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Abstract

Abstract

Surface water can contain a complex mixture of organic micropollutants (i.e. residues of
pharmaceuticals or biocides). Conventional wastewater treatment plants (WWTPs) do
not completely remove a broad range of anthropogenic chemicals and therefore
represent a leading point source. To upgrade WWTPs, technical solutions based on
oxidative and sorptive processes have been developed and successfully implemented.
Acknowledging these substantial advances, this thesis focuses on another key topic and
aims to investigate whether improved biological treatment processes likewise
effectively remove anthropogenic micropollutants from wastewater. The work
conducted on this topic was part of two European research projects (ATHENE,
ENDETECH).

The ATHENE project aimed to go beyond the state-of-the-art by developing biological
wastewater treatment processes that exploit the full potential of biodegradation. With
the objective to explore the potential of complementary strictly anaerobic conditions
within the biological wastewater treatment, combinations of aerobic and anaerobic
treatments on site of a WWTP were implemented. Based on pre-experiments, two
promising treatment combinations were selected for a more comprehensive evaluation.
An aerobic treatment was paired with an anaerobic pre-treatment under iron-reducing
conditions, and an activated sludge treatment was combined with an anaerobic post-
treatment under substrate-limiting conditions. For the evaluation of these processes, an
effect-based assessment was applied and combined with chemical data of 31 selected
target organic micropollutants as well as ten metabolites. To assess the removal of
endocrine disrupting chemicals (EDCs), yeast based reporter gene assays covering seven
receptor-mediated mechanisms of action including (anti-)estrogenicity, (anti-)
androgenicity, retinoid-like, and dioxin-like activity were conducted. Furthermore, the
removal of unspecific toxicity (Microtox assay) and oxidative stress response as a
marker for reactive toxicity (AREc32 assay) were analyzed to cover micropollutants
acting via a non-specific mechanism of action. Moreover, to assess toxicity of the whole
effluent in vivo, standardized in vivo bioassays with four aquatic model species
(Desmodesmus subspicatus, Daphnia magna, Lumbriculus variegatus, Potamopyrgus

antipodarum) were performed.
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The combination of aerobic and anaerobic treatments resulted in a low additional
removal of the selected target organic micropollutants (by 14-17%). In contrast, the
removal of endocrine and dioxin-like activities (by 17-75%) and non-specific in vitro
toxicities (by 27-60%) was significantly enhanced. Compared to technical solutions
(i.e. ozonation), the combination with an anaerobic pre-treatment under iron-reducing
conditions was likewise effective in removing the estrogenic activity as well as the
unspecific toxicity, whereas anti-androgenic activity and dioxin-like activity were less
effectively removed. Exposure to effluents of the conventional activated sludge
treatment did not induce adverse in vivo effects in the investigated aquatic model
species. Accordingly, no further improvement in water quality could be observed. In
conclusion, the combination of aerobic and anaerobic treatment processes significantly
enhanced the removal of specific and non-specific in vitro toxicities. Thus, an
optimization of the biological wastewater treatment can lead to a substantially
improved detoxification. These capacities of a treatment technology can only be
uncovered by complementary effect-based measurements.

The global objective of the ENDETECH project was to develop a biotechnological
solution to eliminate recalcitrant pharmaceuticals in wastewater direct from sites,
where high loads are expected (i.e. hospitals). For this purpose, laccase, an enzyme
mainly found in wood decaying fungi, was immobilized on ceramic membranes for
application in bioreactors. In a proof of principle experiment, the performance of
immobilized laccase in removing a mixture of 38 antibiotics without and in combination
with a natural mediator (syringaldehyde; SYR) was investigated. For the evaluation of
the enzymatic membrane bioreactors, chemical data on the elimination of the selected
target antibiotics was combined with the outcomes of two in vitro bioassays. Growth
inhibition tests with an antibiotic sensitive Bacillus subtilis strain were conducted to
assess the residual antibiotic activity of the effluents, and Microtox assays were
performed to detect a potential formation of toxic by-products.

The treatment by laccase without SYR did not reduce the load of antibiotics significantly.
In contrast, in combination with a SYR concentration of 10 umol L1, 26 out of 38
antibiotics were removed by >50% after 24 h treatment. Moreover, increasing the SYR
concentration to 1000 pmol L1 resulted in a further improvement of the antibiotic
removal. 32 out of 38 antibiotics were removed by over 50%, whereby 17 were almost

completely eliminated (>90%). However, the treatment with laccase in combination
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with SYR resulted in a time-dependent increase of unspecific toxicity. While SYR alone
did not affect B. subtilis, the combination of laccase with SYR led to a strong time-
dependent growth inhibition up to 100%. Similar to that, a time-dependent increase of
unspecific toxicity in the Microtox assay was observed. In conclusion, the laccase-
mediator process successfully degrades a broad spectrum of antibiotics and thus
represents a promising technology to treat wastewater from sites, where high loads are
expected. However, further research is required to reduce the formation of unspecific

toxicity before an implementation of this technology can be considered.
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Introduction

1 Introduction

Water is the foundation for life, and thus the most essential natural resource. However,
freshwater supply is limited (about 2.5% of the global water pool) and directly
threatened by human activities.! The amount and quality of freshwater is already a
serious problem in many regions of the world, and the issue stand to be further
intensified by anthropogenic climate change as well as by the increasing demand as
result of the expected global economic and population growth.l: 2 A sustainable water
management is therefore indispensable to cover the growing demand and at the same
time conserve endangered freshwater ecosystems. Accordingly, strenuous efforts are
being made to reduce the total water consumption such as measures to improve the
efficiency of irrigation in agriculture.! Whilst these efforts alone will not be able to
compensate the expected increase in demand, advancements in water treatment
technologies, as well as water treatment infrastructure, are equally important to prevent
pollution and to facilitate water reuse.

Wastewater discharge is widely regarded as a leading point source of pollutants
entering aquatic ecosystems, and thus a major factor for the water quality.3 While in
developing countries treatment of wastewater is rather the exception than the norm,
high-income countries have built up an extensive infrastructure to treat wastewater
and, today, the majority of inhabitants are connected at least to a rudimentary
wastewater treatment facility.* This development has led to a substantially improved
quality of wastewater discharged into the aquatic environment, and traditional water
quality problems such as eutrophication of surface waters due to the emission of
nutrients, and contamination with persistent organic pollutants (e.g., PCBs, PAHs or
heavy metals) became less important in high-income countries.> However, although
Europe is the region with the highest level of wastewater treatment worldwide* and
traditional water quality problems are of minor relevance, more than two-thirds of the
European citizens still believe that chemical pollution is a threat to the aquatic
environment and water quality problems are a serious issue.® To address this concern
and to develop a uniform sustainable water management plan, the European Union
adopted the Water Framework Directive (WFD) back in the year 2000.” One primary
objective was that all surface waters achieve a good ecological and chemical status by

2015.7 However, the planned goal was not achieved and until now more than half of the
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surface waters in Europe are notified to be in less than a good ecological status.® Among
several other stressors, the contamination with a complex mixture of pollutants so-
called “micropollutants” is suspected to be an important contributing factor causing the

loss of freshwater biodiversity.%-11

1.1 Micropollutants - A Risk for Freshwater Ecosystems and Drinking

Water Quality?

Over 100.000 chemicals are registered in the European Union, where 30.000 to 70.000
are in daily use.1? Given that more than one-third of the accessible renewable freshwater
is used for agricultural, industrial and domestic purposes, it can be expected that many
of these chemicals finally end up in the aquatic environment.? Besides wastewater
discharge, further entry pathways for micropollutants need to be considered such as
run-off from agriculture and urban areas, leaching from landfills, or dry and wet

atmospheric deposition (Fig.1).13

=4 )
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Figure 1: Schematic presentation of entry pathways for micropollutants into the aquatic environment

(reprint from Eggen et al. 2014, reference 13).
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While the exact amount of micropollutants occurring in the aquatic environment is
unknown, a diverse spectrum of compounds is detectable in trace concentrations (ng L-1
to ug L'1) in untreated and treated wastewater,14-16 surface waters,>-17 groundwater,16
18,19 and even in drinking water.16 20. 21 Because the detection of these compounds is
mainly the result of advancements in analytical techniques; the occurrence is not
necessarily to be regarded as problematic or dangerous. However, there are growing
concerns about the long-term environmental and health effects of micropollutants, in
particular considering certain groups of biologically active compounds as well as the
barely assessable consequences of the exposure to the complex mixtures of them.

To provide an overview, three large groups of micropollutants (endocrine disrupting
chemicals, pharmaceuticals, pesticides) are presented in the following section. However,
it should be noted that further groups exist (i.e. household or industrial chemicals) and
many compounds can be allocated to more than one group (i.e. endocrine active

pharmaceuticals or pesticides).

