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Abstract

At present, approximately 100 000 anthropogenic chemicals are in daily use and new chemicals
are frequently developed. Some of these chemicals are released into the environment during their
lifecycle. Currently, only a small fraction of chemicals that are present in the environment is
monitored creating a so-called "tip of the iceberg" problem. Not all the chemicals that are present
in the environment cause harmful effects and the challenge is to identify those chemicals that are
harmful to human health and the environment. This problem is well demonstrated related to water
pollution and water quality monitoring. For example, wastewater effluents contain a complex
mixture of chemicals, including emerging contaminants such as hormones and pharmaceuticals,
which can have toxic properties in the aquatic environment. Currently, these types of chemicals
are not monitored.

In this thesis, a more holistic, effect-based approach for the assessment of environmental samples
is applied. Effect-based tools are sum parameter based, thus unknown chemicals, transformation
products and mixture effects are taken into account. The focus of this thesis is on wastewater but
aquatic environments are discussed more widely as similar approaches can be applied to different
sample matrices. Influent and effluent quality of eight Finnish wastewater treatment plants
(WWTPs) was investigated regarding toxicity and emerging contaminants. Removal efficiency of
typical Finnish WWTPs was assessed by application of effect-based tools.

These results show that the application of effect-based tools for the assessment of complex
environmental samples, such as wastewaters or sediments, can provide valuable information that
is not achieved with current methods for monitoring. The results indicate that bioassay batteries
for water quality assessment should include a large variety of assays covering multiple endpoints
and test organisms. Based on the results, estrogenic activity, thyroid disruption, and embryotoxicity
are relevant endpoints related to the assessment of wastewater quality. Effluents may also cause
adverse effects on fish embryos or induce genotoxic effects.

The results demonstrate that the removal of emerging contaminants and toxicity is incomplete
with conventional treatment methods. More advanced treatment methods are needed to further
improve water quality and control the discharge of chemicals to our environment.

Overall, application of effect-based tools together with chemical analysis will help us achieve a
safer environment and higher quality of monitoring.
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Tiivistelma

Talld hetkelld arviolta noin 100 000 synteettistd kemikaalia on paivittdisessa kidytossd ja uusia
kemikaaleja kehitetdén jatkuvasti. Osa néistd kemikaaleista pastyy ymparistoon niiden elinkaaren
aikana. Talld hetkelld vain pientd osaa ympéarist66n paatyvistd kemikaaleista monitoroidaan,
muodostaen niin kutsutun "jddvuoren huippu” —ongelman. Kaikki ympéarist66n paatyvéat
kemikaalit eivit ole vaarallisia, joten haasteena on tunnistaa ne kemikaalit, jotka ovat haitallisia
ihmisten terveydelle ja ympéristolle. Vesien pilaantuminen ja vedenlaadun seuranta ovat hyva
esimerkki "jaavuoren huippu" —ongelmasta. Esimerkiksi jatevedet sisaltavat monimutkaisen
koktailin erilaisia orgaanisia haitta-aineita, kuten hormoneja ja ladkeaineita, jotka voivat olla
myrkyllisid vesiymparistossa. Talld hetkelld timén tyyppisia haitta-aineita ei monitoroida.

Tassa tyossa kiytetdan kokonaisvaltaisempaa, vaikutusperusteista lahestymistapaa
ympdristondytteiden arvioinnissa. Vaikutusperusteiset menetelmit huomioivat myds
tuntemattomat kemikaalit, muuntumistuotteet ja seosvaikutukset. Yhdyskuntajatevedet ovat tyon
keskitssd, mutta vesiymparistod kisitelldan laajemmin, koska samanlaisia 1ahestymistapoja
voidaan soveltaa erilaisiin ndytematriiseihin. Tutkimuksessa arvioitiin kahdeksan suomalaisen
jatevedenpuhdistamon vedenlaatua myrkyllisyyden ja orgaanisten haitta-aineiden osalta.
Tyypillisten suomalaisten jatevedenpuhdistamojen puhdistustehokkuutta arvioitiin soveltamalla
vaikutusperusteisia menetelmia.

Tutkimuksessa havaittiin, ettd vaikutusperusteisten menetelmien soveltaminen monimutkaisten
ymparistonaytteiden, kuten jatevesien tai sedimenttien, arvioinnissa voi tarjota arvokasta lisitietoa,
jota ei saavuteta nykyisilld seurantamenetelmilla. Vaikutusperusteisen menetelmén tulisi sisdltaa
useita eri organismeihin ja toksikologisiin vaikutusmekanismeihin perustuvia biologisia
testimenetelmid. Hormonitoimintaa héiritsevit vaikutukset, genotoksisuus ja myrkylliset
vaikutukset kalojen alkioihin ovat jateveden laadun arvioinnin kannalta olennaisia arvioitavia
vaikutusmekanismeja, silld suurimmassa osassa analysoiduista néytteista havaittiin kyseisia
vaikutuksia.

Tutkimuksessa havaittiin, ettd perinteiset jateveden puhdistustekniikat eivat kokonaisuudessaan
poista orgaanisia haitta-aineita tai toksisuutta. Seka haitta-aineita etta toksisuutta havaittiin
puhdistetuissa jatevesinaytteissd. Paremman vedenlaadun saavuttamiseksi tarvitaan
monitoroinnin lisdksi kehittyneempia puhdistusmenetelmia. Kaiken kaikkiaan
vaikutusperusteisten tyokalujen kdytto kemiallisten analyysien tukena voi auttaa meita
saavuttamaan tehokkaammat ja kokonaisvaltaisemmat tyokalut monitorointiin ja ympariston
kemikalisoitumiseen liittyviin ongelmiin.
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1 Introduction

1.1 Chemicals in the environment

Chemicals are everywhere. Our environment is comprised of chemicals, the air we
breathe is a mixture of chemicals, and even we are made of a complex system of
chemicals. Chemicals are the vital building blocks of our daily lives and our society
depends on them. Nevertheless, some manmade or natural chemicals can be
harmful to our environment and health. This is usually the case, when chemicals
end up in the wrong place at the wrong time and at the wrong concentration. A
classic example of this is the Indian vulture crisis, where the vulture population
experienced a rapid population decline due to exposure to a common anti-inflam-
matory drug diclofenac, which turned out to be lethal to vultures (Green et al.,
2004).

The first pharmaceutical residues in the environment were detected in the 1970s
due to the establishment of sensitive and selective analytical methods (Ternes et
al., 2001). Since then, thousands of studies have been published on the presence
of harmful substances in the environment. At present, approximately 100 000
anthropogenic chemicals are in daily use and new chemicals are frequently devel-
oped. During manufacturing, transportation, consumption and disposal these
chemicals can be released into the environment. Only a miniscule fraction of all
the chemicals present in the environment is monitored or regulated based on the
assumption that the selected chemicals pose the highest risk to the ecosystem or
human health. However, our knowledge is very limited as a comprehensive as-
sessment of the complete chemical universe is merely impossible creating a so-
called “tip of the iceberg” problem. Not all the chemicals that are present in the
environment cause harmful effects and the challenge is to identify potentially haz-
ardous substances from complex environmental samples and to recognize what
kind of effects they have on human health and the environment. The fundamental
questions are:

e  What are the sources and pathways of harmful chemicals to the en-
vironment?

e  What kind of effects harmful chemicals have on the environment
and human health?

e  How can the discharge or transfer of harmful chemicals be avoided
or controlled?
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o  How do we ensure that pollutants are present in the environment at
a safe level?
e  How can the safe levels of chemicals be monitored?

Scientists from different disciplines, such as ecotoxicology, chemistry and engi-
neering, try to answer these questions by identifying pollutants, determining con-
centrations, developing biological tests and discovering toxicological pathways.
However, these fundamental questions are difficult to answer, because the subject
is indescribably complex. We do not know the identity or characteristics of all the
chemicals in our environment, thus we do not have information on what kind of
harmful effects they may pose. We monitor, but we are not sure if we are moni-
toring enough chemicals or all of the relevant chemicals. In addition, chemicals
can transform and form complex chemical cocktails. As science evolves, new
methods are developed, and more knowledge is gained, we get closer to finding
the answers to the fundamental questions.

1.2 Water pollution and wastewater treatment

Some of the fundamental questions scientists try to answer are: What are the
sources and pathways of harmful chemicals to the environment? How can the dis-
charge or transport of harmful chemicals be avoided or controlled? The chemical
cocktail in our environment is the result of air, soil, land and water pollution. Wa-
ter pollution is one of the most serious ecological threats we face today. Harmful
pollutants can be discharged or leaked into water bodies through various path-
ways and sources, such as industry, households, agriculture, transportation, at-
mospheric deposition and waste management. Once a water source is polluted, it
is difficult or even impossible to remove the contaminants and some contami-
nants may persist long after harmful discharges have stopped.
In Europe, around 40 % of surface waters are in good ecological status and 33 %
are in good chemical status according an assessment carried out by the European
Environment Agency (EEA Report, No. 7/2018). EEA estimates that the main rea-
sons for failure to achieve good chemical status are atmospheric deposition and
discharges from urban waste water treatment plants. The priority substances
causing failure to achieve good chemical status are metals, flame retardants, pol-
ycyclic aromatic hydrocarbons (PAHs), pesticides, surfactants and plasticizers.
Currently, it is well known that wastewater effluent is one of the primary path-
ways of organic pollutants to the aquatic environment (Luo et al., 2014; Petrie et
al., 2015; Tran et al., 2018). Wastewaters contain a complex mixture of household
chemicals, pharmaceuticals, hormones, personal care products, surfactants and
other regulated and non-regulated compounds. Some efforts have been made to
control chemical discharges via wastewater effluents by developing advanced
treatment methods and operational conditions at the wastewater treatment
plants (WTTPs). However, many of these are not globally applied in practice as
only a few countries such as Switzerland or Germany have upgraded their treat-
ment processes on a larger scale.
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Even though, the techniques for wastewater treatment have developed over the
last decades, most treatment plants rely on conventional treatment processes.
Typically, conventional wastewater treatment plants consist of mechanical and
biological treatment often coupled with additional chemical treatment (Figure 1).
Initially these processes were designed for the removal of suspended solids, path-
ogens and nutrients, with no particular consideration of organic micropollutants
such as hormones, pharmaceuticals or surfactants. Elimination mechanisms in
conventional wastewater treatment can be physical, chemical, and/or biological.
Typically, sorption, biodegradation, photodegradation and phytoremediation are
the most crucial mechanisms for the removal of organic pollutants (Garcia-
Rodriguez et al., 2014). Some of these mechanisms are relatively effective in re-
moving certain contaminants, such as ibuprofen, ketoprofen and caffeine (Jelic et
al., 2011; Luo et al., 2014; Tran et al., 2018). However, it is well known that the
removal of various micropollutants is incomplete during the conventional treat-
ment process; due to which pollutants are regularly detected in WWTP effluent
samples globally (Deblonde et al., 2011; Loos et al., 2013; Petrie et al., 2015; Tran
et al., 2018).

