin
global stattfindenden Eintrag schadlicher Stoffe in die Umwelt mit entsprechenden negativen
Wirkungen fiir Flora, Fauna und den Menschen. Dies erfordert eine umfassende Uberwachung und
Bewertung, die Uber die derzeitigen Kapazitaten der chemischen und biologischen Analytik sowie der
Okotoxikologie hinausgeht. Die effekt-dirigierte Analytik (EDA) tragt dieser Diskrepanz Rechnung,
indem sie sich an Wirkungen orientiert, ein breiteres Stoffspektrum als die herkdmmliche
Target-Analytik abdeckt und eine zielgerichtete Analytik effektrelevanter Substanzen mit
nachgeschalteten Analysemethoden ermdglicht. Eine EDA, die wirkungsbezogene Methoden mit
chromatographischen Techniken kombiniert, ermdglicht eine Fokussierung auf effektrelevante Teile
einer Probe.

In dieser Arbeit wurde die Hochleistungsdiinnschichtchromatographie (HPTLC) mit einem innovativen
transgenen Hefeassay (yeast multi-endocrine effect screen) kombiniert, der die gleichzeitige
Bestimmung estrogener, androgener und gestagener Wirkungen auf einer HPTLC-Platte ermdglicht
(HPTLC-YMEES). Zur Bestimmung von neurotoxischen Wirkungen wurde zudem ein
Acetylcholinesterase-Hemmungstest mit der HPTLC verknipft (HPTLC-AChE-1). Die Sensitivitat,
Prézision und Effizienz stehen bei den Untersuchungen im Mittelpunkt, um mit den optimierten
Methoden einen anwendungsbezogenen effizienten Nachweis von endokrinen und neurotoxischen
Umweltbelastungen zu ermdglichen. Zwei Mdglichkeiten die Hefesuspension und AChE-Lésung auf
HPTLC-Platten aufzutragen, Spriihen und Tauchen, wurden mittels Dosis-Wirkungs-Beziehungen von
Referenzsubstanzen verglichen. Der HPTLC-AChE-I wurde um eine chemische Oxidation erweitert, um
eine hdohere Sensitivitdt gegeniber Organothiophospahten (OTPs) zu erreichen. Abwasser-,
Regenwasser- und Oberflachenwasserproben wurden mit den beiden Bioassays hach
chromatographischer Auftrennung mittels HPTLC analysiert. Insbesondere der Einfluss von
regenabhangigen Einleitungen wurde untersucht.

Beide Methoden ermdglichen den zuverlassigen Nachweis umweltrelevanter Konzentrationen der
untersuchten Referenzhormone und OTPs. Dennoch ist eine weitere Steigerung der Sensitivitat
wilinschenswert, um eine hohe Anreicherung zu vermeiden. Im Vergleich zur Tauchmethode wurde
eine hohere Sensitivitat erreicht, indem die Hefesuspension oder AChE-Losung auf HPTLC-Platten
gespriht wurde. Ein optimiertes Spruhverfahren fiihrte zu einer gleichmaRigeren Verteilung der
Hefezellen auf der HPTLC-Platte und ergab die hochste Prazision. Aufgrund der hoheren Sensitivitat
und Préazision wird empfohlen Hefezellen auf HPTLC-Platten zu spriihen. Im Gegensatz dazu wird trotz
der etwas hoheren Sensitivitat der Sprihmethode aufgrund einer héheren Effizienz empfohlen, die

HPTLC-Platten in die AChE-L6sung zu tauchen. Die Mdglichkeit, drei endokrine Wirkungen gleichzeitig
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auf einer HPTLC-Platte zu bestimmen, ist sehr effizient und daher fiir eine komplexe EDA besonders
geeignet, erfordert jedoch weitere Anpassungen. Der HPTLC-AChE-I Ansatz wurde erfolgreich durch
eine chemische Oxidation mit N-Bromsuccinimid erweitert (HPTLC-Ox-AChE-1), wodurch die
Sensitivitat gegentber OTPs deutlich erhéht werden konnte.

Die Untersuchung von regenabhédngigen Einleitungen ergab, dass Regeniberlaufbecken bei
Regenwetter eine ahnliche oder sogar hohere endokrine Belastung des Vorfluters im Vergleich zu
Klaranlagen verursachen kénnen. Zudem wurde mit der verwendeten EDA ein AChE-I Effekt in einem
an eine Autobahn angeschlossenen Regenbecken detektiert. Allerdings konnte dieser Effekt mit der
verwendeten suspect- und non-target Analytik unter Verwendung der hochauflésenden
Massenspektrometrie, wahrscheinlich aufgrund von stérenden Substanzen und Matrixeffekten, keiner
verantwortlichen Substanz zugeordnet werden.

HPTLC-YMEES und HPTLC-Ox-AChE-I eignen sich fir eine EDA und ermdglichen die Detektion von
mehreren endokrinen und AChE hemmenden Effekten in Oberflachen-, Regen- und Abwasser. Die
HPTLC in Kombination mit wirkungsbezogener Analytik ist eine sinnvolle Methode effektrelevante
Teile einer Probe zu detektieren und aufgrund der reduzierten Probenkomplexitat die
Wahrscheinlichkeit einer nachfolgenden Identifizierung verantwortlicher Substanzen mit weiteren
analytischen Methoden zu erhdhen. Die EDA ist eine Mdglichkeit die Liicke, die zwischen dem Eintrag
von Substanzen in die aquatische Umwelt und dem Monitoring und der Bewertung dieser Belastungen
besteht, zu verkleinern. Mit der EDA kénnen Wirkungen und verantwortliche bekannte, aber auch
unbekannte Substanzen effizient erfasst werden, um so das Wissen tber Umweltbelastungen zu

erweitern und eine Grundlage fiir geeignete Vermeidungsstrategien zu schaffen.



Summary

Summary

The constantly increasing production of new synthetic substances, as well as the use and disposal of
hundreds of thousands of substances for a wide variety of applications, intensifies the ongoing global
release of harmful substances into the environment, with corresponding negative effects on flora,
fauna and humans. This require comprehensive monitoring and assessment, which is beyond the
current capabilities of chemical and biological analysis as well as ecotoxicology. Effect-directed analysis
(EDA) takes this discrepancy into account by focusing on effects, covering a broader range of
substances than conventional target analysis, and enabling the targeted analysis of effect-relevant
substances with subsequent analytical methods. An EDA that combines effect-based bioanalytical
methods with chromatographic techniques makes it possible to focus on the effect-relevant parts of a
sample.

In this work, high-performance thin-layer chromatography (HPTLC) was combined with an innovative
transgenic yeast assay (yeast multi-endocrine effect screen), which allows the simultaneous
determination of estrogenic, androgenic, and gestagenic effects on one HPTLC plate (HPTLC-YMEES).
To determine neurotoxic effects an acetylcholinesterase inhibition (AChE-I) assay was also coupled to
HPTLC (HPTLC-AChE-I). Sensitivity, precision and efficiency are in the focus of the investigations in
order to enable an application-oriented and efficient detection of endocrine and neurotoxic
environmental pollution with the optimized methods. Two methods for application of the yeast
suspension and AChE solution on HPTLC plates, spraying and immersion, were compared using dose-
response relationships for reference substances. A chemical oxidation step was integrated in HPTLC-
AChE-I to achieve higher sensitivity to organothiophosphates (OTPs). Wastewater, stormwater, and
surface water samples were analyzed with the two bioassays after chromatographic separation using
HPTLC. In particular, the influence of stormwater-dependent discharges was investigated.