Endocrine disrupting chemicals (EDCs)

Among the highly heterogeneous group of micropollutants, special attention is given to
endocrine-disrupting chemicals (EDCs). EDCs are “exogenous chemicals or mixtures of
substances that can interfere with any aspect of hormone action”.?? In addition to
natural sources such as the excretion of endogenous hormones with inherent
bioactivities by vertebrates, a vast and diverse group of anthropogenic chemicals are
suspected of meeting this criterion.?? For instance, several industrial chemicals (e.g.,
bisphenol A, nonylphenol) or ingredients of personal care products (e.g., organic UV-
filter, antimicrobial agents) are known to disrupt the endocrine system via multiple
pathways.?* Furthermore, in agriculture, potent steroids are widely used in animal
farming,2> and several pesticides are also suspected to cause endocrine disruption.2é

In humans, there is increasing evidence that exposure to EDCs negatively affects health -
especially during development- such as female and male reproduction or
neurodevelopment, as well as contributes to the emergence and spread of certain
diseases (e.g., obesity, diabetes, hormone-sensitive cancers).?* Moreover, there are
numerous studies demonstrating adverse effects of EDCs in invertebrates, fish, and

wildlife at comparatively low concentrations?® 27 such as the phenomenon of the
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imposition of male sex characteristics in female snails caused by the antifouling paint
ingredient tributyltin.28

While for human exposure other pathways are considered as more relevant (i.e. direct
uptake by using consumer products), wastewater discharge is an important point source
for EDCs entering the aquatic environment. Research studies from all over the world
have reported a widespread sexual disruption in wild fish (feminization of male fish)
downstream of municipal wastewater treatment plants (WWTPs).29 30 The described
intersex phenomenon (e.g., development of ovotestes) is often associated with estrogens
or estrogen-mimicking chemicals in the treated effluents.?? Nonetheless, a couple of
studies suggest that several other causing factors can contribute to the effect such as the
exposure to chemicals with anti-androgenic properties3! as well as to chemicals acting
through other mechanisms than the classical steroid hormone receptor pathways.3?
Estrogens and estrogen-mimicking chemicals are the most extensively examined
substances within the diverse group of EDCs. Adverse effects on wildlife in the low ng/L-
range are well-documented like the example of a collapsing fish population in a whole-
lake experiment after long-term exposure to 5-6 ng L1 ethinylestradiol (active
substances in oral contraceptives).33 The growing concern as result of the increasing
scientific evidence has meant that the natural estrogen 17-estradiol (Ez) and the
synthetic compound ethinylestradiol (EE2) were added to the list of priority substances
under the European WFD with proposed environmental quality standard (EQS) for
surface waters of 0.4 and 0.035 ng L1, respectively.3* However, based on modeled
environmental concentrations between a quarter and a third of the total river length in
several European countries would fail to meet the EQS for EE2.35 In particular, predicted
river concentrations in densely populated areas would exceed the proposed EQS by
more than 10-fold.3> Thus, without a further improved source and emission control, it
will be hard to fulfill the proposed requirements for EE;.

In addition to the prominent group of estrogen-active compounds, several other
endocrine pathways can be disrupted by environmental contaminants. However, in
comparison, they are less well-researched, and many knowledge gaps exist. Analogue to
estrogen-active compounds, interactions with a long list of various hormone receptors
such as the androgen receptor (AR), progesterone receptor (PR), mineralocorticoid
receptor (MR), glucocorticoid receptor (GR), thyroid receptor (TR), retinoid-x-receptor

(RXR) as well as retinoid acid receptor (RAR) are likewise to be considered.
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Furthermore, several compounds are known to disrupt endocrine pathways in a non-
receptor-mediated manner, i.e. by binding to transport proteins or blocking enzyme
activities, which are crucial for the synthesis of endogenous hormones.3¢ Recent results
published in the course of the ToxCast project of the U.S. Environmental Protection
Agency (EPA) are therefore not surprising. Here, Filer and colleagues (2014) screened
1859 compounds for their endocrine activity in 27 bioassays and demonstrated that the
range of EDCs is much broader than previously assumed.3” Thus, due to the current
focus on a few known EDCs, mainly estrogen-active compounds, it appears obvious that
we might miss a vast number of toxicologically relevant EDCs occurring in complex

environmental samples (e.g., wastewater).38

Pharmaceuticals

The production and use of pharmaceuticals are continually rising. Major key drivers,
next to the escalating population growth, include the increase in living standards, which
comes along with an increased life expectancy, as well as an extensive use of drugs due
to the higher acceptance.?? Since pharmaceuticals are designed to be biologically active,
their ubiquitous presence in the environment became an emerging concern.

Depending on the application, different routes of entry into the aquatic environment
need to be considered. Human pharmaceuticals are predominately released via
wastewater discharge,#? while veterinary pharmaceuticals are expected to enter the
aquatic environment either directly by their use, i.e. antibiotics in aquaculture, or
indirectly, i.e. run-off from agriculture after land application of manure from livestock
facilities.#1 Moreover, on a local scale, rather the production than the application
represents the main entry pathway. Pharmaceutical production facilities are often
outsourced to “low-cost” countries with minimal environmental regulations. The
consequence of this development is an insufficient treatment of industrial wastewater,
resulting in highly contaminated areas with surface water concentrations of
pharmaceuticals in the range of mg L-1.42

Once they find their way into the aquatic environment, pharmaceuticals can cause
several adverse ecological effects. Given that 10% of the approximately 4000 active
pharmaceutical ingredients administered worldwide target nuclear receptors,*? a
significant number of pharmaceuticals can consequently be allocated to the group of

EDCs. However, endocrine disruption is only one possible mechanism of action (MoA),
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and several other adverse effects need to be considered. For instance, out of the group
nonsteroidal anti-inflammatory drugs, diclofenac has been reported to cause changes in
the liver ultrastructure of Cyprinus carpio,** to induce oxidative stress in Danio rerio*
and Mytilus spp.,*° to decrease the reproduction of Daphnia magna*” as well as to alter
the community structure of river biofilm; 48 all at or close to environmentally relevant
concentrations. Carbamazepine, a highly prescribed antiepileptic drug, has been
demonstrated to disrupt the emergence of Chironomus riparus* with an impact on the
population level suggesting a potential environmental risk for sediment dwelling
organisms.>® Moreover, the occurrence of psychiatric drugs can alter animal behavior,
such as shown for oxazepam in European perch (Perca fluviatilis) at concentrations
encountered in effluent-influenced surface waters.5!

Besides adverse ecological effects, the release of pharmaceuticals into the environment
may also negatively impact human health. Antibiotics are ubiquitously present in the
aquatic environment, as result of their insufficient reduction by WWTPs as well as due
to excessive use in animal farming. This, among others, is regarded as an important
factor triggering the spread of antibiotic resistant pathogens, which represents one of
the biggest threats to global health. Today, antibiotic resistance accounts for estimated
700.000 deaths per year, and the number is expected to grow rapidly.52 Therefore, the
World Health Organization (WHO) warns expressively that “the world is heading
towards a post-antibiotic era in which common infections could once again kill”.>3
However, needless to say, restricting the use of pharmaceuticals is in most cases not
desirable with regard to their significant health, economic and societal benefits. Hence, a
further improved source and emission control is the only way to address the emerging

concern and to avoid environmental risks associated with pharmaceutical consumption.
Pesticides

Since the introduction of fertilizers and pesticides decades ago, agriculture has
undergone enormous changes, resulting in a sharp increase of yield (i.e. global cereal
production has doubled between 1960 and 2000).5% This development ensures food
security for the growing world population and sparing natural ecosystems from
conversion to agriculture.>> However, in turn, it necessitates the intensive use of
artificial irrigation and large quantities of fertilizers and pesticides. Accordingly, the

production and use of pesticides (insecticides, fungicides, herbicides, rodenticides, and
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so forth) have been growing continually, and today approximately 2.4 million tons of
pesticides are globally applied per year.5¢

Given that agriculture is the largest consumer with approximately 85% of the world
production,®? pesticides mainly enter the aquatic environment via diffuse sources, i.e.
via spray-drift, edge-of-field runoff, or drainage.>8-¢0 However, in addition to that,
wastewater effluents are also reported to contain a broad spectrum of pesticides either
as result of their use for material protection (i.e. herbicides in house paints) or due to
the application in agriculture (i.e. cleaning of tanks).61. 62

While “old highly toxic” pesticides (i.e. DDT) are banned from the market, at least in
Europe, and the “new generation” pesticides are designed to focus more specifically on
the respective target organisms (i.e. neonicotinoids),®3 the release of pesticides into the
environment has still serious ecological consequences and causes adverse effects on
non-target organisms. For instance, Beketov and colleagues (2013) reported that
pesticides cause statistically significant effects on both the species and family richness of
invertebrates in European rivers (losses in taxa up to 42%) at concentrations that
current legislation considers environmentally protective.®* Furthermore, according to a
Swiss monitoring study, ecosystems of small streams in agricultural regions are
particularly endangered by pesticide contamination. Doppler and colleagues (2017)
documented the presence of 128 different pesticides in samples from five small streams
with individual concentration up to 40 pg/L, thereby 32 out of 128 substances exceeded
acute or chronic ecotoxicological quality criteria.®> Likewise, Szocs and colleagues
(2017) investigated 2301 sampling sites in Germany and pointed out that agricultural
pesticides are, on a large scale, a major threat to small streams.®® Moreover, due to their
persistence, residues of some pesticides can occur in the final tap water such as recently

reported for neonicotinoids.®”
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1.2 Reducing the Discharge of Micropollutants by Wastewater

Treatment Plants

The contamination with organic pollutants is widely regarded as an important stressor
for the ecological status of freshwater ecosystems.”11 Conventional wastewater
treatment is ineffective for a sufficient elimination of a broad spectrum of compounds
(including pharmaceuticals, personal care products, hormones, pesticides, flame
retardants and other industrial compounds)!# and thus represents a leading point
source for pollutants entering aquatic ecosystems.? Accordingly, numerous studies
demonstrate a negative impact of wastewater discharge on the receiving stream.
Besides the abovementioned phenomenon of the widespread sexual disruption in wild
fish,2% 30 wastewater discharge has been reported to cause a general decline of
biodiversity and to impair essential ecosystem functions of the receiving stream.62 68-70
Moreover, the continuous discharge of pollutants by WWTPs may also affect the quality
of raw water for human consumption, in particular in densely populated regions where
groundwater is replenished by bank filtration.”! In this regard, the Berlin metropolitan
region is a good example, where bank filtration plays a major role in the drinking water
management and, because of the tight water cycle, several wastewater-borne
compounds are detectable in the final tap water.”2-74

To improve the water quality of receiving aquatic ecosystems and at the same time
protecting drinking water resources, upgrading conventional WWTPs with technical
solutions based on oxidative and sorptive processes are discussed.!3 Full-scale trials
conducted at WWTPs demonstrate that either ozonation or activated carbon treatment
reduced the load of a broad range of target micropollutants by over 80 %.75 76
Consequently, following the precaution principle, several countries either consider or
have already started to upgrade their wastewater treatment plants. Here, Switzerland
has taken a pioneering role within Europe by implementing a national policy to upgrade
123 of their 750 WWTPs, which enjoys, despite the estimated annual maintenance cost

of approximately 125 Mio.€, a widespread acceptance by the citizens.””
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1.2.1 Improving the Removal of Micropollutants within the Biological

Wastewater Treatment

Notwithstanding the effective removal of target organic micropollutants by ozonation or
activated carbon treatment, shortcomings of these technologies are high investment and
maintenance costs, generation of toxic residuals, and complex treatment procedures.’8
Thus, the question arises whether there is room for improvement of the biological
wastewater treatment to remove micropollutants.