Methanol

O PRIMARY
SEDIMENTATION

SCREENING GRIT PRE=
REMOVAL AERATION

SECONDARY SEDIMENTATION BIOLOGICAL FILTER  OUTFALL TUNNEL

MPRESSORS

Heat,

electricity m
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®

DIGESTION GAS UTILIZATION DEWATERING PROCESSING OF SLUDGE INTO SOIL PRODUCTS

Figure 1. One example of a wastewater treatment process (WWTP 5 in Paper |), combining me-
chanical, biological and chemical treatment steps. (Figure from HSY)

In general, additional tertiary treatment steps vary from the more robust pro-
cesses such as sand filtration to a combination of multiple steps such as activated
carbon treatment and ozonation, which have proven to be efficient in removing
some specific emerging contaminants (Esplugas et al., 2007; Ahmed et al., 2017;
Guillossou et al., 2019). However, the downside is that these upgrades can be
costly and require high levels of energy and chemical consumption. In addition,
the removal efficiency is typically calculated based on a limited amount of chem-
icals, circling back to the initial “tip of the iceberg” problem.

The scientific evidence is strong that the discharge of WWTP effluents can lead
to adverse effects in the receiving aquatic environments. A well-known example

10
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is the development of intersex fish in receiving aquatic ecosystems leading to pop-
ulation declines (Jobling et al., 2002; Bjerregaard et al., 2006). In addition, ele-
vated levels of plasma vitellogenin concentrations and the presence on ovo-testis
have been observed in male flounder in several United Kingdom estuaries (Allen
et al., 1999; Kirby et al., 2004).

The effects of municipal and industrial wastewater discharges have been inves-
tigated also in Finland to some extent. Municipal or industrial effluents are mainly
discharged to the Baltic Sea or lakes. The large paper and pulp industry has had a
significant effect on the receiving waterbodies, thus research on wastewater tox-
icity in Finland has focused on the industrial wastewaters with only a few studies
that assess municipal wastewater discharges. Karels and Niemi (2002) investi-
gated the effects of pulp and paper mill effluents to fish community responses at
Lake Saimaa and they demonstrated that the community structure and abun-
dance may be affected by nutrient loading and the toxicity of paper mill effluents.
Turja et al., (2015) demonstrated that exposure to treated WWTP effluent induced
pro-oxidant, genotoxic and lysosomal effects in mussels in the Baltic Sea. Pessala
et al., (2004) detected genotoxic and estrogenic effects in Finnish municipal and
industrial wastewater effluents. Based on these previous investigations, WWTP
effluents in Finland may be toxic, thus further research is needed.

1.3  Water quality monitoring

It has been known for a long time that certain chemicals are hazardous to human
health and the environment and that these chemicals should be monitored. In or-
der to control the discharge of chemicals to the environment and to assure safe
levels of exposure, monitoring approaches and water quality parameters are set
in legislation. Quality standards are placed to answer the question of

“How do we ensure that pollutants are present in the environment at a safe level?”
The level of exposure or chemical burden is considered safe if the given limit val-
ues or quality standards are met.

To answer the question of “How can the safe levels of chemicals be monitored?”,
the primary solution has been to create different lists of selected hazardous chem-
icals in order to conceptualize monitoring. Some examples of these lists are re-
stricted and authorized chemicals (REACH Regulation, 1907/2006/EC) and pri-
ority pollutants (EU Water Framework Directive (WFD), 2000/60/EC). The
WEFD sets out the primary strategies against water pollution, including the list of
priority substances, which consists of substances that are known to present sig-
nificant risks to the aquatic environment. The list has 33 priority substances or
compound groups and eight other pollutants for which environmental quality
standards were set. These 33 substances were selected amongst those presenting
a significant risk to or via the aquatic environment. Substances are prioritized for
action based on risk assessment procedures, which take into account the intrinsic
hazard of the substance, level of environmental contamination, production vol-
umes and use patterns.
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Nevertheless, previous studies on chemical mixtures have demonstrated that
the current regulatory single-chemical threshold values may not serve as the best
option for the protection against complex mixture exposure (Carvalho et al., 2014;
Altenburger et al., 2018). Carvalho et al. (2014) demonstrated that there is a need
for precautionary actions on the assessment of chemical mixtures even if individ-
ual toxicants are detected below single-chemical threshold values. Several studies
have shown that the observed bioactivity of environmental water samples can
only partly be explained by the analyzed pollutants (Maletz et al., 2013; Escher et
al., 2013; Konig et al., 2017) indicating that unknown chemicals, transformation
products and mixture effects play a significant role. Multiple case studies of ex-
tracted surface water samples (Reineke et al., 2002; Zhao et al., 2011; Konig et al.,
2017, Neale et al., 2017; Hashmi et al., 2018; Rosenmai et al., 2018) or wastewater
samples (Smital et al., 2011; Fang et al., 2012; Maletz et al., 2013; Leusch et al.,
2014; Itzel et al., 2018) using combinations of chemical and biological analysis
have demonstrated that bioassays can provide valuable additional information for
water quality monitoring. In addition, the use of effect-based methods was re-
cently recommend for a review of the regulatory framework of the WFD (Brack et
al., 2017).

1.3.1 Emerging contaminants

Not all chemicals of concerns are regulated, such as the group of emerging con-
taminants. Typically, emerging contaminants are commonly detected in environ-
mental samples, but at relatively low concentrations. The group of emerging con-
taminants comprises of a mixed array of organic pollutants, such as surfactants,
pesticides, disinfection by-products, endocrine disruptors, pharmaceuticals and
personal care products, of which endocrine disruptors and pharmaceuticals are
described in more detail in this Chapter.

Endocrine disrupting compounds (EDCs) are chemicals that can interfere with
the endocrine system. The World Health Organization (WHO, IPCS 2002) defines
an endocrine disruptor as “an exogenous substance or mixture that alters func-
tion(s) of the endocrine system and consequently causes adverse health effects in
an intact organism, or its progeny, or (sub) populations.” It is crucial to under-
stand that hormones act at very low concentrations within the endocrine system
and the whole system is based on subtle changes in excretion. Thus, EDCs have
the ability to be active already at low concentrations. Such concentrations have
been detected globally in environmental samples. Close to 800 chemicals have
been identified or suspected to be capable of interfering with the endocrine sys-
tem (WHO, 2012). These include natural hormones and man-made chemicals
such as phthalates, parabens and bisphenols (Giulivo et al., 2016). For example,
bisphenol A has been linked to the proliferation of breast cancer cells, oxidative
stress and development of prostate cancer (Wetherill et al., 2007; Tarapore et al.,
2014; Di Donato et al., 2017).

A number of pharmaceuticals and personal care products contain chemicals of
emerging concern due to their potential hazardous effects to the environment.
The most common pharmaceuticals include anti-inflammatory drugs, antibiotics,
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antiepilectic drugs, cardiovascular pharmaceuticals, phyco-stimulants and estro-
gens and other hormonal compounds (Li, 2014). Antibiotics were introduced in
the late 1930s and ever since, their development, production and use have in-
creased. Today, antibiotics are found ubiquitously, and they are considered
“pseudo-persistent” due to their continuous release to the environment. Antibiot-
ics and other pharmaceuticals play a crucial role in the management of diseases;
however, their bioactive properties raise concerns on their toxicity to non-target
organisms. Wide dissemination of antibiotics at low concentrations mainly in the
aquatic environment is evident. Concerning levels of antibiotics have been de-
tected in wastewater influents and effluents, surface waters, seawater, groundwa-
ter and even drinking water (Santos et al., 2010; Li 2014; Wang et al., 2016).

1.3.2 Toxicity and effect-based methods

In addition to chemical composition, water quality can be assessed from the per-
spective of toxicity. If so, water quality is determined by an effect-based approach,
such as bioassays, biomarkers or ecological methods (Figure 2). With this kind of
approach, the fundamental question to be answered is what kind of effects harm-
ful chemicals have on the environment and human health?

Figure 2. Examples of test organisms (cells, fish embryos and water fleas) applied for effect-
based approaches.

Bioassays in vitro measure effects at the subcellular level, such as receptor acti-
vation or DNA damage (Wernersson et al., 2015). In vitro bioassays can be applied
to many different matrixes, such as passive samplers, concentrated extracts, ef-
fluents or biological tissues. In addition, typically only small sample volumes are
required and the exposure time is relatively short compared to in vivo or in situ
tests. In most cases, in vitro assays are considered sensitive with high responsive-
ness, as effects can be detected at low levels. Also the analytical costs are relatively
low, especially considering the number of pollutants they respond to. The greatest
limitation or disadvantage related to in vitro assays, is that the studied systems
are highly simplified. Thus, creating the linkage to higher and more complex lev-
els of the biological organization may be challenging.
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In vivo bioassays are based on whole living organisms, which are exposed to
environmental samples or concentrated extracts. The assays can be short-term or
long-term tests. The analysed effects are typically not as specific as in the in vitro
assays. Some examples of such effects are mortality, embryo development, effects
on growth, physiological changes, immobilization or bioluminescence. In vivo as-
says respond to a variety of pollutants and different types of toxicity depending
on the method and test organism, thus the designed test battery is recommended
to consist of species from different trophic levels and taxonomic grounds
(Wernersson et al., 2015).

Although effect-based approaches can provide us with vital information on ef-
fects, such methods are not adopted in water quality monitoring to their full po-
tential. So far, the established techniques for the biological water quality monitor-
ing rely on phytoplankton, macrophytes, benthic invertebrate, phytobenthos, and
fish (EU Water Framework Directive, 2000/60/EC). Recently some suggestions
have been made to include batteries of bioanalytical assays that enable compre-
hensive assessment of impact of mixture effects on water quality and to combine
the test batteries with chemical analytical tools to further develop causal links be-
tween effects and the chemicals responsible for the observed mixture effects (Al-
tenburger et al., 2015; Brack et al., 2017). One example of such an approach is
Effect-Directed Analysis (EDA).

EDA is based on a combination of bioassays, fractionation procedures and
chemical analysis (Brack, 2003). These methods are applied to identify hazardous
compounds in complex environmental mixtures, such as wastewaters, sediments
or surface waters (Brack et al., 2008). The basic steps of an EDA process according
to Wernersson et al. (2015) are: 1) testing samples or extracts with the selected
bioassays. 2) If effects are detected, the sample is fractionated according to phys-
ico-chemical properties of the suspected chemical components. 3) The different
fractions are tested with the same bioassays. The mixture may require multiple
fractionation steps to further reduce complexity. 4) The key toxicants are identi-
fied and quantified by chemical analysis in active fractions. 5) Finally, the contri-
bution of the identified key toxicants to the observed effects are estimated.