Both methods allow reliable detection of environmentally relevant concentrations of the reference
hormones and OTPs analyzed. Nevertheless, a further increase in sensitivity is desirable to avoid high
enrichment. Compared to the immersion method, a higher sensitivity was achieved by spraying the
yeast suspension or AChE solution onto HPTLC plates. An optimized spraying procedure resulted in a
more homogeneous distribution of yeast cells on the HPTLC plate and the highest precision. Due to
the higher sensitivity and precision, it is recommended to spray yeast cells onto HPTLC plates. In
contrast, despite the slightly higher sensitivity of the spray method, it is recommended that the HPTLC
plates be immersed in the AChE solution due to a higher efficiency. The ability to simultaneously
determine three endocrine effects on one HPTLC plate is very efficient and therefore well suited for a
complex EDA, but requires further adjustments. The HPTLC-AChE-I approach was successfully
extended by chemical oxidation with n-bromosuccinimide (HPTLC-Ox-AChE-I), which significantly

increased the sensitivity to OTPs.
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Summary

In the study of stormwater-dependent discharges it was found that combined sewer overflows can
cause similar or even greater endocrine stress to receiving waters than wastewater treatment plants.
In addition, an AChE-I effect in a stormwater basin connected to a highway was detected with the EDA
used. However, this effect could not be assigned to a responsible substance by suspect and non-target
high resolution mass spectrometry analysis, probably due to interfering substances and matrix
effects.

HPTLC-YMEES and HPTLC-Ox-AChE-l, are suitable for EDA and allow the detection of multiple
endocrine and AChE inhibitory effects in surface water, stormwater and wastewater. HPTLC combined
with effect-based methods is a useful method to detect effect-relevant parts of a sample and increase
the probability of subsequent identification of the responsible substances by further analytical
methods due to reduced sample complexity. EDA is one way to narrow the gap between inputs of
substances to the aquatic environment versus the monitoring and assessment of those loads. With
EDA, effects and responsible substances, both known and unknown, can be efficiently detected to
increase knowledge of environmental contamination and provide the basis for appropriate mitigation

strategies.



Table of Contents

Table of Contents

= LU oo PSPPSR [
ZUSAMMIENTASSUNG. ...t eee ettt ettt e e e e e e e ettt e e e e e e e s e ettt e eeeeeeesesanenenaneaeeaeesaansnnneeeeeas Il
8]0 0100 T o PP PPTTTPTRTRPRPRRRN v
TADIE OF CONEENTS ...ttt e e e e e e e e e et e e e s s Vi
1 General INTrOQUCTION .......coiuiiiiiiii ettt 1
1.1. Planetary boundary of NOVEl NTILIES........cceiveieiiiice e e 1

1.2. Environmental fate and (eco)toxicology fi Anthropogenic contamination of the environment.. 1
1.3. The Endocrine system and its disruption fi Endocrine-disruptive compounds in the aquatic

L 0NV (o] a4 4= o | TSRS PP 5
1.4. Neurotoxicity i Acetylcholinesterase inhibitors in the aquatic environment................cccoeu.... 13

1.5. Effect-directed analysis for comprehensive characterization of environmental samples and

investigation of anthropogenic POIULION...........ccooi i 16
1.6, REFEIEINCES... .ottt 21
B 11 0 ES3R= T g To T = SRS 34
3 High-performance Thin-layer Chromatography in Combination with a Yeast-based Multi-effect
Bioassay to Determine Endocrine Effects in Environmental Samples ..........ccccccoviiiiiiiienenenn. 36
B L. ADSEIACT ...ttt R 36
3.2, INEFOTUCTION ..t bbbttt bbbt e bt b e bbbt e 37
3.3, Materials and METNOUS .........oviiiiiie ettt 39
3.4, RESUILS AN ISCUSSION. ......eeueirieiieiiitisii sttt bbbttt ettt b s 43
3.5, CONCIUSION ...t bbbt bbbttt bbbt 55
3.6, ACKNOWIEAGEMENTS. ... .ot bbbttt b et 56
BT FUNGING ..ttt b bbb et h bbbttt bbbt 56
3.8, RETBIBINCES. ... 56
IR TR Y o] o 1=1 o Lo [ GRS SSROTRTRPR 60

4 High-performance Thin-layer Chromatography in Combination with an

Acetylcholinesterase-inhibition Bioassay with Pre-oxidation of Organothiophosphates to

Determine Neurotoxic Effects in Storm, Waste, and Surface Water.........ccoovveeeeiiiiiiieieenennnnn, 70
AL ADSETACT ...ttt b 70
4.2, INEFOTAUCTION ...ttt b bbbttt b b e 71
4.3. Materials and METNOUS ..........ciiiiiiiiii e 72
4.4, ReSUILS AN AISCUSSION. .....ccviiiiiiiiirieiiteie ettt 76
4.5, CONCIUSION ...ttt bbb bbbttt r e 84
4.6.  ACKNOWIEAGEMENTS......c.viiii ittt et et e e e st e s re e tesre e s e steenaesaesreenaenreas 84

Vi



Table of Contents

O A ¥ o [ o TS TSSPSSRN 84
T O o< Yo oS TRRP 85
4.9, RETIEIENCES.... ..ottt bbb bbb 85
O Y o o 1= 3o | SRS 89
5 Effect-directed Analysis of Endocrine and Neurotoxic Effects in Stormwater-Dependent

D To] T 1= PSPPSR 97
5.1 ADSTIACT ...t r ettt r e 97
5.2, INEFOTUCTION ...ttt b et r et b e nn e nn e nen e 97
5.3.  Material and METNOUS........c.oviiiiiii s 99
5.4.  RESUILS AN ISCUSSION......c.eeueiiiiiieiiiiistist ettt 105
5.5, Conclusion and OULIOOK ...........ccuiiiiiiiieeee e 111
5.6, ACKNOWIBAGEMENTS. ...ttt ettt st e e seeereebesne e e e sbeaneeneenees 112
5.7, RETBIBNCES. ...t 112
5.8, APPENTIX ..ttt bbb bttt bbb b e 117
6 General Conclusions and OULIOOK. ............uiiiiiiiiieiiiiie et 139
8.1, RETEIENCES. ...ttt bbbttt e e 149
LY o] 61T o [ PP PPPPPPPPPPPI VIII
LIST OF FIGUIES... ettt b bbb bbbt b bt bbbt e st b Vil
LISE OF TADIES ...ttt e st e e s e s bease e besre e eeste e e e nreereenbenre s X
LISt OF ADDIEVIALIONS. ...ttt bbbt be e Xl
IS A0 01U o] 0% U0 g ISP XV
Declaration of Scientific CONTIDULIONS ...........c.ooviiiiiiic e XVI
CUTICUIUIM VITBE ...ttt bbbt bbbttt b e XVI
DANKSAGUING ...ttt ctie ettt ettt s b e et e e besbeete e besheeeesbesaeesbeebeesbesbeeteesbesaeessebesaeeseestaansestesteentenreas XVII

Vil



General Introduction

1 General Introduction

1.1. Planetary boundary of novel entities

Chemical pollution of the environment is one of the "planetary boundaries" postulated by ROCKSTROM
et al. (2009) in which humans can safely live and develop. In fact, Arp et al. (2023) describe that
10-20 million new substances are currently registered with the Chemical Abstract Service (CAS) each
year, in addition to the more than 200 million substances already listed. According to WANG et al.
(2020), more than 350,000 chemicals and mixtures are approved for use worldwide. PERSSON et al.
(2022) assume that humanity has passed the planetary boundary for novel entities, as production and
inputs to the environment exceed the capacity for monitoring and assessment. Safe human
development would thus be jeopardized, and defined goals such as good ecological and chemical

status of water bodies under the Water Framework Directive (WFD) may not be achieved (EU, 2000).

1.2. Environmental fate and (eco)toxicology fi Anthropogenic contamination of the
environment

The extensive production and use of chemicals, as well as the daily chemical processes in our
industrialized society, cause far-reaching problems when substances do not remain in a closed system
but are released into the environment. This can happen in several ways. Substances can evaporate or
leach out of materials during degradation, but they can also be released directly into the
environmental compartments of the geosphere as waste products, either intentionally for use or
accidentally. Major pathways to the hydrosphere include discharges of untreated and treated
wastewater, point and diffuse discharges of surface runoff as well as atmospheric deposition (BRUSSEAU
AND ARTIOLA, 2019; WALKER et al., 2019). After a substance is released into the air, water, or soil, it
undergoes various transport and transformation processes (Figure 1-1). The distribution, dilution,
accumulation, transformation and degradation of a substance, as well as the temporal and spatial
dimensions of these processes, are determined by abiotic and biotic factors in the respective
environmental compartments, as well as by the properties of the specific substance (HEMOND AND
FECHNER-LEVY, 2023).