To date, the activated sludge process is the most commonly applied technology for the
biological treatment of wastewater. Here, an aerobic treatment for nitrification often
complemented by an anoxic treatment for denitrification represents the state-of-the-art.
While these conditions were primarily designed to remove nutrients, conventional
WWTPs already eliminate a broad spectrum of organic pollutants.> However, the
underlying mechanisms for the removal are still poorly understood, and the knowledge
of responsible microbial communities is fragmentary. Thus, gaining further insights into
the biodegradation of micropollutants within the conventional wastewater treatment
may uncover hidden capacities for improvement.

Removal efficiencies of target organic micropollutants vary significantly between
conventional WWTPs, as shown i.e. for sulfamethoxazole (30-92%) or bezafibrate (23-
99%).7° This suggests that the design of the biological wastewater treatment can
influence the overall removal of organic micropollutants. Accordingly, several factors
have been discussed for target organic micropollutant removal within conventional
WWTPs, such as solid retention time (SRT),8° hydraulic retention time (HRT),”® 80
nitrification,8. 82 heterotrophic activity,3® redox conditions8* 8> pHS8 and
suspended/attached biofilm growth.8” Nevertheless, a general consensus on the main
drivers is still lacking.

Recent studies on the removal of micropollutants during soil aquifer treatment reported
the successful degradation of compounds, which are known to be persistent in the
activated sludge treatment.?® 89 One explanation for the enhanced removal in the soil
aquifer treatment might be the decreasing redox along the flow path in the soil (uo to
strictly anaerobic conditions), because several biodegradation reactions are known to
occur only in anaerobic environments such as reductive dehalogenation, the reduction

of nitro groups or demethylation of methoxy groups. °0 Thus, although aerobic
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conditions are thought to be favorable for the (bio-)degradation of organic pollutants,
improving anaerobic treatment within the biological wastewater treatment may

represent an option to increase the elimination of micropollutants (A. 1 and A. 2).
1.2.2 On-Site Wastewater Treatment Direct at Hot Spots of Micropollutants

Instead of upgrading municipal WWTPs, the direct (pre-)treatment of wastewater from
point sources, where high loads are expected (i.e. hospitals, pharmaceutical production
facilities), may represent an alternative (or additional) solution to decrease the
discharge of micropollutants into the aquatic environment. Given that especially
hospital wastewater contains several compounds of concern (i.e. antibiotics or
cytostatics) and contributes up to 50% to human pharmaceutical loads in municipal
WWTP (depending on the hospital characteristics),’! the separate treatment appears to
be a useful measurement. For this objective, the most discussed and tested treatment
option is a membrane bioreactor (MBR) without or in combination with ozonation,
activated carbon filtration or UV radiation.?% 93

However, similar to the technologies discussed for the upgrade of municipal WWTPs, an
implementation of an MBR in combination with a technical post-treatment also entails
high investment and maintenance cost. Among others, a promising alternative
technology may represent the fungal treatment of hospital wastewater. In particular, the
wood decaying fungi Trametes vesicolor has been highlighted to degrade a broad
spectrum of micropollutants due to his unspecific enzymatic system.’* 95> One option,
which is discussed to improve the removal by this technology further, is the treatment of
wastewater direct with the isolated responsible enzymes (mainly laccase). For this, the
enzymes are immobilized on a suitable carrier material for the application in a
bioreactor. However, the suitability of an enzymatic treatment of wastewater remains to

be demonstrated (A. 3).

10
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1.3 Effect-Based Assessment as Integrative Tool to Evaluate

Environmental Samples and Treatment Technologies

Among the highly heterogeneous group of micropollutants, only a small fraction is
routinely monitored by chemical analysis. Moreover, wide gaps in knowledge exist
about the occurrence of transformation products, which can be formed by animal and
human metabolism, during degradation processes in the environment, and in the course
of wastewater and drinking water treatment.?® Hence, the insufficient chemical
monitoring data, as well as the often unknown transformation products, hamper an
appropriate risk assessment of complex environmental samples (e.g., wastewater). For
instance, some transformation products are known to be more abundant in the aquatic
environment, or even to be more toxic in comparison to the parent compound.®’- 98
However, since the majority of transformation products have not been identified yet, it
is impossible to integrate them in chemical monitoring campaigns. Accordingly, it is
questionable if an assessment solely based on chemical analysis allows an adequate risk
prediction for micropollutants. Furthermore, even if it would be possible to cover the
overwhelming number of micropollutants and transformation products by developing
new analytical methods (e.g., non-target analysis),”® chemical analysis will still not be
able to account for any expected combined effects of the complex mixtures.100,101

One approach to reduce the abovementioned uncertainties is the integration of an
effect-based assessment. In contrast to chemical analysis, bioassays are able to assess
the actual biological activity covering the vast number of (not-prioritized) chemicals and
their respective transformation products, as well as potential mixture effects. By
applying such an approach, several studies reported a huge discrepancy between the
observed toxicity of wastewater or surface water samples compared to the predicted
toxicity based on chemical analysis, even though a large set of target compounds (>400)
was included.192-104 Thus, risk assessment on a per-chemical basis represents only the
tip of the iceberg and cannot guarantee the absence of toxic stress.10> Against this
background, there is an urgent need to integrate effect-based measurements in the

evaluation of complex environmental samples as well as treatment technologies.
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1.4 Integration of the Present Study into the Current State of

Research

In recent years, much effort has been put into developing technical solutions to remove
micropollutants during wastewater treatment. Acknowledging these substantial
advances, this thesis focuses on another key topic and aims to investigate whether there
is room for improvement with regard to biological treatment processes. Given that an
implementation of technical solutions also entails an increased resource and energy
consumption, working towards a further optimization of existing biological treatment
processes as well as discovering alternative solutions is important from both, an
ecological and a sustainability perspective. The conducted work on this topic was part of

two European research projects (ATHENE, ENDETECH).

The ATHENE project funded by the European Research Council (ERC 267807) aimed to
go beyond the state-of-the-art by developing biological wastewater treatment processes
that harness the true potential of biodegradation. For this objective, we worked as an

interdisciplinary team of scientist on the following key areas:

e Identifying pathways relevant for the degradation of organic micropollutants in

biological wastewater treatment.

e Elucidation of the responsible enzymatic reactions of mixed microbial

populations within the biological wastewater treatment.

e Implementing of pilot-scale reactor setups fed with raw municipal wastewater to

investigate the designed biological treatment options.

e An integrative evaluation of the treatment processes by (non-)target chemical

analysis and effect-based measurements.

The investigations carried out within this thesis contribute to the last key area of the
project. With the objective to explore the potential of complementary strictly anaerobic
treatments, combinations of aerobic and anaerobic treatments on site of a WWTP were
implemented. Strategies to improve anaerobic degradation included shifting the
position of the anaerobic treatment, supplementing an alternative electron acceptor, and

limiting the substrate availability to favor specific microbial communities. Based on pre-
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experiments, two promising treatment combinations were selected for a more
comprehensive evaluation. An aerobic treatment was coupled to an anaerobic pre-
treatment under iron-reducing conditions, and an activated sludge treatment was

combined with an anaerobic post-treatment under substrate-limiting conditions (Fig. 2).
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Figure 2: Schematic of the pilot plant and full-scale plant with respective sampling points. HRT: hydraulic
retention time; ORP: oxidative reduction potential; DOC: dissolved organic carbon. (Reprint from Volker et

al. 2017)

The evaluation of these processes in comparison to the state-of-the-art full-scale WWTP
was carried by a broad spectrum of in vitro and in vivo bioassays with the aim to test the

following two hypotheses:

e Conventional biological wastewater treatment emits a considerable in vitro and

in vivo toxicity.

e The combination with strictly anaerobic treatment conditions enhance the

biodegradation of micropollutants and thus reduce the toxicity of the effluents.
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In the first study (A.1), the removal of EDCs as a group of micropollutants that adversely
affect wildlife 26 27 were analyzed. Previous studies mostly focussed on the removal of
estrogenic activity or a few estrogen-like compounds. To broaden the view, a set of
yeast-based reporter gene assays covering (ant-)agonistic activity at the human
estrogen receptor a (hERa) and androgen receptor (hAR) as well as agonistic effects at
the retinoid acid receptor o (RARa), and retinoid X receptor a (RXRa), was applied.
Moreover, the activity at the aryl hydrocarbon receptor (AhR) was investigated because,
besides the regulation of xenobiotic metabolism, AhR cross-talks with various hormone
receptors.106

Further, regarding the heterogeneity of micropollutants!’” as well as the countless
potential mechanisms of action,1%7 the evaluation of wastewater treatment technologies
cannot solely be based on the removal of endocrine and dioxin-like activities. Therefore,
in the second study (A. 2), the removal of unspecific toxicity (Microtox assay) and
oxidative stress response as a marker for reactive toxicity (AREc32 assay) was
investigated with the aim to cover micropollutants, which act via non-specific (i.e. non-
receptor-mediated) mechanisms. Additionally, to assess the in vivo toxicity of the
effluents, four bioassays with aquatic key species in two laboratory experiments
(Desmodesmus subspicatus, Daphnia magna) and in two on-site, flow-through
experiments (Potamopyrgus antipodarum, Lumbriculus variegatus) were applied. The
flow-through experiments were explicitly selected in order to integrate changes in the
chemical composition of the wastewater over time while storage, transport, and
treatment of the samples is avoided.1%® Finally, the outcomes of the effect-based
measurements was compared with the chemical analysis of 31 selected organic

micropollutants as well as ten metabolites.