Several other effect-based approaches exist, such as Toxicity Identification Eval-
uation (TIE), metabolomics, proteomics and next-generation sequencing meth-
ods (Prasse et al., 2015). The selected approach depends on the study questions,
sample type and available resources. Regardless of the selected approach, it is a
challenge to link the effects observed in laboratory tests to actual risks. For exam-
ple, the estimation of risks posed by wastewater effluent to the receiving waters is
challenging due to factors such as flowrate and dilution, which affect the actual
risk. In the receiving waters effluents are diluted, but the discharge is constant.
Different methods have been developed to assess bioassay results in a risk con-
text. Effect-based trigger (EBT) values were developed to assess whether the de-
tected effects in bioassay are at an acceptable level in terms of risks (Jarosova et
al., 2014; Van der Oost et al., 2017; Leusch et al., 2017; Escher et al., 2018). The
limit of detection in a highly sensitive in vitro bioassay is not directly connected
to the adversity of effects at a higher level of organisms or in the receiving envi-
ronments. Thus, especially for monitoring purposes threshold values for bioassay
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results indicating poor water quality are needed. Bioassays together with EBT val-
ues have the potential to be applied to assess water quality in monitoring pur-
poses. However, lack of data, standardization of methods and demands for bioas-
say data quality are still limiting the use of EBT values in a harmonized manner.
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2 Objectives and scope of this thesis

The purpose of this thesis was to provide new information to help us answer some
of the fundamental questions listed in the first chapter of this thesis. These ques-
tions are answered from the perspective of effect-based tools for the assessment
of complex environmental samples, wastewater quality and assessment of re-
moval efficiency at typical Finnish WWTPs. The driving force behind the whole
study was to try to evolve the current list-based "tip of the iceberg” approach to-
ward a more holistic approach that would consider effects and the complexity of
the samples. The focus of this thesis in on wastewater but aquatic environments
are discussed more widely related to the tools and approaches as they can be ap-
plied to different complex sample matrices.

The thesis concentrates on the following themes presented in Figure 3.

Themes

Applicability

LI,
I, IV

=

1. Tools for the
assessment of complex

2. Influent and effluent

3. Removal efficiency

. quality of wastewater treatment
environmental samples
i i v l A4
. Chemical Chemical
Bioassays : Bioassays : Bioassays
analysis Y analysis g
Approach Key toxicological endpoints Removal efficiency of
Selection Levels of organic micro different WWTPs
Responsiveness pollutants Removal of toxicity
Variability Effluent water quality Removal of organic pollutants
Applicability Risk assessment

Analytical limitations

Holistic assessment

Holistic assessment

l

l

l

Selection of approach and methods for future work
Application of effect-based methods for monitoring and assessment of water quality
Application of effect-based methods for the assessment of treatment efficiency
Development of standardized test methods
Identification of research gaps and challenges

Figure 3. The main themes addressed in this thesis. Roman numerals refer to the publications
which are related to each theme.
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Theme 1: Tools for the assessment of complex environmental sam-
ples

Both biological methods and chemical analysis were applied in this thesis for
the assessment of complex environmental samples, such as influent, effluent, sed-
iment and surface waters. Depending on the selected approach, these methods
were applied on their own or combined together. Specific research questions re-
lated to this theme were:

» How to select the approach and what drawbacks and advantages are related to
different methods?

« How responsive or sensitive are the selected methods?

« How applicable are the selected methods and the approach overall for the se-
lected samples and the research objectives?

These questions are strongly related to all of the studies presented in this thesis
(Papers I-IV). Several complex matrices are discussed, as Papers I and III focus
on wastewater influent and effluent, Paper II on contaminated sediment and Pa-
per IV on aquatic environments in general.

Theme 2: Influent and effluent quality

Quality of municipal WWTP influent (Paper I1I) and effluent (Papers I, IIT) were
assessed in this thesis regarding toxicity and pollutants. Specific research ques-
tions related to this theme were:

« What are the key toxicological endpoints related to influent and effluent qual-
ity?

» Which emerging contaminants are detected at concerning levels?

« What does a holistic assessment of influent and effluent samples reveal about
the current state of effluent quality at Finnish WWTPs?

Theme 3: Removal efficiency of wastewater treatment

Removal efficiency of typical Finnish WWTPs was assessed by application of ef-
fect-based tools (Paper III). Specific research questions related to this theme
were:

» What is the removal efficiency of different WWTPs related to toxicity?

« Can we see reoccurring trends based on the holistic approach applied in this
thesis?
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3 Materials and methods

The materials and methods applied in this thesis are briefly summarized here and
described more in detail in the Papers.

3.1 Selection of sampling sites

In the wastewater studies (Papers I, III), the selection of typical full-scale
wastewater treatments plants was crucial for the holistic approach of this thesis.
The aim was to select treatment plants that represent typical wastewater treat-
ment plants in Finland, with the most commonly applied treatment processes.
The idea was that the selected WWTPs form a representative sampling of WWTPs
in Finland. The selected treatment plants vary from small, localized WWTPs to
the largest wastewater treatment plant in the country. In addition, the treatment
plants vary in the share of industrial loading, tertiary treatment configurations,
operational conditions and receiving water bodies. Altogether eight WWTPs were
sampled, of which seven were included in all of the studies. More detailed infor-
mation on the WWTPs are presented in the Papers I and III.

In the sediment study (Paper II), two near-surface samples of sediment samples
were taken from the log pond of a plywood mill in south Finland. The sediment of
the pond was known to be contaminated with hydrocarbons, but it was unclear
whether they originated from the hydraulic fluid of the log hoist or the wood ex-
tractives. Thus, the sediment from the log pond was ideal for an EDA study.

The selected WWTPs and their locations are presented in Figure 4. The log pond

sediments were collected at a site located in Southern Finland (exact location is
confidential).
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TR3L SWWTEL

UGS i WWTP2:

Figure 4. Locations of the WWTPs sampled in this thesis. (Figure: The National Land Survey of
Finland Topographic Database. CC 4.0 licence. General map 1:1 M. Downloaded 26.3.2019.
The material has been edited.

3.2 Sample processing

Regarding the wastewater studies (Papers I and III), typically, samples need to be
pre-concentrated in some way to detect observable effects with the bioassays or
avoid problems with the sensitive, chemical analytical devices. I employed two
different approaches, both based on solid-phase extraction (SPE) for sample
treatment in this thesis. In the first approach (Paper I), the extraction process was
optimized for estrogenic compounds and sample-specific recoveries were applied
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in order to achieve results that are accurate and more reliable. I prioritized high
level of accuracy as the detected concentration were used to calculate the contri-
bution of the analysed chemicals to the observed estrogenic activity. The second
approach (Paper III) aimed at quantity over quality. The overall goal of the sam-
pling approach was to achieve large sampling volumes, select an extraction mate-
rial that is as broad as possible in order to capture the highest possible cascade of
pollutants and still achieve a reasonable level of accuracy. Regardless of the SPE
protocol, the principles of the sample treatment were similar (Figure 5).

a) Wastewater
24 h composite samples

Filtration or
centrifygation

A4

Solid-phase extraction

Evaporation to dryness

A4

Re-elution to the desired
concentration factor

2 2
. Chemical
Bioassays p
analysis

Figure 5. a) The key steps of sample treatment process applied in this thesis. The automated
large volume solid phase extraction device (LVSPES50) applied in Paper Il (Figure 5b) and
the elution step following the solid-phase extraction (Figure 5c).

In the sediment study (Paper II), samples were extracted by Soxhlet extraction
and fractionated according to Grote et al. (2005) with minor modifications. Com-
pounds were separated into five fractions using open-column chromatography
with solvents of increasing polarity.

3.3 Bioassays

The bioanalytical tools applied in this thesis include in vitro and in vivo assays.
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In the wastewater studies (Papers I, III), I selected the following endpoints to

be included in the test batteries: cytotoxicity, androgenic and estrogenic activity,

thyroid disruption, genotoxicity, embryotoxicity, acute toxicity and long-term

toxicity (Table 1). The selected test organism form a diverse group consisting of

genetically modified cells, bacteria, biomolecules, transgenic eleuthero-embryos,

fish embryos and aquatic invertebrates. The test battery contained standardized

test systems and bioassays that have been recently developed. For example, the

ELISA-E2 immunosorbent assay and the transgenic eleuthero-embryonic models

were novel approaches for wastewater testing.

The toxicity of the sediment samples (Paper II) was assessed using a biotest bat-

tery that included two in vivo acute toxicity tests, an estrogenicity test, and a gen-

otoxicity test. The applied bioassays are summarized in Table 1.

Table 1. The bioanalytical tools applied in this thesis for influent and effluent samples.

Bioassay Type Toxicological Influent Reference Paper
endpoint samples
NRR-retention test In vitro Acute cytotoxicity X Lee et al., 1993 I
(RTL-W1 cells)
AR-CALUX® In vitro Androgenic activ- X Van der Linden 1
ity etal., 2008
ER-CALUX® In vitro Estrogenic activ- X Van der Linden I III
ity etal., 2008
ELISA-E2 immuno- Invitro  Estrogenic activ- no reference I
sorbent assay ity available
YES assay Invitro  Estrogenic ac- Leskinen et 1
tivity al., 2005
p53-CALUX® In vitro Genotoxicity X Van der Linden 1T
etal., 2014
umuC assay In vitro Genotoxicity X ISO 13829 11, 1T
(2000)
V.fischeri inhibition In vivo Acute toxicity ISO 11348-3, I
assay DIN 38412
Aliivibrio fischeri Invivo  Acute toxicity BioTox™ Kit I
toxicity test
Zebrafish embryo In vivo Embryotoxicity OECD TG 236 111
toxicity (survival, suble- (2013)
thal effects)
Rapid estrogen activ- In vivo Estrogenic activ- Spirhanzlova et 11
ity in vivo (REAC- ity al., 2016
TIV) medaka assay
Xenopus embryonic In vivo Thyroid disrup- Fini et al., 2007 11
thyroid assay (XETA) tion
D.magna acute tox- In vivo Acute toxicity 1SO 6341:2012, LII
icity OECD Test 202
(2004)
D.magna long term In vivo Long term tox- ISO 1706:2000 I

toxicity

icity
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In addition to the wastewater analysis, the available bioanalytical methods and
test organisms for the toxicological assessment of antibiotics in aquatic environ-
ment were assessed in a mini-review (Paper IV). The differences between differ-
ent species within the same taxonomic group were also assessed.

3.4 Chemical analysis

The focus in the wastewater studies (Papers I, III) was on estrogenic compounds
concerning the chemical analysis. The chemical analysis is based on LC-MS/MS
and LC-HRMS. The estrogenic compounds (Paper I) were analyzed with an Ac-
quity ultra performace liquid chromatograph coupled to a Xevo TQ mass spec-
trometer with an electrospray ionization (ESI) source. Sample and compound
specific recoveries were applied. The contribution of the analyzed chemicals to the
observed effects were calculated based on the chemical concentrations and rela-
tive estrogenic potency of each substance.

In the sediment study, the focus was on mineral oils and non-target analysis.
The mineral oil (C.0—C,0) content was analyzed according to the the standard ISO
16703 (2004) by using a Gas Chromatography — Flame Ionization Detector (CG-
FID) for quantification of total petroleum hydrocarbons. Non-target analysis of
sediment and fresh oil sample fractions was carried out on a gas chromatograph
time of flight mass spectrometer (GC-TOF-MS). Quantification of wood extrac-
tive concentrations was performed using gas chromatography mass spectrometer
(GC-MS).
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The main findings of this thesis are presented according to the main themes pre-
sented in Figure 1.

4.1 Tools for the assessment of complex environmental samples

« How to select your approach and what drawbacks and advantages are re-
lated to different approaches and the methods?