In the environment, organic pollutants can be divided into classes based on persistence, fate, and
toxicity. Persistent organic pollutants (POPs) are difficult to degrade and therefore remain in the
environment for a long time. They have the potential for long-range atmospheric transport and can
thus be distributed globally (EISENREICH et al., 2021). Persistent, bioaccumulative and toxic (PBT), and
very persistent and very bioaccumulative (vPvB) pollutants are persistent, non-polar substances that
bind to biomass and particles, accumulate in the food chain and have toxic properties. Under REACH,
chemicals are evaluated according to these properties (EU, 2006). Persistent mobile organic

compounds (PMOCs), on the other hand, are not yet explicitly covered under REACH but have a high
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polarity and are therefore very hydrophilic, making them highly mobile in aguatic systems and capable
of penetrating aquifers and endangering drinking water resources (REEMTSMA et al., 2016; JIN et al.,
2020). PMOCs are difficult to remove using conventional water treatment methods and there is a need
for other than the established analytical methods to detect them (KNEPPER et al., 2020). If these
substances additionally exhibit toxic properties, they can be described as persistent, mobile and toxic
(PMT) or very persistent and very mobile (vPvM). They may represent an equivalent level of concern
as PBT and vPvB substances (HALE et al., 2020) and appear to be abundant in the aquatic environment

(NEUWALD et al., 2021).

Environmental Environmental Individual effects
contaminants interactions (Adverse outcome pathway)
Metals ( Dilution \ / \
PetProcl?e.r;lcaIs Transport Molecular interactions
esticides Transformation
Pharmaceuticals Distribution Celllular responses
Sewage... in
f Air Physiological effects
Water
Sources Soil Loss oiﬁtness
( ) \ Impaired growth,
Disposal reproduction,
Ute Exposure \behaviour and survival/
Syntfhesis Bioavailability
Uptake
Extraction I\E/:gta'\botlism
imination .
Ecological effects
Population effects
Regulation,
enforcement Risk Community effects
f assessment Ecological change
. Ecosystem services
Risk / . y
manageme nt

Figure 1-1 Environmental fate, ecotoxicology and risk assessment of contaminants released to the
environment from anthropogenic sources. Adopted from WELBOURN AND HODSON (2022) in a modified
version.
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Exposure of an organism to contaminants requires that substances are bioavailable (Figure 1-1). The
bioavailability of a substance depends on abiotic and biotic factors in the particular contaminated
system and can change with changing conditions. Together with the properties of the substance and
the concentration in the relevant medium, this determines the probability of uptake. In animals and
humans, contaminants are primarily absorbed through the digestive system, the respiratory tract, i.e.
lungs or gills, or the skin. In plants, this occurs through the leaves and roots. Excluding uptake processes
such as endocytosis, substances are absorbed in a dissolved state. After exposure and uptake,
depending on their properties, substances are distributed in the body, transported to specific areas or
organs, and metabolized by the organism. Depending on their persistence and lipophilicity, substances
may be stored and accumulated in tissues for shorter or longer periods of time. If a substance is very
bioaccumulative, the concentration in the tissue may continue to increase with increasing trophic
level. The result is biomagnification, in which the substance accumulates in the food chain. Elimination
in the organism occurs either directly by excretion or by biological transformation of the substance
into a subsequent product. Due to altered properties, metabolites have a different behavior and effect
in the organism than their parent compounds (CAMPBELL et al., 2022).

Substances become problematic when they exhibit toxicity to organisms. The adverse outcome
pathway describes the mode of action (MoA) of a substance with the respective consequences of the
interlinked key events along different biological levels of organization (Figure 1-1). After exposure and
uptake, a molecular initiating event occurs at the site of action (SoA), such as an interaction between
a contaminant and a molecular receptor, which triggers a biochemical response. The amount of a
pollutant determines the strength of the triggered signal or the achievement of an effect plateau
(dose-response relationship), e.g., when all receptors are occupied. The biochemical signal triggered
by a substance at the SoA leads to further effects from the cellular level through the organs/tissues to
the organism itself. Exposure to contaminants can cause various physiological and developmental
consequences in organisms. Growth, reproduction, and behavior may be affected, and mortality can
increase. Outside the organism, the chain of effects can affect the fitness of the entire population,
which in turn can affect the composition and interactions in communities and the ecosystem.
Ecological structures and functions can change, and ecosystem services might be lost (HODSON AND
WRIGHT, 2022a). Estimating the ecological effects of pollutants is very complex due to the various
abiotic and biotic influencing factors in the contaminated ecosystem, the different MoAs and
interactions in pollutant mixtures, and the increasingly complex individual and ecological effects at
different biological levels (molecular to ecosystem). The significance of ecotoxicological bottom-up
assessments based on individual tests of a few model species in the food web and the resulting risk
assessment is thus limited in terms of ecological consequences (WINDSOR et al., 2018; HODSON AND

WRIGHT, 2022a).
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The interaction between changing environmental variables as a result of climate change and pollutant
loads may influence toxicokinetic and -dynamic processes as well as entail altered ecological
consequences. Pollution of ecosystems and the associated weakening of organisms and populations
can reduce resilience to changing environmental conditions and the ability to adapt to new living
conditions. Conversely, sensitivity to a chemical may increase when environmental variables reach an
organism's tolerance level (HOOPER et al., 2013; WRIGHT AND CAMPBELL, 2022). A simple example of
changing exposure conditions in advancing climate change is the increased frequency of prolonged
droughts, which can lead to high concentrations of pollutants in water bodies with low water levels,
further increasing toxic exposure to living organisms. According to DECOURTEN et al. (2019), exposure
to endocrine-disruptive compounds (EDCs) and their effects on aquatic organisms may change in the
context of altered abiotic factors, such as oxygen depletion, acidification, and alterations in
temperature and salinity due to climate change. The global loss of biodiversity may be exacerbated by
pollutant loads in conjunction with the effects of global climate change. Ultimately, exposure to
pollutants can affect the entire biosphere and have global consequences.

In summary, substances introduced into the environment can have adverse effects on flora, fauna, and
humans. They can alter or disrupt processes and cycles from the molecular level in organisms to the
global scale along their adverse outcome pathway. Interacting with other planetary processes, such as
global climate change, the effects of pollution can be amplified. In this way, the planetary boundary of
novel entities can be further exceeded, accelerating other boundaries such as biodiversity loss and

making human development unsafe due to lack of ecosystem services.



General Introduction

1.3. The Endocrine system and its disruption i Endocrine-disruptive compounds in
the aquatic environment

The endocrine system is a chemical communication network that, through the specific transport and
action of hormones, results in a wide range of different biological responses in vertebrates and
invertebrates and controls essential physiological and developmental functions of an organism. The

hypothalamic-pituitary axis regulates formation and release of hormones in vertebrates (Figure 1-2).
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Figure 1-2 The hypothalamic-pituitary axis controls the synthesis and release of hormones. Releasing
hormones (CRH, corticotropin-releasing hormone; GnRH, gonadotropin-releasing hormone; TRH,
thyrotropin-releasing hormone; GHRH, growth hormone-releasing hormone) and release-inhibiting
hormones (somatostatin; PIH, prolactin-inhibiting hormone) are formed in the hypothalamus,
transported to the adenohypophysis and initiate or inhibit the formation and release of glandotropic
(ACTH, adrenocorticotropic hormone; LH, luteinizing hormone, and FSH, follicle-stimulating hormone;
TSH, thyroid-stimulating hormone) and effector (GH, growth hormone and prolactin) hormones. The
effector hormones antidiuretic hormone (ADH) and oxytocin are formed in the neurohypophysis
triggered by neural stimulation emanating from the hypothalamus. Effector and glandotropic
hormones are transported to different target organs. ACTH, FSH and LH, and TSH stimulating the
formation of glucocorticoids, estrogens and androgens, triiodothyronine (T3) and thyroxine (T4).
Adopted from: | Care. Anatomie Physiologie, 2. Aufl., Stuttgart, Thieme 2020: Abb. 11.6.