The ENDETECH project was announced by the European Union’s Seventh Framework
Programme (Grant No. 282818). The global objective of the ENDETECH (ENzymatic
DEcontamination TECHnology) program was to develop a biotechnological solution to
eliminate recalcitrant pharmaceuticals in wastewater direct from sites, where high loads
are expected (e.g., hospitals, pharmaceutical production facilities). For this objective, the

following key areas were investigated:

e Screening of enzyme libraries to identify promising enzymes, which can degrade

or inactivate pharmaceuticals of high concern.
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e Immobilization of discovered enzymes on beads or membranes for the

application in bioreactors.
¢ Implementation and design of bioreactors to decontaminate wastewater.

e Integrative evaluation of the bioreactor setups by target chemical analyses and

effect-based measurements.

The investigations carried out within this thesis contribute to the last key area of the
project. Laccase, an enzyme mainly found in wood decaying fungi (i.e. Trametes
vesicolor), was identified as a promising candidate to degrade a broad spectrum of
recalcitrant pharmaceuticals, and was therefore immobilized on ceramic membranes
for the application in the bioreactor. For a proof of principle experiment, a mixture of
38 antibiotics, as a group of micropollutants of high concern (e.g., widespread
antibiotic resistance),>2 were spiked in ultra-pure water and treated for 24 h in the
designed bioreactor. Because laccase is expected to eliminate a broader spectrum of
compounds in the presence of a mediator (syringaldehyde; SYR), further setups in
the presence of two different concentration of SYR (10 and 1000umol L) were

included in the experiments, to test the following hypotheses:

e Immobilized laccase degrades a broad spectrum of antibiotics at wastewater

relevant concentrations.

e The elimination of antibiotic by laccase is increased in the presence of the

mediator (SYR).

e Formed transformation products possess no antibiotic activity or unspecific

toxicity.

For this, the elimination of 38 selected target antibiotics at five different time points
(0, 2, 4, 8 and 24 h) was analyzed and combined with two in vitro bioassays. The
residual antibiotic activity in the effluents was evaluated by a growth inhibition test
with an antibiotic sensitve Bacillus subtilis strain, and the unspecific toxicity by the

Microtox assay (A. 3).

15



Discussion

2 Discussion

2.1 Improving the Removal of Micropollutants within the Biological

Wastewater Treatment

2.1.1 Main Findings

A.1, Volker etal 2016

To test the hypotheses that the inclusion of a strictly anaerobic treatment enhances the
(bio)degradation of micropollutants, in the first study, the removal of EDCs by the two
combinations of aerobic and anaerobic treatments in comparison to the full-scale
WWTP (see. Fig. 2) was investigated. For this, a bioassay-based approach covering a
broad spectrum of endocrine endpoints and dioxin-like activity was applied. The main

findings were:

e Besides estrogenicity, several other endocrine activities are present in raw and
treated wastewater. This finding underlines the need to investigate additional
endocrine endpoints, especially antagonistic effects, to obtain a holistic picture of

EDCs removal by a treatment technology.

e A conventional activated sludge treatment already removes most of the
endocrine activity of the raw wastewater. However, the persistent high anti-
androgenic and residual estrogenic and dioxin-like activities in the effluent may

still be of environmental relevance.

¢ Combining aerobic and strictly anaerobic treatments significantly enhances the
removal of endocrine and dioxin-like activities (by 17-75%). This suggests that a
further optimization of the biological wastewater treatment for the removal of

EDCs is possible.

A.2,Volkeretal 2017

To further test the detoxification potential of a complementary strictly anaerobic
treatment step, in the second study, two in vitro assays targeting unspecific (non-
receptor mediated) toxicity were applied and the whole effluent in vivo toxicity was

assessed by two laboratory experiments (Desmodesmus subspicatus, Daphnia magna)
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and two on-site flow-through experiments (Lumbriculus variegatus, Potamopyrgus
antipodarum). Furthermore, the removal of 31 selected target micropollutants and ten
metabolites of carbamazepine, venlafaxine, and tramadol was investigated. The main

findings were:

e Combining aerobic and strictly anaerobic treatment results in a low additional
removal of the selected target micropollutants, except for some persistent

compounds (e.g., diatrizoate, venlafaxine, tramadol, diclofenac).

e Standardized in vivo bioassays are of limited relevance for the evaluation of
wastewater treated by a state-of-the-art activated sludge treatment. Hence, more
sensitive species and endpoints are needed to increase the predictive power of

in vivo approaches to evaluate wastewater treatment technologies.

e Besides endocrine and dioxin-like activities, combining aerobic and anaerobic
treatments also enhance the removal of non-specific toxicity (unspecific and
reactive toxicity). This further suggests that an optimization of the biological

wastewater treatment can substantially improve detoxification.

e A discrepancy in the removal of wastewater-borne micropollutants, in vitro
toxicity and in vivo effects was observed. While this was not unexpected based on
the different levels of complexity, this highlights the need for an integrative

assessment of the actual impacts of wastewater discharge.

2.2.2 Combination of Aerobic and Anaerobic Treatments

Removal of target micropollutants

The activated sludge reference (R1; Fig. 2) and the full-scale wastewater treatment plant
(WWTP) were comparably effective in removing the sum of the selected target
micropollutants (by 51-58%). However, a significant proportion of the selected
compounds was recalcitrant or only marginally removed. In comparison, the
investigated combinations of aerobic and anaerobic treatments (Fig. 2) further removed
a few of these persistent compounds (i.e. diatrizoate, venlafaxine, tramadol, diclofenac).
This finding demonstrates that demethylation (venlafaxine)l%® or dehalogenation
(diatrizoate)!1% of micropollutants can be achieved through the inclusion of a strictly

anaerobic treatment step. Nevertheless, despite this, the overall additional removal
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(sum of all target micropollutants) in both investigated setups was relatively low (14-
17%), which is in line with previous observations within the Athene project.1%® Thus,
from a chemical point of view, the inclusion of a strictly anaerobic treatment step led
only to a minor improvement and appeared to be a rather ineffective modification of the
biological wastewater treatment. Nonetheless, given that the selected target compounds
represent only a minor fraction of the broad spectrum of micropollutants, it remains
unknown to what extent this observation can be generalized to the large number of

(not-prioritized) compounds as well as to the vast number of transformation products.

Removal of in vitro toxicity

In the raw wastewater samples, four out of seven mechanisms of actions targeting
endocrine endpoints were activated in the corresponding bioassays, with anti-
estrogenic and anti-androgenic activities being the most potent effects. Likewise, several
studies documented the occurrence of antagonistic effects in municipal wastewater!11-
114 and in water!1> 116 and sediment samples!1? of the receiving stream. While so far it is
not clear which compounds are responsible for the observed effects, a very
heterogeneous group of anti-estrogenic and anti-androgenic chemicals exists. For
instance, there is a very significant pharmaceutical use of anti-estrogens and anti-
androgens.118 As a result, these pharmaceuticals are ubiquitously present in municipal
wastewater, such as the breast cancer drug tamoxifen and its metabolites in
concentrations up to 180 ng L-1.119 Moreover, the long list of suspected chemicals
include widely prescribed anti-inflammatory drugs,'?? several pesticides, flame
retardants, plasticizers and industrial contaminants.?6. 121 However, the majority of
studies investigating EDC removal by wastewater treatment technologies focuses solely
on estrogenic activity or a few estrogen-active compounds. Thus, extending the battery
of bioassays is needed to obtain a holistic picture of the EDC removal by a wastewater
treatment technology. In addition to antagonistic effects, further endpoints should be
included such as activity at the retinoid acid (RAR), glucocorticoid (GR),
mineralocorticoid (MR), thyroid (TR), and progesterone receptor (PR). For example
regarding human pharmaceuticals, glucocorticoids and progesterones are prescribed
and used in much greater amounts than estrogens.!® Accordingly, GR and PR activity is
frequently detected in municipal wastewater122-124 as well as in the receiving river.123-125

Although concentrations in rivers are expected to be very low (ng L-l-range), the
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occurrence may still pose a threat to aquatic organismes, i.e. affecting teleost metabolism
and reproduction of fish.126.127

The assessment of the removal of EDCs by a wastewater treatment technology is
necessary. However, this should not be regarded as the essence of the matter.11! For a
comprehensive evaluation, the inclusion of bioassays targeting unspecific toxicity is
equally important to cover micropollutants acting over a non-receptor-mediated
mechanism, and to exclude the generation of toxic transformation products by a
treatment technology.11! Therefore, the Microtox assay, a standardized test to analyze
unspecific toxicity,?8 modified for a high-throughput screening as previously described,
was applied.12% 130 Moreover, the AREc32 assay based on the induction of the NRF2
pathway was conducted to assess the oxidative stress response as a marker for reactive
toxicity. This assay was specifically selected with regard to the high sensitivity. The
NRF2 pathway can be activated by a broad spectrum of compounds with different
mechanisms of action,!3! including several environmental contaminants,103 and depicts
cellular reactions, which induce the production of reactive oxygen species.132 Both
assays revealed a marked non-specific toxicity of the raw wastewater samples with a

mean ECso of 1.49 REF (Microtox) and IR s of 1.23 REF (AREc32 assay), respectively.