« How responsive or sensitive are the selected methods?

« How applicable are the selected methods and the approach overall for the se-
lected samples and the research objectives?

4.1.1 Selection of the approach

Several different approaches for the assessment of complex environmental sam-
ples, such as municipal wastewater (influent, effluent) and contaminated sedi-
ments, are applied in this thesis depending on the research questions and aims of
each study. Each approach tackles the fundamental research questions, but from
a different angle depending on the aim of the study. In an ideal world, the selected
approach would be accurate, reliable, easy, quick, comprehensive, specific, cheap
and holistic at the same time. However, in reality that is not possible and each
approach is a compromise between these elements. The boundaries are deter-
mined by the specific research questions and aims of each study. An overview of
the different approaches applied in this thesis with an assessment of their ad-
vantages and disadvantages is presented in Table 2.
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Table 2. Overview on the approaches applied in this thesis and their advantages and disad-
vantages and applicability.

alytical methods for as-
sessing toxicological
impacts of antibiotics
for aquatic micro-organ-
isms. Focus on effects
and effect concentra-
tions.

- Large amounts
of data

- Overview on
available methods
and their sensitiv-

ity

through multiple
data sets

- Based on previ-
ous studies, re-
quires critical as-
sessment

Paper Approach Pros Cons Applicability

1 Assessing estrogenic po- | - Reliability - Laborious Studies where one or
tency by combining bi- - Accuracy - Time consuming | two specific endpoints
otests and chemical - Specificity - Initial data are of interest and
analysis. One toxicolog- Endpoint, needed on sus- prior information on
ical endpoint in focus, Sample pected toxicants key toxicants and data
targeted chemical analy- treatment - Limits of quanti- | that enables to link the
sis. Application of sam- - Identification of | fication can be too | data together (e.g REP
ple and compound spe- key toxicants high values) are available.
cific recoveries. Calcu-
lating contribution of
detected chemicals to
the observed effects.

1 Identification of un- - Enhanced proba- | - Highly laborious | Studies where un-
known key toxicants via | bility of identify- - Time consuming | known key toxicants
effect-directed analysis. ing key toxicants, - Extensive sam- are identified and
Combination of biotests | even unknown ple treatment pro- | causal links between
and chemical analysis chemicals cess effect-data and chemi-
(targeted and non-tar- - Reliability - Requires a lot of | cal analytical data are
geted). - Accuracy testing and analyt- | defined. Not for

- Data on effects ics screening purposes,
and chemical but for sites, that are
composition known to be polluted.

1 Holistic assessment of - Comprehensive- | - Requires large Studies where com-
influent and effluent ness sample volumes prehensive assessment
toxicity and removal ef- | - Large data set and automated ex- | with multiple end-
ficiency. Focus on ef- - Allows to ob- traction points is the objective.
fect-based water quality | serve trends, “big - A lot of testing Holistic assessment,
assessment, various tox- | picture” - No information which allows to ob-
icological endpoints. - Automation for on chemicals, serve bigger trends re-

sample treatment only effects garding effects.
- Focus on effects,
no initial data
needed on sus-
pected toxicants
v Review of available an- | - Comparability - Requires going Background infor-

mation for selecting
test methods and com-
paring them. Identifi-
cation of knowledge

gaps.

For example, the greatest advantage of the approach applied in Paper I was the
production of highly reliable results, based on sample and compound specific re-
coveries. After all, one of the key findings of the study was that the recoveries may
vary notably between different samples when dealing with complex samples ma-
trices, such as wastewater effluent. However this kind of approach would not be
applicable for the study presented in Paper III, where the amount of analyzed
endpoints is so large that sample and compound specific recoveries would not be
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reasonable. Thus, expressions like “quality over quantity” or “the more the mer-
rier” become essential aspects to consider when making decisions on the most
applicable approaches.

Also, in Paper II the approach was selected based on the original research ques-
tions, where the aim was being able to identify unknown key toxicants using the
EDA approach. The results of this study revealed that standard test methods, such
as mineral oil analysis, are not applicable to sediment samples which contain a lot
of co-extracting organic material and contamination may be overestimated. This
study demonstrated that approaches like EDA are suitable for such purposes.
EDA could also be applied to wastewaters or surface water samples or other com-
plex environmental mixtures. EDA is especially applicable in cases when it is sus-
pected that toxic effects are caused by unknown or unexpected chemicals. How-
ever, EDA also has its limitations. For example, volatile organic compounds are
difficult to extract, fractionate and biotest (Brack, 2003). EDA is more suitable for
pre-identified “hot-spots” for pollution like the log pond in Paper II rather than
for screening purposes like Paper III.

Regarding effect-based approaches, the amount of available test methods is a
challenge when deciding on the battery of tests. The selection of toxicological end-
points is a crucial step and pre-determines the identified toxicants in approaches
like the EDA. There are tens of different tests methods only for estrogenicity, such
as ER-CALUX, YES assay, ER-GeneBLAzer and HeLa-9903 assay, only to men-
tion a few. Addition of different modes of action, endpoints or test species has to
do with defining the boundaries for your test battery. Ideally, you would be able
to cover all relevant endpoints, multiple species and levels of biological systems.
Obviously, in real life this is limited by time, money, know-how, equipment and
other restrictions. One practical example of a limiting factor may be required sam-
ple volumes, especially if sampling is challenging (e.g. influent and clogging dur-
ing extraction). Typically, cell-based bioassays require less sample than in vivo
methods like the fish embryo toxicity test or D.magna tests. Thus, in vitro assays
may be preferential in cases where sample volumes are limited. Overall, the bio-
logical test battery can be built based on the following criteria or ideals:

- The sensitivity to different toxicants varies between organisms, thus
multi-taxa assessment enhances the comprehensive assessment of toxi-
cant effects (Guillén et al., 2012; Di Paolo et al., 2016).

- Modes of action can be divided into non-specific, specific and reactive
toxity. These groups target different types of contaminants and toxicity.
Test battery covering all three groups, would provide a good starting
point for optimal coverage of relevant modes of action. (Escher &
Leusch, 2011)

- Mechanism-specific bioassays provide information on modes-of-action
that are specifically of concern, e.g. endocrine disruption, mutagenicity
or photosynthesis inhibition (Escher & Leusch, 2011; Di Paolo et al.,
2016). Including a range of specific modes of action facilitates optimal
coverage of relevant modes of action.
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Another important aspect related to the research approach, is choosing how and
what to sample. For example, in this thesis the quantity of wastewater treatment
plants is clearly prioritized over having multiple samples from one or two
WWTPs. Sampling multiple WWTPs allows to identify trends that occur regard-
less of treatment processes and provides a holistic view on the most commonly
applied treatment processes or occurring toxicities and contaminants. However,
seasonal or time-dependent variations are not covered and possible outliers are
harder to detect.

4.1.2  Bioassays — responsiveness and applicability

The responsiveness of the bioassays used in this thesis varied depending on the
method, sample and endpoint. Interestingly, the results varied within the same
endpoint depending on the mode of action or even species. For example, the re-
sults of the ELISA-E2 immunosorbent assay were approximately 10 fold higher
than those determined with chemical analysis or ERa-CALUX®© (Paper I). Previ-
ous studies have demonstrated that sensitivity of the selected bioassays can vary.
For example, Leusch et al. (2010) demonstrated differences in the amplitude of
the response between different bioassays applied for the detection of estrogenic
activity. However, this could be explained by the mechanisms of action of the
chemicals (e.g. receptor mediated genomic events vs. nongenomic estrogenic ef-
fects).

Majority of the same WWTPs were sampled for Paper I and Paper III and tested
with the ER-CALUX®© assay. The results between the two different sampling
events are quite similar (Fig. 6). The variation in estrogenic potency of the effluent
samples is relatively small concerning WWTP 2, WWTP 3, WWTP 5 and WWTP
7. However, the results in Paper I are two times higher for WWTP 6 and twelve
times higher for WWTP 8. Previous studies have demonstrated that the estrogenic
activity of wastewater effluents may vary substantially on a daily or seasonal basis
(Martinovic et al., 2007; Jin et al., 2008; Martinovic-Weigelt et al., 2013). Tem-
poral changes in the estrogenic activity of wastewater effluents may be affected by
temperature, rainfall, process conditions, population demographics and influent
composition (Hemming et al., 2004). Regarding WWTP 8 the differences in es-
trogenic activity between the two sampling periods, are likely due to major up-
grades done at the treatment plant (process optimization, increase of capacity)
and fluctuations in the share of industrial loading. In addition temperature and
weather conditions may affect the results.

Genotoxic effects were detected only in the test with metabolic activation with
the p53-CALUX®©, whereas in the umuC assay genotoxicity was observed in the
test without metabolic activation. In addition, the results obtained with the trans-
genic medaka embryos were similar to those obtained with ER-CALUX®, however
slight differences were observed. Also, the sensitivity of the green algae species for
testing antibiotic toxicity, depends highly on the test substance. All of these re-
sults indicate that the assays respond in a different way to some of the compounds
present in the samples and some compounds may act as antagonists, due to which
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some of the results (especially receptor-based assays) may be underestimated.
Analyzing both agonism and antagonism in parallel may result in a more accurate
assessment (Neale and Leusch, 2015). Each method has its limitations and ad-
vantages, thus a combination of several approaches provides a more comprehen-
sive assessment.
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Figure 6. Estrogenic activity of effluent samples analyzed with the ER-CALUX assay. Effluent
samples were collected from seven WWTPs sampled in Paper | and Paper IlIl. WWTPs are named
according to Paper .

The responsiveness of the assays varies, but novel in vivo methods, such as the
medaka assay, and receptor-based methods, such as the CALUX assays, have
proven to be more responsive compared to some of the standardized methods,
such as V.fischeri or D.magna tests. Each method has its limitations and ad-
vantages, thus a combination of several approaches provides a more comprehen-
sive assessment. Recent studies on assembling a bioanalytical test battery for wa-
ter quality monitoring agree that ideally the selection should be based on effects
typically found in water and the battery should include a wide range on environ-
mentally relevant modes of action (Altenburger et al., 2015; Neale et al., 2017). At
the end, the final compositions of the test battery is a compromise between the
desire to cover all possible endpoints, practicability and the purpose of the assess-
ment. For routine monitoring properties such as robustness, low sample volume
requirements and efficiency, play a key role (Escher and Leusch, 2011). For a com-
prehensive assessment of water quality, it is recommended that the test battery
includes tests for different adverse outcome pathways, e.g. metabolisms (activa-
tion or detoxification), binding to hormone receptors, inhibition of enzymes, DNA
damage or mutagenicity, p53 mediated DNA repair, cell death and organisms re-
sponses (Macova et al., 2011; Altenburger et al., 2015; Neale et al., 2017). The bi-
oassays selected for this thesis cover many of these pathways, however endpoints
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like metabolism (activation or detoxification) or disruption of cellular homeosta-
sis, are not covered. In addition, immunotoxicological effects (Salo et al., 2007)
and oxidative stress responses (Lungu-Mitea et al., 2018) could be considered in
the future.