General Introduction

In this process, neurohormones (hypophysiotropic hormones) are formed in the hypothalamus by
sensory information in neurosecretory cells, transported via the bloodstream to the adenohypophysis,
and act as releasing factors on tropic secreting cells, initiating or inhibiting the formation and release
of tropic and effector hormones. Along the three endocrine axes hypothalamic-pituitary-adrenal
(HPA), -gonadal (HPG), and -thyroid (HPT), the respective tropic hormones are transported to the
adrenal cortex (adrenocorticotropic hormone, ACTH), to the gonads (luteinizing hormone, LH and
follicle-stimulating hormone, FSH), and to the thyroid gland (thyroid-stimulating hormone, TSH). They
stimulate the formation and release of the respective effector hormones in the target organ. HPA leads
to the formation of glucocorticoids and mineralocorticoids, which regulate for example glucose level
and blood pressure. HPG leads to the production of estrogens and androgens, which regulate
reproduction. HPT leads to the formation of triiodothyronine (T3) and thyroxine (T4), which regulate
temperature and energy balance as well as metabolism. Growth hormone (GH), which regulates
growth, and prolactin (PRL), which is responsible for milk production in mammals, are formed directly
in the adenohypophysis, triggered by the corresponding neurohormones from the hypothalamus, and
transported as effector hormones to the corresponding organs. Neurosecretory cells connecting the
hypothalamus to the neurohypophysis allow direct formation of the antidiuretic hormone (ADH),
which regulates ion and water balance, as well as oxytocin, which control parturition and reproduction
(METCALFE et al., 2022a).

The gonadotropins LH and FSH regulate sexual development and reproduction in mammals. They act
in the ovaries and testes on estrogen and androgen production, regulating oogenesis and
spermatogenesis. ACTH regulates the formation of mineralocorticoids and glucocorticoids in the
adrenal cortex. Estrogens, androgens, mineralocorticoids, and glucocorticoids are steroid hormones
with a similar structure based on the underlying polycyclic alcohol cholesterol. The biosynthesis of
steroid hormones begins in the mitochondria with the transformation of cholesterol to the gestagen
pregnenolone (Figure 1-3). Various enzymes, in particular cytochromes P450, are involved in the entire
steroid hormone genesis. Starting with pregnenolone and the other gestagens, androgens, estrogens,

mineralocorticoids, and glucocorticoids are formed (METCALFE et al., 2022a).
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Figure 1-3 Genesis of the major classes of steroid hormones: progestagens, mineralocorticoids,
glucocorticoids, androgens, and estrogens. Shown are the Enzymes involved in human steroidogenesis,
their cellular location, substrates, and products. White circles indicate changes in molecular structure
compared with precursors. Adopted from HAGGSTROM AND RICHFIELD (2014).

1An endocrine-disrupting chemical (EDC) is an exogenous chemical, or mixture of chemicals, that can
interfere with any aspect of hormone actionT (ZOELLER et al., 2012). EDCs can be substances that are
not hormones but, due to their structure, have the ability to bind to a hormone receptor (HR) or
otherwise disrupt the hormone balance and genesis of an organism. These include substances from a
wide variety of groups including heavy metals or organic pollutants such as polycyclic aromatic
hydrocarbons. But also various synthetic substances from diverse groups, including pharmaceuticals
such as ibuprofen and carbamazepine, personal care products containing for example parabens,
plasticizers such as phthalates, flame retardants such as polybrominated diphenyl ethers (PBDEs),
pesticides such as organotin and organochlorine compounds, triazines and polychlorinated
dibenzofurans (PCDFs), and other industrial chemicals such as perfluorinated chemicals (PFCs),

polychlorinated biphenyls (PCBs), bisphenol A and its substitutes, as well as by-products, intermediates
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and degradation products such as polychlorinated dibenzodioxins (PCDDs) and nonylphenol, are
among the EDCs. Ly IRRIli2y (2 28yIKS10 K21Y 2ySa 30K I-4 mrh-ethinylestradiol (EE2), natural steroid
hormones such as estrone (E1), estradiol (E2), and estriol (E3), which enter organisms in unnatural
ways and amounts and thus affect hormone balance, are also considered EDCs (ROCHESTER AND BOLDEN,
2015; KASONGA et al., 2021; PIRONTI et al., 2021; METCALFE et al., 2022a). Moreover, EDCs include
transformation products (TPs) that may be formed, for example, by metabolism, biodegradation,
photolytic degradation, or during various industrial processes as well as wastewater and drinking water
treatment measures, but whose pathways and endocrine potential have often not yet been sufficiently
investigated (KNooP et al., 2018a; GONSIOROSKI et al., 2020; OJOGHORO et al., 2021; BROCKER et al., 2022;
CARSTENSEN et al., 2022; K[!b2.2 et al., 2022; NOWAK AND JAKOPIN, 2023).

Due to their diversity and different structures, EDCs have different MoAs in the endocrine system and
along the endocrine axes. They can mimic (agonists) or inhibit (antagonists) the action of naturally
occurring hormones in the organism at the molecular and cellular level, affect the biosynthesis and
homeostasis of hormones and the enzymes involved, interfere with the function of hormone transport
proteins or neuroendocrine axes (neuroendocrine disruption). When EDCs, as well as natural
hormones, bind to corresponding nuclear HRs and activate (agonistic effect) or block
(antagonistic effect) them, they affect the transcription of a gene and change gene expression
(METCALFE et al., 2022a). Estrogens, androgens, gestagens, glucocorticoids, and mineralocorticoids
have associated nuclear receptors that, when activated, act as transcription factors and bind to genes
with the corresponding response elements in the nucleus (OJOGHORO et al., 2021; METCALFE et al.,
2022a). Each individual natural and synthetic ligand has a different degree of potency toward the
specific receptor (KUIPER et al., 1997; JEYAKUMAR et al., 2011). HRs in vertebrates may differ from each
other, as is partially the case in humans and fish, resulting in different affinities of ligands such as
gestagens to interspecific gestagen receptors, making cross-species statements not straightforward
(VAN DEN BELT et al., 2004; OJoGHORO et al., 2021). EDC-induced disruption of natural hormonal
communication can result in various short- and long-term toxic effects at the organism level, involving
physiological homeostasis, metabolism, reproduction, development, growth, and behavior. Studies
include humans and other mammals, as well as fish, amphibians, birds, reptiles, and various
invertebrates (GORE et al., 2015; GONSIOROSKI et al., 2020; TRUDEAU et al., 2020; YILMAZ et al., 2020;
OJOGHORO et al., 2021; METCALFE et al., 2022a). EDCs also have the ability to affect gene expression
through epigenetic modification without altering the DNA sequence, allowing for effects in subsequent
generations (WARNER et al., 2020). The challenge with ecotoxicological studies, which are mainly
conducted at the laboratory scale, is the applicability to environmental exposure scenarios,
since, among other things, the concentrations investigated in the laboratory are often

higher than the detected environmental concentrations (METCALFE et al., 2022a).
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The study by KipD et al. (2007), which cannot be repeated from a bioethical point of view, is a clear
demonstration of the negative effects of estrogens on a fish population in a whole-lake study. The
population of Pimephales promelas (RAFINESQUE, 1820) was nearly extinct after chronic exposure to
5-6 ng/L of EE2. The authors observed a feminization of male fish based on the production of
vitellogenin mRNA and protein, as well as a change in gonadal development and oogenesis in males
and females, respectively. Because EDCs occur in mixtures in the aquatic environment, there are
mixture toxicities, i.e., effects that may be different from those caused by individual substances. HAMID
et al. (2021) urgently recommend intensifying research in this area for risk assessment of EDCs.
According to MARLATT et al. (2022), the long-term effects of EDCs should be investigated more
intensively in studies at the population level, with more attention to field observations. In addition,
they suggest that interdisciplinary research is appropriate due to the multidisciplinary nature of EDCs
and adverse endocrine effects with implications for humans and animals.