Table 1: Mean removal rates [%] of the in vitro toxicity for the full-scale wastewater treatment plant
(WWTP) and the activated sludge reference (R1) in comparison to literature data for a conventional
activated slude treatment. INF = influent; SD = standard deviation; n.d. = not detected; n.c. = not

calculated; AhR = aryl hydrocarbon receptor, RXR = retinoid X receptor; RAR = retinoid acid receptor.

endpoint literature data WWTP R1
mean + SD [%] n reference  AINF [%] AINF [%]

estrogenic activity 88.7 +15.2 30 111,114,133-138 78.9 54.9
androgenic activity 96.3+3.6 10 111,135,138 n.d. n.d.
anti-estrogenic activity 991 2 14 >59.1 >59.1
anti-androgenic activity no data 0 111,138 -23 -0.30
AhR - activity 88.5+10.6 2 1 n.c. n.c.
RXR - activity n.c. 0 n.d. n.d.
RAR - activity 85.9+31.9 10 139 91.0 >91.5
Mikrotox 91.8=+6.2 9 134 86.1 85.6
oxidative stress response 79.0 1 140 61.1 64.1
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In accordance with the outcome of the chemical analysis, the activated sludge reference
(R1) and the full-scale wastewater treatment plant (WWTP) were similarly effective in
removing the in vitro toxicities (Tab. 1). This finding verifies the successful
implementation of a pilot reactor simulating activated sludge treatment. Moreover, high
removal rates for the majority of endpoints were observed (Tab.1). This finding
confirms that the activated sludge treatment already eliminates most of the endocrine
activities as well as non-specific in vitro toxicity of the raw wastewater, which is in line
with reported values from previous studies for the respective endpoints (Tab. 1).
Surprisingly, no removal of anti-androgenic activity was detected. Furthermore, the
oxidative stress response was only moderately removed suggesting that the
conventional activated sludge treatment only partially eliminates compounds causing
oxidative stress.

Although the conventional activated sludge treatment is already very efficient in
removing the in vitro toxicity, the persistent high anti-androgenic and the residual
estrogenic and dioxin-like activities, as well as the non-specific in vitro toxicities, may
still be of environmental relevance. For instance, anti-androgens are suspected to
contribute to the widespread sexual disruption in fish.31. 141 Furthermore, the slight
residual estrogenic activity may still pose a risk considering the effects reported at ultra-
trace concentrations.?3 The mean calculated estradiol equivalent (EEQ) concentration
for the effluent of the WWTP was 2.74 + 1.17 ng EEQ L-1. Given that the dilution factor of
half of the receiving waters in Germany is under 5 (during low flow conditions),!4? the
discharge of conventionally treated wastewater could result in concentrations of
estrogenic compounds higher than the proposed EQS for single compounds such as E>
(0.4 ng L1 for).34

In contrast to the disproportionally low additional removal of target micropollutants,
combining aerobic and anaerobic treatments resulted in a significant further reduction
of the endocrine and dioxin-like activities (17-75%) and the non-specific in vitro
toxicities (27-60%) compared to activated sludge reference (R1). This finding suggests
that an inclusion of an anaerobic treatment step can lead to a substantially improved
detoxification. Comparing the two setups, the anaerobic pre-treatment under iron-
reducing conditions outperformed the anaerobic post-treatment under substrate-
limiting conditions in removing the in vitro toxicities, while both combinations were

comparably effective in removing the selected target micropollutants.
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Another option to increase micropollutant removal by WWTPs is the upgrade with an
ozonation treatment. An ozonation treatment removes target micropollutants by over
80% 76 as well as a broad spectrum of invitro toxicities, 111 135 and is already
implemented at several sites in Switzerland and Germany (e.g., Regensdorf or
Duisburg).133. 134 [n comparison to this technology, the anaerobic post-treatment under

substrate-limiting conditions was less effective in reducing the in vitro toxicities (Fig. 3).
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Figure 3: Removal of in vitro toxicities (A conventional activated slude treatment) by the anaerobic post-
treatment (R2 + R3) and the anaerobic pre-treatment (R5D) in comparison to an ozonation treatment.
Data for the removal by ozonation for estrogenicity (n = 42; reference 104, 107, 126-131), anti-
androgenic activity (n = 16; reference 111, 138); AhR-activity (n = 15; reference 111), Microtox (n = 9;

reference 134). CAS = conventional activated sludge treatment; AhR = aryl hydrocarbon receptor.

In contrast, the anaerobic pre-treatment under iron-reducing conditions was
comparably effective in removing the estrogenic activity and thereby no increase of anti-
estrogenic activity was observed in the effluents as reported for ozonation.l1l 138
Moreover, the elimination of unspecific toxicity (Microtox) was also comparable,
whereas the removal of anti-androgenic and dioxin-like activity was lower in
comparison to the values reported for ozonation. Noteworthy, this quantitative

comparison is limited due to the difference in the composition of the wastewater, the
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performance of the reference WWTP as well as in the applied methods. It is,

nevertheless, helpful to evaluate the magnitude of the observed removal.

Whole effluent in vivo toxicity

Two laboratory experiments (Desmodesmus subspicatus, Daphnia magna) and two on-
site, flow-through experiments (Potamopyrgus antipodarum, Lumbriculus variegatus)
were conducted to assess the whole effluent in vivo toxicity.

No adverse effects in the selected aquatic model organisms after exposure to effluents of
a conventional activated sludge treatment were observed, besides a reduced biomass of
L. variegatus in the effluents of all treatment. Accordingly, no further improvement of
the water quality by the combination of aerobic and anaerobic treatments could be
detected. The observed lack of toxicity in the standardized in vivo test is in line with
previous studies reporting no adverse effects after exposure to effluents of a
conventional activated sludge treatment by using the same or different organisms (i.e.
Lemna minor, Chironomus riparius or Danio rerio).133-137,143,144 These findings contradict
the outcomes of field studies reporting that wastewater discharge is a significant
contributor to the degradation of biodiversity in surface waters.10. 68 69 However,
ecological research on aquatic communities implies that the exposure to wastewater-
borne pollutants may affect more sensitive, non-model species (e.g., mayfly, stonefly and
caddisfly larvae).10. 68,69 Thus, it is debatable whether the taxa used as model organisms
in guideline laboratory studies adequately predict the risk associated with wastewater
discharge. Accordingly, bioassays with more sensitive species and endpoints are needed
to increase the predictive power of in vivo toxicity evaluation of WWTP effluents.
Notwithstanding the lack of toxicity after exposure to effluents of a conventional
activated sludge treatment, combining aerobic and anaerobic treatments did not lead to
an increase of in vivo toxicity as reported for ozonated wastewater.108 143,145,146 Hence,
the inclusion of a strictly anaerobic treatment step significantly reduces the in vitro
toxicities and thereby generates no toxic transformation products which is one of the

main drawbacks of a wastewater treatment by ozonation.

In conclusion, combining aerobic and anaerobic treatments resulted in an enhanced
detoxification, whereas the additional removal of target organic micropollutants was
relatively low. Comparing the two setups, the combination with an anaerobic pre-

treatment under iron-reducing conditions outperformed the anaerobic post-treatment
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under substrate-limiting conditions in removing the in vitro toxicities. In comparison to
advanced wastewater treatment technologies (i.e. ozonation), the anaerobic pre-
treatment was comparably effective in removing the estrogenic activity and unspecific
toxicity and thereby generates no toxic transformation products. Nonetheless, the
removal of anti-androgenic and dioxin-like activity was less effective.

Finally, although the inclusion of a strictly anaerobic treatment step appears to be
promising, the investigated combinations of aerobic and anaerobic treatments are not
readily transferable to a full-scale system (i.e. inapplicable process parameters). Thus, a
more thorough understanding of the relevant process parameters needs to be

established before considering a full-scale implementation.

2.2.2 Further Strategies to Improve Biodegradation of Micropollutants

The inclusion of an anaerobic treatment step is just one strategy, and several other
options are conceivable to improve the biodegradation of micropollutants. In principle,
three main degradation pathways for organic pollutants exist within the biological
wastewater treatment. The first is the volatilization of compounds, mainly during
aeration. However, this removal pathway can be considered negligible for the majority
of micropollutants.#? The second is the sorption of hydrophobic compounds onto sludge
flocks which represents the main degradation pathway for some estrogens, musk
fragrances or germicides.147-150 The third is the biodegradation by microbial processes,
either metabolic or co-metabolic. The latter has the highest potential for a further
improvement of the removal of micropollutants. While research on microbial
communities has made enormous progress, key questions such as “Which species or
functions are essential for wastewater treatment?” still remain to be answered.!>!
Hence, further advancements in this field of research will enable the selection of
relevant process parameters to favor the growth of the key microbial species for
micropollutant removal. Moreover, independent from the identification of key microbial
species, optimization strategies can aim at a general maximization of microbial
biodiversity. Johnson and colleagues (2015) found that taxonomic richness has a clear
positive impact on the rate of multiple micropollutant biotransformations.1>2
Furthermore, co-metabolic degradation is assumed to be a fundamental removal
mechanism, since the concentrations of micropollutants might be too low to serve as a

direct energy resource. High ammonium removal by full-scale WWTPs has been
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observed along with a higher removal of micropollutants’¢ suggesting that co-metabolic
degradation occurs during nitrification. In particular, ammonia-oxidizing bacteria are
expected to oxidize micropollutants due to their enzyme ammonia monooxygenase co-
metabolically.8?2 Therefore, optimization strategies can aim at an enrichment of
ammonia-oxidizing bacteria to further stimulate co-metabolic degradation of
micropollutants.