4.1.3 Chemical analysis — challenges and analytical choices

The chemical analytical methods applied in this thesis were selected based on the
compounds of interest, sample matrix, applicability and research questions. For
example in Paper I the focus was on estrogenic compounds, where the sample
treatment process was optimized for natural and synthetic hormones by selecting
the most applicable extraction material and methods. On the other hand, in Paper
ITI, the focus was on catching as many organic pollutants as possible, thus a “uni-
versal” extraction material and multistep elution process was applied. The ap-
proach in Paper III also required large sample volumes, due to which an auto-
mated large volume solid phase extraction device (LVSPE50) device was applied.
Wastewater is a complex sample matrix, which is reflected in the results of this
thesis. For example, in Paper I the limit of quantification (LOQ) was relatively
high for many of the analysed hormones, especially when considering the low con-
centrations at which these chemicals are likely present in wastewaters. Neverthe-
less, hormones and other EDCs can cause adverse effects already at very low con-
centrations. Thus, more sensitive analytical methods are needed to be able to an-
alyse compounds present at low concentrations.

In addition to LOQs, the extraction methods applied in this thesis do not con-
sider particle bound contaminants due to filtration steps prior to extraction. The
work presented in this thesis is focused on water-soluble contaminants. Thus, tox-
icity, pollutant concentrations or removal efficiencies may be underestimated.

In Paper II a combination of target and non-target methods were applied fol-
lowing multiple fractionation procedures. Fractionation allows for the sequential
reduction of complexity and the non-toxic fractions are separated from the toxic
fractions. Fractionation can be done based on different physicochemical proper-
ties and in this case it was based on polarity. The chosen sample treatment steps
and analytical methods affect the observed chemical content, as potential mono-
terpenes were lost during solvent exchange and resin acids or sterols may have
been underestimated due to derivatization step. However, as for bioassays, com-
promises are always required in these types of studies and overall the chosen an-
alytical methods and fractionation processes were suitable for the detection of un-
known key toxicants.

Chemical analytical results were combined with the results from bioassays in
Paper I and II. In Paper I relative estrogenic potencies (REP values) determined
in single-substance studies were applied together with chemical concentrations to
determine the contribution of each substance to the observed effect. The LOQs in
chemical analysis were a limiting factor in evaluating the contribution, emphasiz-
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ing the importance of developing more sensitive chemical analytical methods. Re-
gardless of the LOQs, the results demonstrated that the observed estrogenic ac-
tivity was only partly explained by analysed compounds, which indicates that
some effects are due to mixture effects and unknown chemicals. In Paper II, bio-
assays were applied to the different fractions, in order to identify the toxic frac-
tions for further analysis. Wood-originated diterpenic compounds were detected
in the most toxic fraction, typical wood extractives such as sesquiterpenes were
detected in a genotoxic fraction and triterpenes were detected in a fraction that
showed estrogenic potency. However, the focus of this study was not being able to
calculate the contribution of these substances to the observed effects, but to direct
and guide the analytics to the chemical groups that are likely responsible for tox-
icity and thus reduce complexity of the sample.

4.2 Influent and effluent quality of eight Finnish WTTPs

« What are the key toxicological endpoints related to influent and effluent qual-
ity?

« Which emerging contaminants are detected at concerning levels?

« What does a holistic assessment of influent and effluent samples reveal about
the current state of effluent quality at eight Finnish WWTPs?

4.2.1  Wastewater toxicity

The results of this thesis suggest that the removal of toxic effects is incomplete
at the WWTPs and wastewater effluents are potentially toxic (Papers I, ITI). Based
on the overall results of this thesis, the key endpoints related to wastewater tox-
icity in Finland are estrogenic activity, thyroid disruption and fish embryo toxicity
(Table 3). These endpoints were activated in effluents from majority of the
WWTPs and responses were detected at low sample concentrations indicating
high toxic potency.
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Table 3. Toxicities and their detection frequencies observed in wastewater effluent samples sam-
pled in this thesis (Paper I, 1ll). The responsiveness of each assay is presented according to the
lowest sample concentration (REF) where effects were detected.

Bioassay Type Toxicological end- Detection Responsiveness
point frequency (lowest REF)
NRR-retention test (RTL- In vitro Acute cytotoxicity Some sam- <REF5**

W1 cells) ples

AR-CALUX® In vitro Androgenic activity None of the
samples
ER-CALUX® In vitro Estrogenic activity Most of the
samples
ELISA-E2 immunosorbent In vitro Estrogenic activity Most of the
assay samples
p53-CALUX® In vitro Genotoxicity Some of the
samples
umuC assay In vitro Genotoxicity Some of the
samples
V.fischeri inhibition assay In vivo Acute toxicity None of the =
samples
Zebrafish embryo toxicity In vivo Embryotoxicity (sur- Most of the
vival, sublethal ef- samples
fects)
Rapid estrogen activity in In vivo Estrogenic activity Most of the
vivo (REACTIV) medaka samples
assay
Xenopus embryonic thyroid In vivo Thyroid disruption Most of the
assay (XETA) samples
D.magna acute toxicity In vivo Acute toxicity None of the &
samples
D.magna long term toxicity ~ In vivo Long term toxicity None of the &
samples

<REF20

<REF2.5%*

<REF5**

* Raw effluent was used for testing, no effects were observed at the highest test solution.
** Lowest REF tested.

Estrogenic activity was detected in all of the wastewater samples (Papers I, III),
practically with all of the different test methods (ER-CALUX, ELISA-E2, medaka
assay). The results of this thesis support the findings of previous studies on
wastewater toxicity, which have also identified estrogenicity as one of the key tox-
icological endpoints (Salste et al., 2007; Van Der Linden et al. 2008; Adeel et al.,
2017; Leusch et al., 2017; Gehrmann et al., 2018; Leusch et al., 2018). With sen-
sitive bioassays, estrogenic potency can be detected even in samples with ex-
tremely low chemical contamination after sufficient sample enrichment (Leusch
et al., 2018). Thus, it is important to differentiate between an acceptable level and
an unacceptable level of effects, for which effect-based trigger values (EBT) have
been developed (JaroSova et al., 2014; Escher et al., 2015; Van der Oost et al.,
2017). The EEQ values presented in this thesis (Paper I, I1I) exceed EBT values
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determined in previous studies, which vary between 0.2 and 2.0 ng/L EEQ de-
pending on the sample matrix and exposure duration (JaroSova et al., 2014;
Escher et al., 2015; Leusch et al., 2017). The results suggest, that the effluents may
pose a risk to the receiving waters concerning estrogenic activity.

Thyroid disruption was detected in five effluent samples, indicating significant
pro-thyroid effects (<LOD-1.34 ug T3 eq./L). Effects were detected in the same
samples also in spiked test mode (spiking with T3), showing antagonistic effects
and more complex effects such as disruption of thyroid hormone metabolism
(<LOD-3.71 ug T3 eq./L). Unlike for estrogenic activity, the results for thyroid
disruption were unexpected based on previous studies, where effluents have not
shown high potential for thyroid disruption (Jugan et al., 2009; Escher et al.,
2013). However, these studies were based on in vitro studies, which may be less
responsive compared to the Xenopus embryonic thyroid assay because thyroid
hormone disruptors act via non-receptor based mechanisms of action (Wegner et
al., 2016).

Toxic effects were observed in all of the effluent samples tested with the fish
embryo toxicity (FET) test. Considerable mortality (20-43 %) were observed at
lowest exposure concentrations (REF2.5). In addition, embryos presented also
several malformations, such as scoliosis and pericardial edema. The use of fish
acute toxicity test in environmental risk assessment is already widely applied in
several European countries (Scholz et al., 2008). However, typically raw effluent
samples are applied. This study (Paper IIT) demonstrated that FET test can also
be applied to analyze wastewater extracts dissolved in a suitable carrier solvent.

Currently, endpoints like estrogenic activity or thyroid disruption, are not ap-
plied in routine monitoring. The most commonly applied methods for monitoring
are standardized in vivo test with water fleas (D.magna), bacteria (V.fischeri) and
green algae (P.subcapitata). For example, these tests are recommended as “best
available technique, BAT” for monitoring of industrial wastewaters in the BAT
conclusions for waste water and waste gas treatment/ management systems in the
chemical sector (EU 2016/902). However, as indicated by the results of this the-
sis, these methods are not sensitive enough for treated wastewater effluents and
do not give any indication on more specific toxicity, such as endocrine disruption
or genotoxicity. Thus, test batteries for water quality monitoring should be further
enhanced by adding biotests that are specific for certain modes of action, such as
estrogenic activity or thyroid disruption. However, toxicity was observed with
D.magna and V.fischeri tests in the sediment study (Paper II), where the sedi-
ments were known to be highly polluted. In such cases, these types of tests can be
useful indicators of acute toxicity.

4.2.2 Detection of emerging contaminants

The results of this thesis support the previous findings related to emerging con-
taminants such as endocrine disrupting compounds and pharmaceuticals. These
compounds are not fully removed during wastewater treatment and thus small
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traces of these compounds are continuously discharged into aquatic environ-
ments. According to the review in Paper IV on maximum and median concentra-
tions of antibiotics found in surface waters and wastewater effluents, antibiotics
can be present at concentrations above 10 pg/L. Typically pharmaceuticals and
antibiotics are present in wastewaters and surface waters at concentrations below
1 ug/L, but it is not rare that pharmaceuticals are detected at higher levels. Based
on the review, highest concentrations have been analyzed for sulfamethoxazole
(13.765 pug/L, Ngumba et al., 2016), ofloxacin (7.87 pg/L, Leung et al., 2012),
ciprofloxacin (5.93 pg/L, Wei et al., 2012) and enrofloxacin (4.24 pg/L, Wei et al.,
2012).

Natural hormones excreted by humans, such as estrone (E1), 173-estradiol (E2)
and 17a-estradiol were detected in WWTP effluents sampled in Paper I (Figure 7).
The highest concentrations were analyzed for E1, followed by E2, which can be
explained by the human urinary excretion rates of these compounds together with
the transformation processes during wastewater treatment (Liu et al., 2009). The
synthetic hormone 17a-ethinylestradiol (EE2) has a higher relative estrogenic po-
tency compared to natural hormones, thus it may play a significant role in the
estrogenic activity of wastewater effluents. However, EE2 was not detected, prob-
ably due to the relatively high limit of quantification (10 ng/L).
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Figure 7. Levels of natural hormones detected in wastewater effluents sampled in Paper I.

Exceptionally high concentration (956 pug/L) of bisphenol-A (BPA) was detected
in effluent sample from WWTP 8. Calculations based on relative estrogenic po-
tency showed that BPA was a significant contributor (37%) to the observed effects
in the ER-CALUX assay (Figure 6). The high amount of BPA was likely traced back
to two paper product factories that discharge significant amount of industrial
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wastewaters into the WWTP and use notable amounts of BPA in their process.
Based on the results of this study and previous studies conducted in Finland, con-
centrations for BPA in effluent samples typically range between 100-600 ng/L.
Thus, a more intensive sampling campaign should be performed at WWTPS8 to
better understand the discharge patterns related to BPA at this treatment plant.
It is likely that industrial wastewaters containing high levels of BPA are irregularly
discharged to the WWTP.