Endocrine changes and diseases observed in natural populations show the true ecotoxicological impact
and concentrations found in various aquatic matrices, the magnitude of exposure to EDCs. EDCs have
been globally dispersed in the hydrosphere by human activities and have been detected in almost all
aquatic compartments, so both aquatic organisms and humans may be exposed to EDCs and their
adverse effects (GONSIOROSKI et al., 2020; SACDAL et al., 2020; KASONGA et al., 2021; PIRONTI et al., 2021;
DUENAS-MORENO et al., 2022; FINCKH et al., 2022; GOEURY et al., 2022; BALAKRISHNA et al., 2023). Although
many EDCs are known, it is difficult to identify the actual endocrine disruptors because effects in
aquatic environmental samples are usually caused by a mixture of various known and unknown
substances (BrRACK et al., 2019). Endocrine agonistic and antagonistic effects have been detected in the
aquatic environment on a global scale in many surface waters, wastewaters, and in areas with different
land uses without knowing the triggering substances (ITzeL et al., 2018; De BAAT et al., 2019; ARCHER et
al., 2020; STAVREVA et al., 2021; YusUF et al., 2021; KIENLE et al., 2022). Synergistic, inhibitory and
masking interactions may occur due to the different agonistic and antagonistic endocrine effects
induced by different EDCs in complex aquatic samples (ITzEL et al., 2019; PANNEKENS et al., 2019).
Treated and untreated wastewater and surface runoff are the main routes for EDCs to enter the
aquatic environment (PIRONTI et al., 2021). Many EDCs cannot be retained or degraded in conventional
wastewater treatment plants (WWTPs) and are therefore discharged into receiving waters (SPATARO et
al., 2019; I7zeL et al., 2020; ZWART et al., 2020; GROBIN et al., 2023). Depending on the land use,
stormwater runoff may contain various EDCs that have been washed off the surface or leached from
materials and enter water bodies diffusely via surface runoff or selectively via stormwater structures
(PARAJULEE et al., 2017; LAMPREA et al., 2018; MASONER et al., 2019; HAVENS et al., 2020; MULLER et al.,
2020; WIcke et al., 2021; MULLER et al., 2022). During heavy rainfall that exceeds the capacity of

combined sewer systems, untreated wastewater is discharged from combined sewer overflows (CSOs),
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introducing wastewater-like substances into water bodies that can have endocrine disrupting effects
(BOTTURI et al., 2021; SHULIAKEVICH et al., 2022; WOLF et al., 2022). With an observed increase in the
frequency and intensity of heavy precipitation likely due to climate change, such loads will become
more important (NISSEN AND ULBRICH, 2017; IPCC, 2023).

Due to the inadequate treatment performance of conventional wastewater treatment plants for many
micropollutants, various systems are used to retain or transform them into less toxic metabolites. The
performance of the various physical, chemical, electrochemical and biological treatment methods
depends on the physico-chemical and biological properties of the materials, organisms and processes
used, the properties of the substances, and the process conditions (temperature, pH, etc.), as well as
the co-existence of process-promoting or process-inhibiting substances and matrix components (VIEIRA
etal, 2021; Azizi et al., 2022; Lim et al., 2022).

Physical treatment uses the process of adsorption to bind substances to a material. Adsorption can be
improved by maximizing the surface area and by exploiting certain material properties. A wide variety
of high surface area materials are used, most commonly activated carbon, but also carbon nanotubes
and silicate minerals such as zeolites. Adsorption is considered to be an effective treatment method
for various EDCs or the reduction of hormonal activities (VOLKER et al., 2019; Azizi et al., 2022). Another
physical treatment technigue is membrane filtration. Depending on the pore size of the membrane,
this can be divided into microfiltration, ultrafiltration, nanofiltration and reverse osmosis. The key
process that allows EDCs to be retained is filtration through the size of the membrane pores. The finer
the pores, the more energy is required to build up the pressure necessary to push the wastewater
through the membrane. Other retention processes include electrostatic, where the membrane is
charged by functional groups, and physicochemical, where substances are adsorbed to the membrane
(Azizi et al., 2022). In summary, these physical treatments are technologies that retain EDCs and other
contaminants. As a result, the contaminants are present in concentrated form in the adsorbent or
filtrate and require further treatment.

Advanced oxidation processes (AOPs) convert contaminants into less complex TPs, allowing for easier
removal with subsequent treatment steps. Some of the methods, such as ozonation, are already in
full-scale operation (TUERK et al., 2016; ITzEL et al., 2017; Lim et al., 2022), while others have been
studied primarily on a laboratory or pilot scale (VIEIRA et al., 2021). Processes such as photolysis,
photocatalysis, ozonation, sonolysis and Fenton reaction are based on the formation of oxidizing
radicals and their reaction with the target substance. Normally, toxicity is reduced by AOPs because
the reaction takes place at the functional groups of the target substances. For example, the endocrine
potential of TPs is usually significantly lower than that of parent estrogens (LEE et al., 2008). AOPs can
achieve high efficiencies in removing micropollutants, hormonal activities, and other effluent toxicities

(WESTLUND et al., 2018; VOLKER et al, 2019; VIERA et al., 2021; WoLF et al., 2022).
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During AOPs, toxic oxidation byproducts, such as bromates, and TPs from micropollutants, that have a
new or higher toxicity than the parent compound, may be formed (Lim et al., 2022). The formation of
oxidation byproducts and TPs, which can result in a change in the toxicity of the effluent, depends,
among other things, on the properties and concentrations of the reactive species and organic
pollutants, residual oxidants, dissolved organic matter, and the parameters set for the AOP (KHAREL et
al., 2020; VIEIRA et al., 2021; WANG AND WANG, 2021). The formation of substances with genotoxic and
mutagenic properties is of particular concern (Miaik et al., 2020). The problem of endocrine active TPs
and resulting hormonal activities after AOPs has already been documented (KNOoP et al., 2018b), but
requires more intensive monitoring and further research to better determine the frequency, risks, and
influencing factors.

In addition, biological aerobic and anaerobic processes such as membrane bioreactors can contribute
to the reduction of EDCs mainly through biodegradation and adsorption to activated sludge. Biological
methods are highly variable in their effectiveness due to species dependency and community
composition and may not achieve complete degradation of EDCs. More research is heeded on the
efficacy and practicality of biological methods, such as the use of biofilms or approaches using
microalgae, fungi and enzymes. Nevertheless, biological treatment processes promise to be a
sustainable alternative to physical and chemical treatment to remove EDCs from wastewater through
biodegradation (GADUPUDI et al., 2021; Roccuzzo et al., 2021; Azizi et al., 2022; MOUKHTARI et al., 2023).
Hybrid solutions offer a good opportunity to increase treatment performance or to compensate for
disadvantages of a single method. A combination of biological processes with AOPs is useful to bind or
degrade TPs, e.g., from ozonation, with subsequent biological treatment steps to reduce the toxicity
of the effluent and prevent for example endocrine active metabolites from entering receiving waters
(ITzeL et al., 2020; WANG AND WANG, 2021). The combination of ozonation and activated carbon is also
a method already in use for the reduction of reaction products (ITzEL et al., 2018; KIENLE et al., 2022).
The combination of different AOPs, such as ozonation in combination with photolysis or Fenton, can
increase reaction kinetics, improve pollutant degradation and mineralization, and reduce toxicity in
the effluent (VIEIRA et al., 2021).