Modification of operating parameters is the most achievable strategy for improving
biodegradation within conventional WWTPs. For instance, increasing the hydraulic
retention time (HRT) might result in a higher removal of slowly biodegradable
compounds. A long-term chemical monitoring study at Spanish WWTPs revealed that
pharmaceuticals are more efficiently removed by WWTPs operating with high HRTs.”®
Thus, because the majority of pharmaceuticals have comparatively long degradation
half-lives, increasing the HRT may significantly improve their removal. Petrie and
colleagues (2014) reached similar conclusions and claimed that extending the HRT to
24 h further augmented organic biodegradation within the activated sludge treatment.8?
In addition to that, increasing the sludge retention time (SRT) is discussed to improve
micropollutant removal within conventional WWTPs. A higher SRT can result in a higher
microbial biodiversity due to the increase of slow-growing organisms,53 and stimulate
the metabolization of less biodegradable compounds with regard to the lower food-to-
microorganisms ratios.8? Accordingly, a high SRT has been shown to be beneficial for the
removal of some pharmaceuticals,>* estrogens and estrogen-active compounds.155 156
Conversely, another study reported that an increase of the SRT up to 80 days did not
significantly influence the organic micropollutant removal.19° Thus, because the results
can vary significantly depending on the tested compounds, the influence of an increase
SRT remains unclear.

Because it is unlikely that the removal of structurally diverse compounds can be
explained by one process parameter, a combination of the abovementioned strategies is
required to achieve a simultaneous, more efficient elimination of a wide range of
micropollutants. For this purpose, a prioritization of relevant factors for micropollutant
removal is fundamental. However, a general consensus lacks mainly due to the often
contradictory results depending on the selected target micropollutants (i.e. SRT). In
contrast to studies on target organic micropollutant removal, little is currently known

how this process parameters are affecting the elimination of toxicity (except for a few
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studies on the removal of estrogenicity).1>” Thus, including a broader spectrum of effect-
based measurements in further research might uncover hidden capacities for
improvement and facilitate the prioritization of relevant process parameters for
micropollutant removal within the biological wastewater treatment.

Despite the potential for an optimization of the biological wastewater treatment, there
are also limitations: Both the inclusion of an additional treatment step as well as the
modification of operating parameters (HRT, SRT) requires more space. This complicates
the implementation at WWTPs, at which space is limited, and wastewater load is high
(i.e. in densely populated regions). Moreover, a heterogeneous group of recalcitrant
compounds is likely to persist in the treated wastewater, and it is so far not clear if it will

be possible to target them even with profound changes in the biological treatment.

2.3 On-site Wastewater Treatment by a Laccase Membrane

Bioreactor

2.3.1 Main Findings

A.3, Becker etal. 2016

In this study, the performance of immobilized laccase in removing a mixture of 38
antibiotics on reactor scale without and in combination with a mediator
(syringaldehyde) at wastewater relevant concentrations (10 pg/L for each antibiotic)
was analyzed. Given that the enzymatic reaction rates decrease with lower substrate
concentrations!>® and the majority of previous studies have mainly focused on the
removal of one or several pharmaceuticals (usually at high concentrations),158-161 the
experimental setup applied in this study represents a more realistic situation, and thus
is an important step towards the successful development and implementation of this

enzymatic technology. The main findings were:
e Laccase without a mediator did not reduce the load of antibiotics significantly.

e The combination of laccase with the mediator syringaldehyde effectively
removed the selected antibiotics. 32 out of 38 antibiotics were eliminated by over

50% after 24 h treatment.
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e However, the addition of syringaldehyde to laccase resulted in a time-dependent
increase of toxicity suggesting a generation of toxic transformation products or

radicals.
2.3.2 Removal of Antibiotics by Enzymatic Treatment with Fungal Laccase

Reduction of target antibiotics

The laccase treatment without the addition of a mediator did not significantly increase
the removal of the selected target antibiotics in comparison to the blank reactor. This
finding indicates that the majority of the selected antibiotics cannot be converted
directly by the enzyme. Because mainly small to mid-sized molecules with phenolic,
methoxy-substituted phenolic or amino groups are able to fit into the active site of the
enzyme,162 the reason for the limited removal may lie in the stereochemistry of the
selected antibiotics. However, there was no clear pattern of the antibiotic removal by
laccase. Amoxicillin has a phenolic and an amino group and was removed by 97%, while
enrofloxacin and pipedemic acid were removed by 50% and 55%, although both
antibiotics have neither a phenolic nor an amino group. Further, several antibiotics were
persistent in the laccase treatment, even though they have at least one of the molecule
structure characteristics.

The addition of the mediator syringaldehyde (SYR) enables the degradation of
compounds, which do not fit into the active site of the enzyme. Laccase easily oxidizes
SYR due to the lower redox potential. The resulting SYR radicals can then further oxidize
compounds, which are unavailable for the laccase treatment (i.e. non-phenolic
compounds, large molecules).163 Accordingly, the combination of laccase and SYR
resulted in a significantly increased removal of the total number of antibiotics. With an
SYR concentration of 10 umol L1, 26 out of 38 antibiotics were removed by > 50% after
24 h treatment. Moreover, the use of a hundredfold higher concentration of SYR
(1000 umol L1) led to a further increase in antibiotic removal. 32 out of 38 antibiotics
were removed by over 50%, whereby 17 were almost completely eliminated (>90%).
Thus, from a chemical point of view, the enzymatic technology using laccase in
combination with syringaldehyde represent a promising technology to treat wastewater

from point sources of antibiotics (i.e. hospitals, pharmaceutical production sites).

26



Discussion

Increase of unspecific toxicity in the presence of syringaldehyde

To assess the degradation of toxicity, two in vitro bioassays were conducted, the growth
inhibition test with Bacillus subtilis to specifically evaluate the removal of antibiotic
activity, and the Microtox assay with Aliivibrio fischerii to analyze the unspecific toxicity
of the effluents.

No increase of unspecific toxicity and a slight decrease in the antibiotic activity was
detected in the effluent samples of the laccase treatment without SYR. In contrast, the
laccase treatment in combination with SYR resulted in an increase of toxicity in both
assays, albeit a more efficient removal of antibiotics was detected. While SYR alone had
no effect on B. subtilis, the combination with laccase and either a low or a high SYR
concentration led to a strong time-dependent growth inhibition up to 100%. Similar to
that, a time-dependent increase of unspecific toxicity in the Microtox assay was
observed for both combinations. These findings suggest that either residual radicals are
present in the effluents or that the combined treatment resulted in a formation of toxic
transformation products.

The observed increase in unspecific toxicity is in line with previous studies on laccase
treatment in combination with SYR.158 164, 165 Nguyen and colleagues (2016) claimed
that the generated toxicity could be caused by unconsumed SYR as well as residual
radicals. Similar to our findings, they have observed an unspecific bacterial toxicity of
the mediator SYR, however, with a markedly lower ECso of 380 pmol L1
(Photobacterium leiognathi) in comparison to our results (ECso of 1.25 mmol L1;
Microtox). Nonetheless, while its antimicrobial activity could explain the toxicity of
SYR,166 the concentrations in our experiments were too low to cause the observed
unspecific toxicity in both assays. Moreover, the occurrence of residual radicals cannot
be ruled out, but it is questionable if the radicals remain stable during sample
preparation via solid-phase extraction (SPE). Thus, it is likely that the observed toxicity
is caused by a formation of toxic transformation products in the course of the laccase-
mediator treatment. Likewise, the formation of transformation products has been
reported for the treatment of ibuprofen by Trametes versicolor.17 Ibuprofen is oxidized
by laccase to the main metabolite 1,2-hydroxy ibuprofen, which is known to be more
toxic than the parent compound.1¢” In the present study, toxic transformation products
might be formed by the oxidation of aromatic structures such as the oxidation of phenols

to the often more toxic quinonoid products.168-170 For this, tetracyclines and quinolones
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which are of aromatic origin can serve as starting products for the more toxic by-

products.

2.3.3 Enzymatic Treatment by Fungal Laccase — A Suitable Technology for a

On-Site Wastewater Treatment?

In the present study, we have shown that laccase in combination with the mediator SYR
successfully degrades a broad spectrum of antibiotics at wastewater relevant
concentrations, including the most prescribed antibiotics within Europe (penicillins,
tetracyclines, and sulfonamides).”? In comparison to removal rates of antibiotics
reported for advanced wastewater treatment technologies (i.e. activated carbon,
ozonation),72 the laccase-mediator process was similarly effective. Moreover, laccase
alone or in combination with a mediator has been reported to eliminate also a vast
number of other organic micropollutants such as further pharmaceuticals (i.e.
diclofenac, carbamazepine),?> 173-175 EDCs,?5 158, 175-178 germicides!’3 175 179 and several
pesticides.180-182 Hence, enzymatic treatment by immobilized laccase in combination
with SYR represents a promising technology to treat wastewater from sites, where high
loads of organic micropollutants are expected (e.g., hospitals and pharmaceutical
production sites). While the cost of using free laccase is considered as economically
uncompetitive, the immobilization of laccase on membranes and the use of a natural
mediator such as SYR would facilitate the scale-up of this technology thanks to the
potential cost reduction.1>% 183 Nevertheless, further investigations are needed to reduce
the generation of toxic transformation products or residual radicals by the laccase-
mediator process. For this, research should focus on identifying the ideal SYR
concentration to maximize the elimination of compounds of concern and at the same
time minimizing the increase of toxicity. Notwithstanding that, a combination with a
post-treatment (e.g., sand filtration) like in the case of ozonation might represent a
feasible solution to remove the generated toxicity. 108 143,145,146

Finally, although some studies demonstrate that immobilized laccase can successfully
degrade micropollutants under non-sterile conditions in real wastewater,17¢ additional
long-term studies are needed to reveal that the activity of the immobilized enzyme can

be preserved in the presence of other microorganisms (i.e. overgrowth by biomass).
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2.4. Challenges and Limitations of an Effect-based Assessment

Regarding the overwhelming number of micropollutants, the current chemical analysis
fails to cover the unknown, yet toxicologically relevant part (e.g., not-prioritized
chemicals, transformation products). Thus, a complementary effect-based assessment,
which considers various endpoints, is an essential tool covering the unknown part and
will decrease the uncertainty in evaluating micropollutant removal by a treatment
technology accordingly. As shown in this thesis, applying such an approach is crucial to
uncover otherwise hidden capacities for improvement of a wastewater treatment
technology (A. 1, A. 2), as well as to detect negative side effects (i.e. generation of toxic
transformation products; A. 3). Nevertheless, despite the many advantages of an effect-
based assessment, the integration of a biological analysis also entails challenges and
limitations, which are discussed in the following section divided into in vitro and in vivo

bioassays.