4.3 Removal of toxicity during wastewater treatment

» What is the removal efficiency of different WWTPs related to toxicity and pol-
lutants?

« Can we see reoccurring trends based on the holistic approach applied in this
thesis?

The removal efficiency of the sampled WWTPs to reduce toxicity was calculated
by comparing the toxicity of the influent samples and effluent samples, which
were collected according to the hydraulic retention time of each WWTP (Paper
III). Thus, in theory the “same” water was sampled. The removal was assessed
for estrogenic activity (ER-CALUX), genotoxicity (p53-CALUX, umuC), cytotoxi-
city (NRR assay) and androgenic activity (AR-CALUX). In addition all effluent
samples were analyzed for embryotoxicity and thyroid disruption.

Interestingly, there was no correlation between toxicity removal efficiencies and
the presence or absence of advanced tertiary treatment methods. The results sug-
gest that sand filtration does not provide clear advantages related to toxicity re-
moval. However, the results could be different if particle bound contaminants
were considered. In addition, other WWTP parameters, such as sludge retention
time or nitrification rate, did not correlate with toxicity removal. Most of the pre-
vious studies have focused on investigating the correlation between removal effi-
ciencies of individual selected substances and sand filtration, sludge age or other
parameters, thus a holistic view on multiple WWTPs and toxicities was missing.
Based on the findings of this thesis, the removal efficiency of toxicity is more re-
lated to each toxicological endpoint than characteristics of the WWTPs. The toxi-
cological characteristics of the influent samples was similar among all of the sam-
pled WWTPs. Almost all of the samples induced toxic effects in majority of the
bioassays. Also the toxicological patterns for the effluent samples were similar
between the different WWTPs. The remaining toxicities after treatment were es-
trogenic activity, thyroid disruption and genotoxicity.

Although, the toxicological removal patterns appear similar between the
WTTPs, some variation in removal efficiencies can be seen when looking at the
different toxicological endpoints in more detail. On average, the removal for cyto-
toxicity was more than 50% (Figure 8a). At three of the sampled WWTPs cytotoxic
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effects were almost completely removed. However, poor removal was observed at
WWTP 7 and the MBR pilot plant at WWTP6. WWTP 7 has the highest industrial
loading which could at least partly explain the results as industrial influent may
contain more compounds that are not biodegraded during the treatment process.
At the MBR pilot no significant reduction in cytotoxic effects was observed. The
system was newly installed and the operational parameters might not have been
fully optimized, as the results were similar related to other toxicities.

The reduction in estrogenic activity ranged between 0-97%, with the average
removal of 63% (Figure 8b). In majority of the WWTPs the removal efficiency was
above 90%, however in WWTP3 and WWTP?7 estrogenic activity was not removed
at all. In these samples, the levels of estrogenic activity were low to begin with,
thus seeing any variation between influent and effluent samples is unlikely. These
results are supported by previous studies which have applied ER-CALUX to study
removal efficiencies of estrogenic activity (Maletz et al, 2013; Gehrmann et al.,
2018).

Androgenic activity was completely removed during wastewater treatment. A
similar trend was observed for genotoxicity, as in adaptive stress response assay
(p53-CALUX) all genotoxic effects were completely removed except the MBR pilot
effluent, where genotoxic effects were reduced by 16%. However, results from the
umuC assay indicate that genotoxic effects are not fully removed. Controversies
between these two different methods may suggest that these assays respond to
different types of chemicals that may induce genotoxic effects.
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Figure 8. Removal efficiencies for a) cytotoxicity and b) estrogenic activity based on the results
presented in Paper Il1.

4.4 Practical implications and future needs

Effect-based tools for the assessment of influent and effluent quality

Circling back to the initial "tip of the iceberg” problem presented in the introduc-
tion, it is highly unlikely that monitoring can be continued only based on selected
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individual chemicals as awareness and concerns related to transformation prod-
ucts, mixture effects and the role of unknown chemicals are growing. As demon-
strated by the results of this thesis, bioassays can provide valuable information on
water quality. Effect-based tools are sum parameter based, thus unknown chem-
icals, transformation products and mixture effects are taken into account. How-
ever, development of standardized test systems and effect-based trigger values are
needed to further improve the application of effect-based test methods for regular
assessment of water quality or monitoring. As demonstrated in Paper IV more
information on data variability and differences between test species are needed to
improve standardization and harmonization of test systems.

In addition, a consensus on the composition of the biological test battery is
needed. The results of this thesis indicate that bioassay batteries for water quality
assessment should include a large variety of assays covering multiple endpoints
and test organisms. Estrogenic activity, thyroid disruption, and embryotoxicity
may be the most relevant endpoints as demonstrated in Paper I and III. However,
more holistic assessments covering multiple WWTPs and endpoints are needed
to draw further conclusions.

As demonstrated in Paper II, effect-based tools can also be applied for the as-
sessment of other complex environment samples, such as sediments. The results
of this study demonstrate that traditional methods for the assessment of pollution
may not be sufficient in identifying key toxicants. Approaches, like the EDA, are
needed to make the causal links between toxic effects and key toxicants, especially
in the case of unknown chemicals. Thus, more research is needed to develop these
types of methods to make them more suitable for monitoring purposes.

Assessment of wastewater treatment efficiency

Some of the chemicals posing the potential to cause adverse effects are vital to
human health, thus it is unlikely that their use can be completely restricted. In
regard to natural hormones, such restrictions are not even possible because these
substances are naturally excreted. Therefore, the need for point source control at
the WWTPs is needed and conventional treatment methods should be upgraded.
Currently, assessment of treatment efficiency is based on a similar "tip of the ice-
berg” approach as in monitoring. Treatment efficiency is calculated based on a
selection pre-selected substances and mixture effects or transformation products
are typically not considered. Based on the results of this thesis, it would be highly
beneficial to assess treatment efficiency with effect-based tools. If high removal of
toxicity is achieved, also a high removal of the chemicals causing the toxic effects
is met. Are the removal rates for single substances even needed to know if toxicity
levels are at an acceptable level?
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5 Contribution to the fundamental
questions

The fundamental questions presented in Chapter 1 were studied from the perspec-
tive of effect-based tools for the assessment of complex environmental samples,
wastewater quality and assessment of removal efficiency at typical Finnish
WWTPs. The questions are broad, interdisciplinary and complex, thus these find-
ings only partly answer them. However, we move closer to finding the full answers
with every study that tries to at least partly find the answers.

What are the sources and pathways of harmful chemicals to the environment?

Based on the findings of this thesis, municipal wastewater treatment plants are
potential pathways of pollutants to the environment as treated effluents have toxic
properties and contain complex mixtures of organic micropollutants. The signifi-
cance of treated effluents as a pathway to pollutants compared to other pathways
was not investigated, thus any conclusions on that cannot be drawn. Interestingly,
effluents have similar ecotoxicological profiles regardless of the WWTP parame-
ters or treatment methods indicating that the removal efficiency is more related
to each toxicological endpoint than characteristics of the WWTPs. These findings
suggest that the sampled municipal WWTP effluents are quite similar when it
comes to toxicity that is related to water soluble chemicals.

What kind of effects harmful chemicals have on the environment and human
health?

Wastewater effluents or polluted sediments may be toxic to our environment and
health, as demonstrated in this thesis. Effluents have endocrine disrupting prop-
erties, as they show estrogenic activity and thyroid disruption. Effluents may also
cause adverse effects on fish embryos or induce genotoxic effects. Highly polluted
sediments may be even acutely toxic. As indicated by the results of this thesis,
chemicals that are discharged to our environment can have various toxicological
effects and different test systems react to different types of chemicals and toxici-
ties. As more sensitive test systems are developed and new relevant endpoints are
identified, valuable information on the effects of chemicals and complex chemical
mixtures is gathered. More research is needed to identify key toxicological end-
points related to wastewater effluents and environmental safety.
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How can the discharge or transfer of harmful chemicals be avoided or con-
trolled?

As indicated by the results of this thesis, wastewater effluents may pose risks to
the aquatic environments. Thus, point source control at the WWTPs is crucial.
The results of this thesis demonstrate that the removal of emerging contaminants
and toxicity is incomplete with conventional treatment methods. More advanced
treatment methods are needed to further improve water quality and control the
discharge of chemicals to our environment. In addition to treatment techniques,
advances in the regulation and monitoring of harmful pollutants are needed. Fur-
ther research is needed on the applicability of advanced tertiary treatment meth-
ods with holistic approaches combining bioassays and chemical analytical meth-
ods.

How do we ensure that pollutants are present in the environment at a safe level?
How can the safe levels be monitored?

This is probably the hardest question to answer. Linking the results obtained in
laboratory studies to real life conditions is challenging. The results of this thesis
indicate that chemical discharges from the industry or municipal wastewaters
have toxic properties and contain pollutants that are known to potentially cause
adverse effects. Effect-based methods should be applied for monitoring purposes
to move towards a more holistic assessment that would also consider sum param-
eter based effects. EBT values have been developed to estimate whether the ob-
served effects are at a safe and acceptable level. However, calculation of EBT val-
ues is not possible for all endpoints at this stage and more data is needed to further
improve the application of EBT values. The estrogenic activities observed in the
effluents samples in this thesis exceed EBT values determined in previous studies,
indicating that effluents may pose a real risk to the receiving waters. Application
of effect-based tools together with chemical analysis will help us achieve a safer
environment and higher quality of monitoring.

38



References

Adeel, M., Song, X., Wang, Y., Francis, D., & Yang, Y. (2017). Environmental impact
of estrogens on human, animal and plant life: a critical review. Environment
International, 99, 107-119.

Ahmed, M. B., Zhou, J. L., Ngo, H. H., Guo, W., Thomaidis, N. S., & Xu, J. (2017).
Progress in the biological and chemical treatment technologies for emerging
contaminant removal from wastewater: a critical review. Journal of Hazard-
ous Materials, 323, 274-298.

Allen, Y., Scott, A. P., Matthiessen, P., Haworth, S., Thain, J. E., & Feist, S. (1999).
Survey of estrogenic activity in United Kingdom estuarine and coastal waters
and its effects on gonadal development of the flounder Platichthys flesus. En-
vironmental Toxicology and Chemistry, 18(8), 1791-1800.

Altenburger, R., Ait-Aissa, S., Antczak, P., Backhaus, T., Barcel6, D., Seiler, T. B., ... &
de Aragao Umbuzeiro, G. (2015). Future water quality monitoring—adapting
tools to deal with mixtures of pollutants in water resource management. Sci-
ence of the Total Environment, 512, 540-551.

Altenburger, R., Scholze, M., Busch, W., Escher, B. 1., Jakobs, G., Krauss, M., ... &
Seiler, T. B. (2018). Mixture effects in samples of multiple contaminants—An
inter-laboratory study with manifold bioassays. Environment International,
114, 95-106.

Bjerregaard, L. B., Korsgaard, B., & Bjerregaard, P. (2006). Intersex in wild roach
(Rutilus rutilus) from Danish sewage effluent-receiving streams. Ecotoxicology
and Environmental Safety, 64(3), 321-328.