In addition to pollution from WWTPs, discharges of untreated wastewater from CSOs impacting the
aquatic environment. Various nature-based solutions and technical processes can be used to treat
wastewater discharged from CSOs (BOTTURI et al., 2021). Constructed wetlands, bioretention filters or
retention soil filters are widely used in practice in different designs and combinations to reduce organic
carbon, chemical oxygen demand, ammonium, and phosphorus but also micropollutants, such as EDCs,
as well as undesired microorganisms and bacteria (SCHEURER et al., 2015; TONDERA et al., 2019; BOTTURI
etal., 2021). They can be used to treat effluent from WWTPs and CSOs simultaneously, and as activated

soil filters in combination with adsorbents, such as activated carbon, to enhance removal of
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micropollutants from wastewater (BRUNSCH et al., 2020; BOTTURI et al., 2021). This allows EDCs such as
certain phenols to be retained in case of an overflow event (WIRASNITA et al., 2018). In addition to the
characteristics of the pollutant and its removal pathway, several factors play a role in removal
efficiency of retention soil filters, particularly influent concentration, filter layer thickness, and filter
age (TONDERA et al., 2019; RUPPELT et al., 2020).

Overall, the choice of technology is based on site conditions and must be adapted or combined
accordingly. Decisive factors influencing the effectiveness of the selected process are the wastewater
characteristics: general parameters, especially pH and temperature, matrix components, and possible
EDCs or other micropollutants with adverse effects. In addition, retained or newly formed
contaminants must be dealt with. The new process must be integrated into the existing WWTP process
technology or must be adapted to the circumstances and irregular overflow events of a CSO.
Accordingly, the respective treatment method should be extensively investigated and monitored
analytically in the laboratory, pilot and full-scale for its performance with respect to individual EDCs,
endocrine disruptive TPs and hormonal activities as well as other toxic endpoints and individual
substances (ITzeL et al., 2017; BOTTURI et al., 2021; BERTANZA et al., 2022).

The high variability of known and unknown substances, as well as metabolites and TPs makes the group
of EDCs broadly diversified. Their ubiquitous and continuing, partly unrestricted entry into various
environmental compartments, including the hydrosphere, increases the risk of exposure and thus of
potential disruption of various parts of the endocrine systems of animals and humans, with
consequences for reproduction, growth, development, metabolism, homeostasis and behavior. All this
underscore the urgency of further interdisciplinary research, including in the fields of environmental
analysis and toxicology, to enable consistent technical and regulatory measures and awareness raising

to mitigate the hazards posed by EDCs.
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1.4. Neurotoxicity fi Acetylcholinesterase inhibitors in the aquatic environment
Endocrine disruption can also lead to neurotoxic consequences if the hormonal communication for the
development of neurons is disrupted by EDCs. Neurotoxicants affect the brain, central or peripheral
nervous system, or sensory organs, and can have a significant impact on development and behavior.
Neurotoxic substances include pesticides, pharmaceuticals, and heavy metals, and a wide range of
substances which are believed to have neurotoxic potential (LEGRADI et al., 2018; IQUBAL et al., 2020).
Due to the diversity of potentially neurotoxic substances, MoAs have only been partially elucidated,
mostly for a few model organisms and humans (LEGRADI et al., 2018; IQUBAL et al., 2020). In chemical
evaluation and authorization under REACH and especially for pesticides, which often have a neurotoxic
MoA, by the European Food and Safety Agency, the required studies are very limited. They only have
to be carried out for quantities > 10 tons/year and only apply to certain mammals and birds (LEGRADI
et al., 2018). Other vertebrate and invertebrate organisms and, in the case of pesticides, non-target
species are excluded. In addition, monitoring with targeted instrumental analysis of a few known
substances under the WFD is very limited to detect the occurrence, neurotoxic potential, and mixing
effects of hundreds of thousands of registered and produced substances, as well as unknown TPs and
metabolites that may be present in environmental samples (LEGRADI et al., 2018).

In particular, the developing nervous system and brain are very sensitive to toxic effects, and exposure
in early life stages can lead to permanent or delayed consequences in the organism. The temporal and
spatial toxicity profiles with different sensitivities depending on the developmental stage and different
SoA in the complex nervous system make it challenging to determine the MoA of potentially
developmental neurotoxic substances in different species. Experimental data are lacking to classify
more substances as developmental neurotoxins (LEGRADI et al., 2018; CHEN et al., 2021). FRITSCHE et al.
(2018) call for the establishment of existing in vitro methods and in silico modeling in the regulatory
field to capture the unknown developmental neurotoxicity of many potentially neurotoxic substances
present in the environment. To the same extent as for humans, testing with ecologically relevant
model organisms should be used to investigate the diverse developmental neurotoxic MoAs and their
interspecies variation for sound ecological risk assessment (LEGRADI et al., 2018). As shown by REINWALD
et al. (2022), transcriptomic responses to neurotoxicants could be used as biomarker-based in vitro
assays to predict MoAs that affect neuronal development.

Other possible, but poorly understood, MoAs of neurotoxicants include epigenetic effects (LEGRADI et
al., 2018), i.e., alteration of gene expression without alteration of the DNA itself through methylation,
histone modification, and non-coding RNA. Again, early life stages may be susceptible to neurotoxic
stress if, for example, DNA methylation is disrupted during reprogramming stages for specific gene
expression in the developing nervous system. Gene expression and thus the phenotype can be altered,

resulting in altered nervous system development and potentially long-term adverse effects on the
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adult organism. In addition to intergenerational effects, indirect transgenerational transmission of
non-genetic information is also possible, so that neurotoxic effects can also occur in subsequent,
unexposed generations. Population-level consequences may result, particularly through changes in
behavior and environmental interactions (LEGRADI et al., 2018).

The disruption of stimulus reception and transmission by the interaction of neurotoxic substances with
neurotransmitters, ion channels, or receptors in synapses is a neurotoxic effect that directly affects
the organism. Inhibition of acetylcholinesterase (AChE) is a well-studied neurotoxic MoA that can act
as a biomarker and provide warning of exposure to AChE inhibitors and associated adverse effects at
the organismal level before adverse changes occur at the population, community, and ecosystem
levels. AChE inhibition prevents the degradation of the neurotransmitter acetylcholine (ACh) at the
neuronal junction, resulting in a permanent state of excitation in the postsynaptic neuron (Figure 1-4),
which can lead to paralysis and even death. The chemical structure of AChE inhibitors determines the
fit to the receptor site of AChE and thus the strength of the inhibition and prevention of ACh
degradation (LEGRADI et al., 2018; DEIDDA et al., 2021; HODSON AND WRIGHT, 2022b; HODSON AND WRIGHT,
2022a).
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Figure 1-4 Organophosphate pesticides inhibit acetylcholinesterase (AChE), an enzyme that limits
neuronal transmission at synapses by degrading the neurotransmitter acetylcholine (ACh) after its
release. When AChE is inhibited, ACh continues to transmit neuronal signals between presynaptic and
postsynaptic neurons by binding to ACh receptors, causing tetany and ultimately death. Adopted from
HoDSON AND WRIGHT (2022b).
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AChE inhibitors are used for medicinal purposes, as combat agents and insecticides.
Organophosphates and carbamates are the most widely used and applied AChE inhibiting insecticides
(KUSHWAHA et al., 2016; DE Souza et al., 2020). Many organophosphates are organothiophosphates
(OTPs), which are metabolically oxidized in the organism by cytochrome p450 monooxygenases and
have a higher inhibitory potential than their unoxidized forms. In the oxidation process, the sulfur atom
at the central phosphorus atom of OTPs is replaced by an oxygen atom. The degree of inhibition is
determined by the ratio of detoxification to oxidation in the organism and is therefore species specific
(LEGRADI et al., 2018).