In vitro bioassays

In vitro bioassays provide mechanistic insights, are ethically sound and economically
favorable, and offer a high-throughput capability.?” They are therefore increasingly
applied to assess the water quality of complex environmental samples as well as to
evaluate wastewater treatment technologies. However, several challenges and
limitations of an effect-based assessment by in vitro bioassays exist.

Sample preparation is a critical step that can significantly affect the outcomes of an
effect-based assessment.> Nevertheless, extraction of water samples via solid phase
extraction (SPE) is often unavoidable (1) to increase the sensitivity with regard to the
limit of detection, (2) to create dose-response curves for a better comparability, (3) to
remove matrix effects (i.e. ions, pathogens), and (4) to conserve the samples for a larger
measurement campaign. However, the extraction via SPE inevitability leads to a loss of
chemicals present in the native sample, in particular of compounds with high polarity.184
185 In order to minimize the loss during SPE, several sorbent materials can be combined.
Nonetheless, the optimization of an SPE-method for a biological effect remains
challenging due to the unknown causative compounds!8 and a complete recovery of
toxicity via SPE can never be accomplished. Furthermore, the assessment by in vitro

assays can result in false negative and positive effects (i.e. matrix effects of co-extracted
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DOC).187 Hence, to detect or exclude potential artifacts, quality controls (i.e. SPE-blanks,
adequate reference compounds), as well as the simultaneous determination of
cofounding factors (i.e. DOC) in the samples, should be included. The latter is
particularly important for the investigation of hormone receptor antagonism.188
However, a coherent approach is lacking, and only a few in vitro test procedures have
standardized protocols such as OECD or ISO guidelines. In addition, a consensus of a
uniform data processing does not exist,18° which complicates the comparability of
outcomes from different studies. Finally, the greatest challenge remains in predicting the
toxicological relevance of invitro results for organisms and, a fortiori, for whole
ecosystems. Several uncertainties mainly hamper the latter. For instance, in vitro
bioassays cannot display toxicokinetic processes (i.e. detoxification, metabolic
activation) as well as toxicodynamic processes (i.e. tissue or organ-specific effects)
within whole organisms.> Accordingly, although they represent a fast and sensitive
screening tool for a mechanism of action-specific assessment, they will never completely
replace regulatory in vivo tests.!0 Nevertheless, several studies successfully
demonstrate a link between in vitro effects and adverse effects in vivo for endpoints such
as estrogenicity,!'? dioxin-like effects!®l or cytotoxicity.1°2 Moreover, effect-based
trigger values, which enable the decision whether an observed effect is acceptable or
not, are being developed,'°3 194 and advancements in the field of adverse outcome
pathways195 will further facilitate the development and an accurate definition of values

for water quality monitoring.

In vivo bioassays

An effect-based assessment by in vivo bioassays aims to determine “integrative” or
“apical” effects on endpoints like mortality, development, growth, reproduction, or
behavior of key aquatic model organisms.> Originally developed for the risk assessment
of single substances; several test methods exist for the evaluation of environmental
samples. Accordingly, numerous studies have used in vivo bioassays for the assessment
of wastewater treatment technologies, either in laboratory or on-site in flow-through
experiments. However, several challenges and limitations of an effect-based assessment
by in vivo bioassays exist.

In general, the main drawbacks of in vivo bioassays are the complexity of the
experiments (long durations), high biological variability and costs, as well as the loss of

animal lives, which makes the application difficult for routine monitoring. Moreover,
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while in vivo bioassays - in contrast to in vitro methods - integrate toxicokinetic and
toxicodynamic processes, they provide only limited information about the underlying
mechanism leading to the observed effect.> This is particularly critical when evaluating
wastewater samples. The standardized laboratory organisms used in in vivo studies are
quite sensitive to the wastewater matrix (i.e. salinity, nutrients or suspended organic
carbon). For instance, the growth inhibition test with the green algae D. subspicatus in
the present study resulted in an increased growth in all effluents samples (A. 2). While
nutrients are sufficiently supplied in the medium, probably other growth enhancing
factors of the wastewater matrix caused this effect. Such a subsidiary effect may mask
potential adverse effects of toxic compounds!®® and hampers the application of these
bioassays for the evaluation of wastewater samples. Likewise, another study reported a
marked increase in reproduction of D. magna after exposure to wastewater effluents
instead of a reproduction toxicity, probably due to the additional food supply.198 Thus, in
most cases a differentiation between subsidiary effects (i.e. by nutrients) and an impact
of toxic compounds on biological parameters (i.e. growth, reproduction) is impossible.
Furthermore, as discussed in section 2.2.2, standardized in vivo bioassays seem to be
quite insensitive to the exposure to conventionally treated wastewater. Thus, a broad
range of in vivo bioassays is of limited relevance for the evaluation of wastewater
treated by a state-of-the-art activated sludge treatment. Accordingly, it is also difficult to
determine a beneficial effect of an advanced wastewater treatment technology. Testing
enriched wastewater samples may increase the sensitivity of the in vivo bioassays such
as demonstrated for the fish embryo toxicity test with Danio rerio.192 Nonetheless, this
approach entails the same limitation as discussed for the in vitro bioassays (loss of
substances during sample preparation) and can lead to significantly different outcomes
as reported for P. antipodarum.11* However, although a broad range of in vivo bioassays
are insensitive to conventionally treated wastewater, some of the test species are
suitable models to demonstrate an increase of toxicity (i.e. generation of toxic
transformation products) such as shown for ozonated wastewater.108, 143

Finally, drawing conclusion on the relevance of observed in vivo effects for the receiving
ecosystem is complicated due to several uncertainties (i.e. sensitive non-model species).
Thus, only large-scale ecological approaches can provide insight into the question to
what extent wastewater discharge, among other stressors, contributes to the loss of

biodiversity in aquatic ecosystems.107
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2.6. Conclusion and Outlook

e The outcomes for the effect-based measurements of the raw wastewater samples
suggest that we need to widen our view on EDCs occurring in complex
environmental samples. Four out of seven mechanisms of actions were activated
in the corresponding bioassays, with anti-estrogenic and anti-androgenic
activities being the most potent effects. Thus, to obtain a holistic picture of the
EDC removal by a treatment technology further endocrine endpoints, besides

estrogenicity, should be assessed.

e While the additional removal of selected target organic micropollutants was
disproportionally low, the combination of aerobic and anaerobic treatments
resulted in a substantially improved detoxification. Thus, from an
ecotoxicological perspective, a further optimization of the biological wastewater

treatment is possible.

e While several factors are discussed to influence target organic micropollutant
removal within the biological wastewater treatment, only little is currently
known how these factors are affecting the removal of toxicity. Hence, the
inclusion of effect-based measurements in further studies might uncover
otherwise hidden capacities for improvement and facilitate the prioritization of

relevant process parameters.

e Laccase in combination with the natural mediator SYR effectively removed a vast
number of antibiotics, including the most prescribed and used antibiotics within
Europe. 32 out of 38 antibiotics were removed by over 50%, whereby 17 were
almost eliminated (>90%). Thus, the enzymatic membrane bioreactor represents
a promising technology to treat wastewater from sites, where high loads are

expected (e.g. hospitals, pharmaceutical production sites).

e However, the laccase-mediator process resulted in a time-dependent increase of
unspecific toxicity in the effluent samples, probably due to the generation of toxic
transformation products. Further research is therefore required to reduce the
formation of unspecific toxicity before an implementation of this technology can

be considered.
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2.6.1 Outlook: Roads Towards a Sustainable Water Management to Improve

the Ecological and Chemical Status of Freshwater Ecosystems

Given that freshwater ecosystems are threatened by multiple stressors, and chemical
pollution represents only one of them,!! a sustainable water management should
include several useful measurements to improve their ecological status. For instance,
habitat degradation is widely regarded as a main stressor causing the loss of
biodiversity in river ecosystems.1” Accordingly, a lot of money and efforts have flown
into the restoration of rivers, but with somewhat limited success.198 199 Thus, habitat
morphology is only one important factor promoting local biodiversity, and several other
regional processes need to be taken into account to ensure a successful restoration such
as species distributions and water quality.200

In turn, a major expansion of WWTPs with technical solutions, like in Switzerland, might
improve the water quality of the receiving stream, but it does not necessarily guarantee
a significant improved ecological status of the river ecosystems. Although first positive
developments are already in evidence,?%1. 202 jt remains to be demonstrated whether the
Swiss national policy will be successful.203

Regardless, on the short-term, upgrading wastewater treatment plants with advanced
technical treatments is the solution that is easiest to realize, in particular in regions
where drinking water quality is endangered (i.e. Berlin, see 1.2). However, a nationwide
implementation of advanced technical solutions comes along with high investment and
maintenance costs as well as an increasing energy demand. Given that Switzerland is
one of the richest countries in the world with a long-term stable economy,?04 the
extensive upgrade of wastewater treatment plants represents a feasible solution to
increase the water quality of Swiss rivers. Nonetheless, it is debatable whether this
strategy can be adopted by countries with comparatively low economic strength, and if
the strategy is sustainable with regard to the high energy demand.2%> Thus, upgrading
WWTPs with advanced treatment technologies is not an all-in-one solution and decision
should be taken on a case-by-case basis.