Brack, W. (2003). Effect-directed analysis: a promising tool for the identification of
organic toxicants in complex mixtures?. Analytical and Bioanalytical Chemis-
try, 377(3), 397-407.

Brack, W., Dulio, V., Agerstrand, M., Allan, I., Altenburger, R., Brinkmann, M., ... &
Hernéndez, F. J. (2017). Towards the review of the European Union Water
Framework Directive: Recommendations for more efficient assessment and
management of chemical contamination in European surface water resources.
Science of The Total Environment, 576, 720-737.

Brack, W., Schmitt-Jansen, M., Machala, M., Brix, R., Barcel6, D., Schymanski, E., ...
& Schulze, T. (2008). How to confirm identified toxicants in effect-directed
analysis. Analytical and Bioanalytical Chemistry, 390(8), 1959-1973.

Carvalho, R. N., Arukwe, A., Ait-Aissa, S., Bado-Nilles, A., Balzamo, S., Baun, A., ... &
Creusot, N. (2014). Mixtures of chemical pollutants at European legislation
safety concentrations: how safe are they?. Toxicological Sciences, 141(1), 218-
233.

Deblonde, T., Cossu-Leguille, C., & Hartemann, P. (2011). Emerging pollutants in
wastewater: a review of the literature. International Journal of Hygiene and
Environmental Health, 214(6), 442-448.

Di Donato, M., Cernera, G., Giovannelli, P., Galasso, G., Bilancio, A., Migliaccio, A., &
Castoria, G. (2017). Recent advances on bisphenol-A and endocrine disruptor

39



References

effects on human prostate cancer. Molecular and Cellular Endocrinology, 457,
35-42.

Di Paolo, C., Ottermanns, R., Keiter, S., Ait-Aissa, S., Bluhm, K., Brack, W, ... &
Cousin, X. (2016). Bioassay battery interlaboratory investigation of emerging
contaminants in spiked water extracts—towards the implementation of bioana-
lytical monitoring tools in water quality assessment and monitoring. Water
Research, 104, 473-484.

EEA, 2018, European waters — assessment of status and pressures 2018, EEA Report
No 7/2018, European Environment Agency.

Escher, B. L., Allinson, M., Altenburger, R., Bain, P. A, Balaguer, P., Busch, W., ... &
Humpage, A. R. (2013). Benchmarking organic micropollutants in wastewater,
recycled water and drinking water with in vitro bioassays. Environmental Sci-
ence & Technology, 48(3), 1940-1956.

Escher, B. 1., Ait-Aissa, S., Behnisch, P. A., Brack, W., Brion, F., Brouwer, A., ... &
Hettwer, K. (2018). Effect-based trigger values for in vitro and in vivo bioas-
says performed on surface water extracts supporting the environmental quality
standards (EQS) of the European Water Framework Directive. Science of The
Total Environment, 628, 748-765.

Escher, B., & Leusch, F. (2011). Bioanalytical tools in water quality assessment. IWA
publishing.

Escher, B. 1., Neale, P. A., & Leusch, F. D. (2015). Effect-based trigger values for in
vitro bioassays: Reading across from existing water quality guideline values.
Water Research, 81, 137-148.

Esplugas, S., Bila, D. M., Krause, L. G. T., & Dezotti, M. (2007). Ozonation and ad-
vanced oxidation technologies to remove endocrine disrupting chemicals
(EDCs) and pharmaceuticals and personal care products (PPCPs) in water ef-
fluents. Journal of Hazardous Materials, 149(3), 631-642.

Fang, Y. X., Ying, G. G., Zhao, J. L., Chen, F., Liu, S., Zhang, L. J., & Yang, B. (2012).
Assessment of hormonal activities and genotoxicity of industrial effluents us-
ing in vitro bioassays combined with chemical analysis. Environmental Toxi-
cology and Chemistry, 31(6), 1273-1282.

Fini, J. B., Le Mével, S., Turque, N., Palmier, K., Zalko, D., Cravedi, J. P., & De-
meneix, B. A. (2007). An in vivo multiwell-based fluorescent screen for moni-
toring vertebrate thyroid hormone disruption. Environmental Science & Tech-
nology, 41(16), 5008-5914.

Garcia-Rodriguez, A., Matamoros, V., Fontas, C., & Salvad6, V. (2014). The ability of
biologically based wastewater treatment systems to remove emerging organic
contaminants—a review. Environmental Science and Pollution Research,
21(20), 11708-11728.

Gehrmann, L., Bielak, H., Behr, M., Itzel, F., Lyko, S., Simon, A, ... & Tuerk, J.
(2018). (Anti-) estrogenic and (anti-) androgenic effects in wastewater during
advanced treatment: comparison of three in vitro bioassays. Environmental
Science and Pollution Research, 25(5), 4094-4104.

Giulivo, M., de Alda, M. L., Capri, E., & Barceld, D. (2016). Human exposure to endo-
crine disrupting compounds: Their role in reproductive systems, metabolic
syndrome and breast cancer. A review. Environmental Research, 151, 251-264.

Green, R. E., Newton, I. A. N,, Shultz, S., Cunningham, A. A., Gilbert, M., Pain, D. J.,
& Prakash, V. (2004). Diclofenac poisoning as a cause of vulture population
declines across the Indian subcontinent. Journal of Applied Ecology, 41(5),
793-800.

40



References

Grote, M., Brack, W., & Altenburger, R. (2005). Identification of toxicants from ma-
rine sediment using effect-directed analysis. Environmental Toxicology: An
International Journal, 20(5), 475-486.

Guillén, D., Ginebreda, A., Farré, M., Darbra, R. M., Petrovic, M., Gros, M., & Bar-
celd, D. (2012). Prioritization of chemicals in the aquatic environment based
on risk assessment: analytical, modeling and regulatory perspective. Science of
the Total Environment, 440, 236-252.

Guillossou, R., Le Roux, J., Mailler, R., Vulliet, E., Morlay, C., Nauleau, F., ... &
Rocher, V. (2019). Organic micropollutants in a large wastewater treatment
plant: What are the benefits of an advanced treatment by activated carbon ad-
sorption in comparison to conventional treatment?. Chemosphere, 218, 1050-
1060.

Hashmi, M. A. K., Escher, B. 1., Krauss, M., Teodorovic, I., & Brack, W. (2018). Ef-
fect-directed analysis (EDA) of Danube River water sample receiving untreated
municipal wastewater from Novi Sad, Serbia. Science of the Total Environ-
ment, 624, 1072-1081.

Hemming, J. M., Allen, H. J., Thuesen, K. A,, Turner, P. K., Waller, W. T., Lazorchak,
J. M., ... & Venables, B. (2004). Temporal and spatial variability in the estroge-
nicity of a municipal wastewater effluent. Ecotoxicology and Environmental
Safety, 57(3), 303-310.

Itzel, F., Jewell, K. S., Leonhardt, J., Gehrmann, L., Nielsen, U., Ternes, T. A., ... &
Tuerk, J. (2018). Comprehensive analysis of antagonistic endocrine activity
during ozone treatment of hospital wastewater. Science of the Total Environ-
ment, 624, 1443-1454.

Jarosova, B., Ersekova, A., Hilscherova, K., Loos, R., Gawlik, B. M., Giesy, J. P., &
Blaha, L. (2014). Europe-wide survey of estrogenicity in wastewater treatment
plant effluents: the need for the effect-based monitoring. Environmental Sci-
ence and Pollution Research, 21(18), 10970-10982.

Jelic, A., Gros, M., Ginebreda, A., Cespedes-Sanchez, R., Ventura, F., Petrovic, M., &
Barcelo, D. (2011). Occurrence, partition and removal of pharmaceuticals in
sewage water and sludge during wastewater treatment. Water Research, 45(3),
1165-1176.

Jin, S., Yang, F., Liao, T., Hui, Y., & Xu, Y. (2008). Seasonal variations of estrogenic
compounds and their estrogenicities in influent and effluent from a municipal
sewage treatment plant in China. Environmental Toxicology and Chemistry,
27(1), 146-153.

Jobling, S., Beresford, N., Nolan, M., Rodgers-Gray, T., Brighty, G. C., Sumpter, J. P.,
& Tyler, C. R. (2002). Altered sexual maturation and gamete production in
wild roach (Rutilus rutilus) living in rivers that receive treated sewage efflu-
ents. Biology of Reproduction, 66(2), 272-281.

Jugan, M. L., Oziol, L., Bimbot, M., Huteau, V., Tamisier-Karolak, S., Blondeau, J. P.,
& Lévi, Y. (2009). In vitro assessment of thyroid and estrogenic endocrine dis-
ruptors in wastewater treatment plants, rivers and drinking water supplies in
the greater Paris area (France). Science of the Total Environment, 407(11),
3579-3587.

Karels, A. E., & Niemi, A. (2002). Fish community responses to pulp and paper mill
effluents at the southern Lake Saimaa, Finland. Environmental Pollution,
116(2), 309-317.

Kirby, M. F., Allen, Y. T., Dyer, R. A,, Feist, S. W., Katsiadaki, I., Matthiessen, P., ... &
Thomas, K. V. (2004). Surveys of plasma vitellogenin and intersex in male

41



References

flounder (Platichthys flesus) as measures of endocrine disruption by estrogenic
contamination in United Kingdom estuaries: temporal trends, 1996 to 2001.
Environmental Toxicology and Chemistry, 23(3), 748-758.

Konig, M., Escher, B. 1., Neale, P. A., Krauss, M., Hilscherova, K., Novak, J., ... & Ahl-
heim, J. (2017). Impact of untreated wastewater on a major European river
evaluated with a combination of in vitro bioassays and chemical analysis. Envi-
ronmental Pollution, 220, 1220-1230.

Lee, L. E., Clemons, J. H., Bechtel, D. G., Caldwell, S. J., Han, K. B., Pasitschniak-
Arts, M., ... & Bols, N. C. (1993). Development and characterization of a rain-
bow trout liver cell line expressing cytochrome P450-dependent monooxygen-
ase activity. Cell Biology and Toxicology, 9(3), 279-294.

Leskinen, P., Michelini, E., Picard, D., Karp, M., & Virta, M. (2005). Bioluminescent
yeast assays for detecting estrogenic and androgenic activity in different matri-
ces. Chemosphere, 61(2), 259-266.

Leung, H. W., Minh, T. B., Murphy, M. B., Lam, J. C., So, M. K., Martin, M., ... &
Richardson, B. J. (2012). Distribution, fate and risk assessment of antibiotics
in sewage treatment plants in Hong Kong, South China. Environment Inter-
national, 42, 1-9.

Leusch, F. D., De Jager, C., Levi, Y., Lim, R., Puijker, L., Sacher, F., ... & Chapman, H.
F. (2010). Comparison of five in vitro bioassays to measure estrogenic activity
in environmental waters. Environmental Science & Technology, 44(10), 3853-
3860.

Leusch, F. D., Khan, S. J., Gagnon, M. M., Quayle, P., Trinh, T., Coleman, H., ... &
Reitsema, T. (2014). Assessment of wastewater and recycled water quality: a
comparison of lines of evidence from in vitro, in vivo and chemical analyses.
Water Research, 50, 420-431.