Insecticides enter the aquatic environment primarily by diffuse pathways and pose a risk to aquatic
invertebrate communities by affecting, for example, insect populations (LIEsS et al., 2021). After
application, they may enter the atmosphere by evaporation and be carried to water bodies by
precipitation or dry deposition. Insecticides can also be washed from plants and soils by rainfall and
enter waterbodies through surface runoff. Organophosphate insecticides, such as chlorpyrifos and
malathion, have been detected in surface waters around the world and continue to be used worldwide
(DE Souza et al., 2020). Due to the diffuse nature of the input of insecticides and other pesticides into
surface waters, selective measures are only of limited help in achieving retention. Riparian buffer zones
can help to reduce pesticide runoff into surface waters, and can also provide other benefits such as
nutrient retention, erosion reduction, biodiversity enhancement, flood protection, and generally
enhance the climate resilience of water bodies, e.g., by providing additional shade (ArRORA et al., 2010;
BuTkovskyl et al., 2021; Wu et al., 2023). Retention efficiency depends on several factors, especially the
width, continuity, and vegetation of the buffer strip (AGUIAR JR. et al., 2015; VORMEIER et al., 2023).
Expanded regulatory measures, controlled sustainable use of pesticides, and increased restrictions on
approvals in case of negative environmental behavior and toxic properties would go a long way toward

reducing stress on aquatic systems.
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1.5. Effect-directed analysis for comprehensive characterization of environmental
samples and investigation of anthropogenic pollution

Endocrine and neurotoxic effects are caused by a wide variety of known and unknown EDCs and
neurotoxicants that occur as mixtures in environmental samples. Comprehensive and efficient effect-
directed analysis (EDA) is predestined for the identification of known and unknown substances as well
as their effects, so that sources, input pathways and toxic loads can be revealed and the efficiency of
treatment measures can be evaluated.

Chemical target analysis (TA), which refers only to known substances and, depending on the scope,
only covers a certain group of compounds (WICKE et al., 2021; METCALFE et al., 2022b), is therefore not
suitable on its own to provide sufficient information for characterizing the hazard potential of an
environmental sample. Unknown and unstudied substances are not considered. At best, TA allows
random identification of causative substances of possible effects among known toxic substances
without knowing if there is an effect in the sample at all. In addition, low environmental concentrations
of known toxic contaminants cannot always be detected with sufficient sensitivity using existing
instrumental analytical methods. For a sound ecotoxicological risk assessment, it is essential to know
the distribution and concentrations of substances in a contaminated ecosystem, in addition to the
toxicological and ecological consequences. Therefore, detection limits must be lower than toxicity
thresholds to detect potential exposure (HODSON AND WRIGHT, 2022a). For example, steroid hormones
are found in the aquatic environment at very low but effect-relevant concentrations in the ng/L to pg/L
range (OJOGHORO et al., 2021). Detection of concentrations in the pg/L range is partially possible for
estrogens, but difficult depending on the sample matrix, so the limits of detection (LODs) of the
2018 EU watch list and environmental quality standards (EQS) of 400 pg/L for E1 and E2 and 35 pg/L
for EE2 (EU, 2012, 2018) remain challenging (KONEMANN et al., 2018; Loos et al., 2018; ITzeL et al., 2019;
GLINEUR et al., 2020; SIMON et al., 2022). Due to the low environmental concentrations, and especially
if estrogens are included as priority substances in the annex of the WFD, possibly with even lower
EQS (SCHEER, 2022), so that monitoring becomes mandatory, reliable detection must be
possible.

One way out is offered by effect-based methods (EBMs), which can detect the effects of substances in
low concentration ranges using sensitive bioanalytical methods and enable a more holistic view on
contaminations (KONEMANN et al., 2018; ITzEL et al., 2019; Dorp et al., 2021; SIMON et al., 2022).
A variety of EBMs are available using different bioanalytical approaches, such as
transgenic yeast assays for the determination of hormonal activities (Figure 1-5) or
AChE inhibition (AChE-l) assays, which capture the total toxicity of a sample and thus
also consider mixture toxicity (DE BAAT et al., 2019; PANNEKENS et al., 2019; YUsUF et al., 2021).

They are recommended for routine water quality monitoring (BRACK et al., 2019).
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However, with these methods it is not clear which substances are responsible for the detected effects
and to what extent. But knowledge of the causative substances is essential in order to investigate
sources, pathways, transport, transformation and degradation in the environment, (eco)toxicological

MoA, regulation and technical measures for removal of pollutants.
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Figure 1-5 Scheme of a transgenic modified Arxula adeninivorans cell. In the nucleus, a human
hormone receptor (HR) gene is constitutively expressed. When a binding hormone or EDC is present,
it can cross the yeast membrane and bind to the HR in the cytoplasma. After binding-induced receptor
dimerization, this dimer can retranslocate in the nucleus and bind to the hormone response element
(HRE), thus activating the GAA promoter and allowing expression of the fluorescence gene. This leads
to the production of a fluorescent protein in the cytoplasma whose emission wavelength can be
measured after excitation. Adopted from CHAMAS et al. (2017a) in a modified version.

Suspect and non-target screening (SNTS) approaches using high-resolution methods can be used to
analyze trends, create pollution patterns, locate sources, and identify causal agents (BECKERS et al.,
2020; GONZALEZ-GAYA et al., 2021; POSTIGO AND RICHARDSON, 2021). Although SNTS provides more
information than TA, toxicological conclusions cannot be drawn from these methods and the
complexity is higher (Figure 1-6). In particular, evaluation requires a lot of effort and expertise, and is
not yet standardized (Dopp et al., 2019; HOHRENK et al., 2020). The probability of identifying effect-
causing substances is higher with SNTS than with TA, but still very difficult to achieve due to the
complexity of environmental samples and the large number of possible causative substances and the

associated volume of data (Figure 1-6).
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Figure 1-6 Information content of the different analytical approaches target analysis (TA), suspect and
non-target screening (SNTS), and effect-directed analysis (EDA) in relation to their complexity and
probability of identifying effect-causing substances. EDA is the most complex approach with the
greatest risk of inefficiency, so simplification and improving efficiency are paramount. Extensions such
as the integration of chromatographic methods for sample separation increase the probability of
identifying toxic substances.

For more efficient evaluation and to increase the likelihood of identifying effect-causing substances,
as much information as possible about the properties of the sample should be obtained. Therefore,
EBMs and instrumental analysis should be combined to EDA. EDA is based on the effects investigated
by in vitro or in vivo EBMs in order to integrate TA or SNTS in a targeted and efficient way to elucidate
the causative substances and thus achieve a comprehensive characterization of samples and their
(eco)toxicological potential (BRACK et al., 2016; Dopp et al., 2019; FINCKH et al., 2022; TIAN et al., 2023).
Whole test batteries from different EBMs with different endpoints could be integrated into EDA to
provide a comprehensive toxicological assessment of a sample (ALYGIZAKIS et al., 2023). In addition,
other information and methods such as space, time, and type of sampling, as well as the integration
of in vivo methods, can play an important role in EDA and contribute to the overall understanding
(SONAVANE et al., 2018). Through the combination of different chemical and biological analytical
methods, EDA is the most complex approach, which makes simplifying workflows and improving
efficiency especially important to avoid inefficiency of the overall method (Figure 1-6). In comparison
to TA and SNTS, EDA provides the most information, which in turn increases the probability of
identifying effect-causing substances with SNTS integrated into EDA (Figure 1-6). More information,
which can further increase the chances of identifying active compounds, can be obtained
by extending EDA, e.g., by adding additional chromatographic steps. On the one hand, when a
sample is fractionated, e.g., by high-performance liquid-chromatography (HPLC), and then
tested for effects, synergistic or antagonistic interactions of compounds in the whole

sample may not be visible anymore, i.e., mixture toxicity information might be lost.
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On the other hand, fractionation of a sample can exclude components that are irrelevant to the effects
being tested and also identify effects that are masked in the whole sample by other, e.g., cytotoxic,
substances, by a reduced complexity of the subsamples compared to the original sample (HASHMI et
al., 2020; ZWART et al., 2020; LoPEZ-HERGUEDAS et al., 2022).