Leusch, F. D., Neale, P. A, Arnal, C., Aneck-Hahn, N. H., Balaguer, P., Bruchet, A,, ...
& Scheurer, M. (2018). Analysis of endocrine activity in drinking water, surface
water and treated wastewater from six countries. Water Research, 139, 10-18.

Leusch, F. D., Neale, P. A., Hebert, A., Scheurer, M., & Schriks, M. C. (2017). Analysis
of the sensitivity of in vitro bioassays for androgenic, progestagenic, glucocor-
ticoid, thyroid and estrogenic activity: Suitability for drinking and environ-
mental waters. Environment International, 99, 120-130.

Li, W. C. (2014). Occurrence, sources, and fate of pharmaceuticals in aquatic envi-
ronment and soil. Environmental Pollution, 187, 193-201.

Liu, Z. H., Kanjo, Y., & Mizutani, S. (2009). Urinary excretion rates of natural estro-
gens and androgens from humans, and their occurrence and fate in the envi-
ronment: a review. Science of the Total Environment, 407(18), 4975-4985.

Loos, R., Carvalho, R., Anténio, D. C., Comero, S., Locoro, G., Tavazzi, S., ... & Jaro-
sova, B. (2013). EU-wide monitoring survey on emerging polar organic con-
taminants in wastewater treatment plant effluents. Water Research, 47(17),
6475-6487.

Lungu-Mitea, S., Oskarsson, A., & Lundqvist, J. (2018). Development of an oxidative
stress in vitro assay in zebrafish (Danio rerio) cell lines. Scientific Reports,
8(1), 12380.

Luo, Y., Guo, W., Ngo, H. H., Nghiem, L. D., Hai, F. 1., Zhang, J., ... & Wang, X. C.
(2014). A review on the occurrence of micropollutants in the aquatic environ-
ment and their fate and removal during wastewater treatment. Science of the
Total Environment, 473, 619-641.

42



References

Macova, M., Toze, S., Hodgers, L., Mueller, J. F., Bartkow, M., & Escher, B. I. (2011).
Bioanalytical tools for the evaluation of organic micropollutants during sewage
treatment, water recycling and drinking water generation. Water Research,
45(14), 4238-4247.

Maletz, S., Floehr, T., Beier, S., Kliimper, C., Brouwer, A., Behnisch, P., ... & Linne-
mann, V. (2013). In vitro characterization of the effectiveness of enhanced
sewage treatment processes to eliminate endocrine activity of hospital efflu-
ents. Water Research, 47(4), 1545-1557.

Martinovic, D., Denny, J. S., Schmieder, P. K., Ankley, G. T., & Sorensen, P. W.
(2007). Temporal variation in the estrogenicity of a sewage treatment plant ef-
fluent and its biological significance. Environmental Science & Technology,
42(9), 3421-3427.

Martinovic-Weigelt, D., Minarik, T. A., Curran, E. M., Marchuk, J. S., Pazderka, M.
J., Smith, E. A,, ... & Schoenfuss, H. L. (2013). Environmental estrogens in an
urban aquatic ecosystem: I. Spatial and temporal occurrence of estrogenic ac-
tivity in effluent-dominated systems. Environment International, 61, 127-137.

Neale, P. A., & Leusch, F. D. (2015). Considerations when assessing antagonism in
vitro: Why standardizing the agonist concentration matters. Chemosphere,
135, 20-23.

Neale, P. A., Munz, N. A., Ait-Aissa, S., Altenburger, R., Brion, F., Busch, W, ... &
Seiler, T. B. (2017). Integrating chemical analysis and bioanalysis to evaluate
the contribution of wastewater effluent on the micropollutant burden in small
streams. Science of The Total Environment, 576, 785-795.

Ngumba, E., Gachanja, A., & Tuhkanen, T. (2016). Occurrence of selected antibiotics
and antiretroviral drugs in Nairobi River Basin, Kenya. Science of the Total
Environment, 539, 206-213.

Pessala, P., Schultz, E., Nakari, T., Joutti, A., & Herve, S. (2004). Evaluation of
wastewater effluents by small-scale biotests and a fractionation procedure.
Ecotoxicology and Environmental Safety, 59(2), 263-272.

Petrie, B., Barden, R., & Kasprzyk-Hordern, B. (2015). A review on emerging contam-
inants in wastewaters and the environment: current knowledge, understudied
areas and recommendations for future monitoring. Water Research, 72, 3-27.

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., & Ternes, T. A. (2015).
Spoilt for choice: a critical review on the chemical and biological assessment of
current wastewater treatment technologies. Water Research, 87, 237-270.

Reineke, N., Bester, K., Hiithnerfuss, H., Jastorff, B., & Weigel, S. (2002). Bioassay-
directed chemical analysis of River Elbe surface water including large volume
extractions and high performance fractionation. Chemosphere, 47(7), 717-723.

Rosenmai, A. K., Lundqvist, J., Gago-Ferrero, P., Mandava, G., Ahrens, L., Wiberg,
K., & Oskarsson, A. (2018). Effect-based assessment of recipient waters im-
pacted by on-site, small scale, and large scale waste water treatment facilities—
combining passive sampling with in vitro bioassays and chemical analysis. Sci-
entific Reports, 8(1), 17200.

Salo, H. M., Hébert, N., Dautremepuits, C., Cejka, P., Cyr, D. G., & Fournier, M.
(2007). Effects of Montreal municipal sewage effluents on immune responses
of juvenile female rainbow trout (Oncorhynchus mykiss). Aquatic Toxicology,
84(4), 406-414.

Salste, L., Leskinen, P., Virta, M., & Kronberg, L. (2007). Determination of estrogens
and estrogenic activity in wastewater effluent by chemical analysis and the bio-
luminescent yeast assay. Science of the Total Environment, 378(3), 343-351.

43



References

Santos, L. H., Aragjo, A. N., Fachini, A., Pena, A., Delerue-Matos, C., & Montenegro,
M. C. B. S. M. (2010). Ecotoxicological aspects related to the presence of phar-
maceuticals in the aquatic environment. Journal of Hazardous Materials,
175(1-3), 45-95.

Scholz, S., Fischer, S., Giindel, U., Kiister, E., Luckenbach, T., & Voelker, D. (2008).
The zebrafish embryo model in environmental risk assessment—applications
beyond acute toxicity testing. Environmental Science and Pollution Research,
15(5), 394-404.

Smital, T., Terzic, S., Zaja, R., Senta, L., Pivcevic, B., Popovic, M., ... & Ahel, M. (2011).
Assessment of toxicological profiles of the municipal wastewater effluents us-
ing chemical analyses and bioassays. Ecotoxicology and Environmental
Safety, 74(4), 844-851.

Spirhanzlova, P., Leleu, M., Sébillot, A., Lemkine, G. F., Iguchi, T., Demeneix, B. A., &
Tindall, A. J. (2016). Oestrogen reporter transgenic medaka for non-invasive
evaluation of aromatase activity. Comparative Biochemistry and Physiology
Part C: Toxicology & Pharmacology, 179, 64-71.

Tarapore, P., Ying, J., Ouyang, B., Burke, B., Bracken, B., & Ho, S. M. (2014). Expo-
sure to bisphenol A correlates with early-onset prostate cancer and promotes
centrosome amplification and anchorage-independent growth in vitro. PloS
one, 9(3), €90332.

Ternes, T., Bonerz, M., & Schmidt, T. (2001). Determination of neutral pharmaceuti-
cals in wastewater and rivers by liquid chromatography—electrospray tandem
mass spectrometry. Journal of Chromatography A, 938(1-2), 175-185.

Tran, N. H., Reinhard, M., & Gin, K. Y. H. (2018). Occurrence and fate of emerging
contaminants in municipal wastewater treatment plants from different geo-
graphical regions-a review. Water Research, 133, 182-207.

Turja, R., Lehtonen, K. K., Meierjohann, A., Brozinski, J. M., Vahtera, E., Soirinsuo,
A, ... & Peluhet, L. (2015). The mussel caging approach in assessing biological
effects of wastewater treatment plant discharges in the Gulf of Finland (Baltic
Sea). Marine Pollution Bulletin, 97(1-2), 135-149.

Van Der Linden, S. C., Heringa, M. B., Man, H. Y., Sonneveld, E., Puijker, L. M.,
Brouwer, A., & Van Der Burg, B. (2008). Detection of multiple hormonal activ-
ities in wastewater effluents and surface water, using a panel of steroid recep-
tor CALUX bioassays. Environmental Science & Technology, 42(15), 5814-
5820.

Van der Oost, R., Sileno, G., Suarez-Mufoz, M., Nguyen, M. T., Besselink, H., &
Brouwer, A. (2017). SIMONI (Smart Integrated Monitoring) as a novel bioana-
lytical strategy for water quality assessment: Part I-model design and effect-
based trigger values. Environmental Toxicology and Chemistry, 36(9), 2385-
2399.

Wang, H., Wang, N., Wang, B., Zhao, Q., Fang, H., Fu, C,, ... & Jiang, Q. (2016). Anti-
biotics in drinking water in Shanghai and their contribution to antibiotic expo-
sure of school children. Environmental Science & Technology, 50(5), 2692-
2699.

Wegner, S., Browne, P., & Dix, D. (2016). Identifying reference chemicals for thyroid
bioactivity screening. Reproductive Toxicology, 65, 402-413.

Wei, R., Ge, F., Chen, M., & Wang, R. (2012). Occurrence of ciprofloxacin, enrofloxa-
cin, and florfenicol in animal wastewater and water resources. Journal of En-
vironmental Quality, 41(5), 1481-1486.

44



References

Wernersson, A. S., Carere, M., Maggi, C., Tusil, P., Soldan, P., James, A., ... &
Buchinger, S. (2015). The European technical report on aquatic effect-based
monitoring tools under the water framework directive. Environmental Sci-
ences Europe, 27(1), 7.

Wetherill, Y. B., Akingbemi, B. T., Kanno, J., McLachlan, J. A., Nadal, A., Sonnen-
schein, C., ... & Belcher, S. M. (2007). In vitro molecular mechanisms of bi-
sphenol A action. Reproductive toxicology, 24(2), 178-198.

Zhao, J. L., Ying, G. G., Yang, B., Liu, S., Zhou, L. J., Chen, Z. F., & Lai, H. J. (2011).
Screening of multiple hormonal activities in surface water and sediment from
the Pearl River system, South China, using effect-directed in vitro bioassays.
Environmental Toxicology and Chemistry, 30(10), 2208-2215.

45



©
~
©
©
ol
~n
o
o
©
o
ol
[AV]
=

ISBN 978-952-60-8652-1 (printed)
ISBN 978-952-60-8653-8 (pdf)
ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)

Aalto University

School of Engineering
Department of Built Environment
www.aalto.fi

BUSINESS +
ECONOMY

ART +
DESIGN +
ARCHITECTURE

SCIENCE +
TECHNOLOGY

CROSSOVER

DOCTORAL
DISSERTATIONS



	Aalto_DD_2019_135_Välitalo_verkkoversio