Chromatographic separation within an EDA approach can also be performed using high-performance
thin-layer chromatography (HPTLC), where EBMs are performed without interfering solvents from
sample extracts directly on the HPTLC plate and toxic sample parts are visualized with different
detection methods depending on the EBM used (WEISs et al., 2017; MORLOCK, 2021; WILSON AND POOLE,
2023). This imaging technique enables the generation of effect patterns for spatial and temporal
comparison of different sampling sites or technical processes, such as treatment steps of WWTPs. The
use of multiple EBMs in a test battery in combination with HPTLC enables efficient, inexpensive, rapid
and robust toxicological screening, making integration into a complete EDA useful (OBERLEITNER et al.,
2020; RIEGRAF et al., 2021; FINCKH et al., 2022). EBMs performed on HPTLC plates, as demonstrated by
BERGMANN et al. (2020) with the planar yeast estrogen screen (p-YES), can achieve comparable or
higher sensitivity than in liquid microtiter format. HPTLC has already proven its value in combination
with various EBMs, such as transgenic yeast assays for the determination of different agonistic and
antagonistic hormonal activities, AChE or photosystem Il inhibition assays or bacterial genotoxicity
bioreporters (RIEGRAF et al., 2019a; RIEGRAF et al., 2019b; SHAKIBAI et al., 2019; KLINGELHOFER et al., 2020;
RIEGRAF et al., 2022) and different technical, chemical, and biological process steps, e.g., for sensitivity
enhancement and extension (SCHOENBORN et al., 2017; AZADNIYA AND MORLOCK, 2019; AZADNIYA et al.,
2020; RONzHEIMER et al., 2022). With HPTLC, multi-dimensional separations as well as combinations
with other chromatographic methods such as HPLC can be realized (MORicz et al., 2020; STUTZ et al.,
2020). Extraction from the HPTLC plate and transfer to subsequent analytical steps, even after a
bioassay has been performed, allows HPTLC-EBMs to be integrated into an EDA with TA or SNTS
(FOUGERE et al., 2019; MEHL et al., 2021; SCHREINER AND MORLOCK, 2021). HPTLC-EDA makes it possible to
examine active fractions of a total sample separately from irrelevant parts of the sample and other
interfering sample matrix. The probability of identifying and quantifying known and unknown effect-
causing substances with subsequent analytical methods increases because the number of features
detected, e.g., by high-resolution mass spectrometry (HRMS), decreases with each additional HPTLC-
EBM step, allowing to focus on the effect-relevant features with SNTS (STUTZ et al., 2020; BELL et al.,
2021; SCHREINER AND MORLOCK, 2023).

Since EDA is a combination of different analytical methods such as EBMs, TA and SNTS in conjunction
with chromatographic steps for sample fractionation with HPLC or HPTLC, it has a higher information
content than the individual methods can provide, but the effort required for its implementation and

evaluation is much more complex (Figure 1-6). Increasing the efficiency of the implementation is
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therefore particularly desirable. This opens up the possibility of integrating additional methods into
the EDA, which in turn increases the information content and thus the probability of identifying effect-
causing substances. In summary, a comprehensive EDA should cover a broad range of effects, be
sensitive to effect-causing substances, be conducted as efficiently as possible to reduce the
comparatively high effort, and provide as much information about the sample as possible
to increase the likelihood of effective identification of effect-causing substances and to provide
the most comprehensive characterization of a sample and possible contamination in a study
area.

The transgenic yeast strains developed by CHAMAS et al. (2017a) are well suited for this purpose
because they allow the simultaneous detection of multiple endocrine effects in a single workflow and
do not require an additional substrate due to the direct formation of fluorescent proteins upon
activation of the corresponding HR. They allow very efficient use within an EDA and have been tested
in combination with HPTLC (CHAMAS et al., 2017b). However, it is necessary to further increase the
sensitivity. A comparison of different application techniques for the yeast cells makes sense in this
context, as it might allow a higher sensitivity, as shown by SCHOENBORN et al. (2017). In this regard,
commercially available instruments that are inexpensive compared to laboratory instruments and
suitable for laboratory application can be used to reduce costs and thus come closer to a simple,
broadly applicable HPTLC-EDA. The AChE-I assay, already used in combination with HPTLC, is a good
way to detect neurotoxic effects in separated aquatic samples (WEINS AND JORK, 1996; STUTZ et al.,
2020). The toxic activation of OTPs in organisms by enzymatic oxidation can be mimicked in AChE-I
assays, increasing the sensitivity of the assay to OTPs. In an efficient EDA designed for routine use in
combination with HPTLC, it makes sense to keep this oxidation simple. Chemical oxidation with n-
bromosuccinimide is an option for this purpose, but has not yet been tested with HPTLC. In addition,
a direct comparison of different application methods of the AChE solution on HPTLC plates has not yet
been shown, but could point out the most sensitive approach. Stormwater-related surface water
pollution due to discharges from stormwater structures or diffuse sources has not been studied to the
same extent as discharges from WWTPs. Since CSOs can be expected to discharge typical wastewater
substances, such as steroid hormones, from the combined sewer system during rainy weather, and
since other EDCs, but also neurotoxic substances, such as pesticides and biocides, can be introduced
with surface runoff, an investigation of endocrine and neurotoxic effects is necessary. The combination
of HPTLC and EBMs to detect such effects in an EDA approach lends itself to a comprehensive

investigation of such stresses for surface waters, but has not been done in this form before.
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2 Aims and Scope

This work aims to provide affect-directed analysis (EDAf endocrineand neurotoxic effects fahe
characterization and evaluation of aquatic contaations and treatment measuresThe hope is to
improve the monitoring and assessment of chemiaalytion of the environment in order to reduce
the negative impact of human activities on the likleods of this and future generationdhe
combination of high-performance thilayer chromatography (HPTL&hd two effectbased methods
should be practical, efficienand sensitivéo enable more routine use, to map effects holistigaand

to increase the likelihood of identifyingubstances responsible for effects.

Therefore,Chapter3focuses oroptimizingthe combination of HPTLW@th the yeast multiendocrine
effectscreen (HPTLC-YMEESprovide an efficienand sensitivanethod that is ready for use in the
simultaneous investigation of estrogenic, androgenand gestageniceffects in wastewater
stormwaterandsurfacewater sample®n a single HPTIlplate.In Chapter4, the combination of HPTLC
with an acetylcholinesterase inhibition(AChE-l)assay with additionalsimple oxidation of
organothiophosphates (HPTLC-Ox-AQh&-dptimized to provide an efficiemind sensitivamethod
that isready for use in the study of neurotoxic effectsstormwater and surface watesamplesTwo
methods of applying yeast cetts the AChEolutiononto HPTL@lates, spraying and immersion, are
compared and prioritized based on the highest sewigy, precision, and efficiencySufficient
sensitivity to reference hormones amsiganophosphate insecticides should be achievedh wegard
to comparable test systems amiready detected environmental concentrations environmental
guality standards (EQS)

In Chapter5, discharges from a combined sewer overflow (C@&Gtormwater retention structure
(SWRand awastewater treatment plant (WWTRonnected to the river Anger in Ratingen, Germany,
and the influence of a stormwater retention basimnmected to a nearby highway on the
Deininghausener Bach, Deininghausen, Germany, arstigaéed especially with regard to endocrine
and neurotoxic effects. For this purpose, an Eipfroach using the optimized HPTLC-YM&ES
HPTLC-Ox-ACGhEom Chapters3 and 4for the determination of estrogenic, androgenic,stggenic,
and AChHnahibiting effects is usedFigure 2-1) Known contaminants from different groups of
substances (pharmaceuticals, pesticides and indalstthemicals) and potential effecausing
estrogens are determined by accompanying targetlgsia withliquid chromatographyand gas
chromatography coupled to tandem mass spectromélr@-MS/M&ind GC-MS/MSHighresolution
mass spectrometry (HRM& used to identify potential ACHEhibitors. The impact of stormwater
depending discharges on surface waters and poss#merces of endocrine and neurotoxic
contamination should be revealed. The contributiohthe CSCGand SWRo the endocrine load is

estimated in comparison to the WWTP.
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Figure 2-1Scope and relationship of chapters 3, 4, and 5.
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