To select suitable sites for upgrading WWTPs, one criterion is a critical wastewater
share (>10%) in the receiving stream.!'! However, this would mean that in Germany, for
instance, over 50% of all WWTPs need to be upgraded,'4? which is far above the value in

the Swiss policy and thus appears to be quite unrealistic. Another option to select
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suitable sites might be the identification of areas where micropollutant contamination is
comparatively high, in particular with compounds of concern (i.e. high toxicity).
However, to pursue this approach, the knowledge on the occurrence of micropollutants
as well as on toxic drivers is still insufficient. Even though a list of currently 45 priority
substances has been established within the European WFD, the assessment of the
chemical and ecological status of river ecosystems still often results in contradictory
outcomes.?0¢ While it appears not practicable to monitor a substantially higher
proportion of compounds on a regular basis, strategies to improve the knowledge on the
occurrence of micropollutants may aim at sharing already existing measurement data on
a publicly accessible platform. Significant amounts of micropollutant data already exist
at research institutions or government agencies, but only a small part is published and
thus available to the public. Such a universal database would not only increase the
knowledge on the occurrence of micropollutants; it would at the same time facilitate the
identification of toxic drivers by effect-directed analysis.207

Independent from the identification of suitable sites for an upgrade with technical
solutions, existing conventional WWTPs should be critically examined for their
performance. As shown in this thesis, the biological wastewater treatment still
possesses considerable room for improvement. Thus, a critical evaluation of the already
implemented WWTPs as well as further research on an optimization of the conventional
activated sludge treatment could significantly improve their performance. Moreover, a
large-scale modeling approach of the ecological status of 184 streams revealed that
poorly treated wastewater is a more pressing issue than treated wastewater carrying
non-degradable micropollutants.2® This finding further suggests that improving the
removal efficiency of existing WWTPs, in this case mainly small WWTPs (<10.000
population equivalents), can have a significant influence on the ecological status of the
receiving stream.

The contribution of hospital-use pharmaceuticals can be easily modeled at a high spatial
resolution such as shown for several WWTPs in Switzerland.?! Based on this data,
catchment areas with a considerable hospital contribution can be identified for an on-
site wastewater treatment of hospital effluents. This would result in a significant
reduction of pharmaceutical discharge from WWTPs and at the same time decrease the
losses into the aquatic environment through sewer leakage?°® or combined sewer

overflows.?10 Nevertheless, an on-site wastewater treatment of hospital effluents can
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only be considered if the trade-off between costs and pharmaceutical removal is
reasonable.?!l This is often not the case regarding the high costs of the proposed
technical solutions. Thus, the development of cost and energy efficient alternatives is
required to stimulate an implementation of this measure. Among others, the enzymatic
treatment by fungal laccase may represent such an alternative. However, several issues
need to be resolved before considering an implementation of this technology (i.e.
generation of toxic transformation products, long-term stability).

Although the discourse on mitigation strategies to reduce micropollutants in the aquatic
environment is currently mainly focused on wastewater discharge, action plans should
also include measures to minimize the input from diffuse sources, in particular
considering pesticide contamination. Regarding the high environmental risk associated
with the application of pesticides,> ¢ measures such as buffer zones along the bank of
rivers or collection ponds for drain outflow?!? can be equally or even more important in
catchment areas with a high proportion of arable land use.

Finally, on the long-term, alternatives to end of pipe solutions should be pursued to
reduce the discharge of harmful substances into the aquatic environment. Approaches to
this could include measures to foster sustainable practices in society (i.e. labelling of
environmentally friendly pharmaceuticals,?13 alternative forms of farming to reduce
pesticide use), or the target support of research in the field of green chemistry214 to
encourage the development of biodegradable substitutes for compounds of high

concern.

35



References

References

10.

11.

12.

United Nations World Water Assessment Programme (WWAP). The United
Nations World Water Development Report 2015: Water for a Sustainable World.
Paris, UNESCO 2015. ISBN 978-92-3-100071-3.

Vorosmarty, C. ]J.; Mcintyre, P. B.; Gessner, M. O.; Dudgeon, D.; Prusevich, A,;
Green, P.; Glidden, S.; Bunn, S. E.; Sullivan, C. A.; Liermann, C. R.; Davies, P. M.
Global threats to human water security and river biodiversity. Nature 2010, 467,
555-561.

Schwarzenbach, R. P.; Escher, B. I.; Fenner, K.; Hofstetter, T. B.; Johnson, C. A.; von

Gunten, U.; Wehrli, B. The challenge of micropollutants in aquatic systems.
Science 2006, 313,1072-1077.

Malik, O. A.; Hsu, A, Johnson, L. A,; de Sherbinin, A. A global indicator of
wastewater treatment to inform the Sustainable Development Goals (SDGs).
Environmental Science & Policy 2015, 48, 172-185.

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

European Comission. Flash Eurobarometer 344. Attitudes of Europeans towards
water - related issues. Brussels, TNS Political & Social 2012.

European Union 2000. Directive 2000/60/EC of the European Parliament and of
the Council of 23 October 2000. Establishing a Framework for Community Action
in the Field of Water Policy. p. 1. 0] L 327, 22.12.2000, 1.

European Environmental Agency (EEA). European waters - assessment of status
and pressures. p. 96. Copenhagen, EEA 2012.

Malaj, E.; von der Ohe, P. C; Grote, M.; Kuhne, R.; Mondy, C. P.; Usseglio-Polatera,
P.; Brack, W.; Schafer, R. B. Organic chemicals jeopardize the health of freshwater

ecosystems on the continental scale. Proceedings of the National Academy of
Sciences of the United States of America 2014, 111, 9549-9554.

Berger, E.; Haase, P.; Oetken, M.; Sundermann, A. Field data reveal low critical
chemical concentrations for river benthic invertebrates. Science of the Total
Environment 2016, 544, 864-873.

Schifer, R. B.; Kihn, B.; Malaj, E.; Konig, A.; Gergs, R. Contribution of organic
toxicants to multiple stress in river ecosystems. Freshwater Biology 2016, 61,
2116-2128.

Loos, R.; Gawlik, B. M.; Locoro, G.; Rimaviciute, E.; Contini, S.; Bidoglio, G. EU-wide
survey of polar organic persistent pollutants in European river waters.
Environmental Pollution 2009, 157, 561-8.

36



References

13.

14.

15.

16.

17.

18.

19.

20.

21.

Eggen, R. 1. L; Hollender, J.; Joss, A.; Scharer, M.; Stamm, C. Reducing the
Discharge of Micropollutants in the Aquatic Environment: The Benefits of
Upgrading Wastewater Treatment Plants. Environmental Science & Technology
2014, 48, 7683-7689.

Loos, R.; Carvalho, R.; Antonio, D. C.; Cornero, S.; Locoro, G.; Tavazzi, S.;
Paracchini, B.; Ghiani, M.; Lettieri, T.; Blaha, L.; Jarosova, B.; Voorspoels, S.;
Servaes, K.; Haglund, P.; Fick, ].; Lindberg, R. H.; Schwesig, D.; Gawlik, B. M. EU-
wide monitoring survey on emerging polar organic contaminants in wastewater
treatment plant effluents. Water Research 2013, 47, 6475-6487.

Konig, M.; Escher, B. I; Neale, P. A; Krauss, M.; Hilscherova, K,; Novak, ],
Teodorovic, I.; Schulze, T.; Seidensticker, S.; Kamal Hashmi, M. A.; Ahlheim, J;
Brack, W. Impact of untreated wastewater on a major European river evaluated
with a combination of in vitro bioassays and chemical analysis. Environmental
Pollution 2017, 220, 1220-1230.

Sjerps, R. M. A,; Vughs, D.; van Leerdam, J. A,; ter Laak, T. L.; van Wezel, A. P. Data-
driven prioritization of chemicals for various water types using suspect screening
LC-HRMS. Water Research 2016, 93, 254-264.

Bradley, P. M.; Journey, C. A; Romanok, K. M.; Barber, L. B.; Buxton, H. T,
Foreman, W. T.; Furlong, E. T.; Glassmeyer, S. T.; Hladik, M. L.; Iwanowicz, L. R;
Jones, D. K.; Kolpin, D. W.; Kuivila, K. M.; Loftin, K. A.; Mills, M. A.; Meyer, M. T;
Orlando, ]. L.; Reilly, T. J.; Smalling, K. L.; Villeneuve, D. L. Expanded Target-
Chemical Analysis Reveals Extensive Mixed-Organic-Contaminant Exposure in
U.S. Streams. Environmental Science & Technology 2017, 51, 4792-4802.

Lee, D. G.; Roehrdanz, P. R,; Feraud, M.; Ervin, J.; Anumol, T.; Jia, A.; Park, M,;
Tamez, C.; Morelius, E. W.; Gardea-Torresdey, J. L.; Izbicki, ].; Means, ]. C.; Snyder,
S. A.; Holden, P. A. Wastewater compounds in urban shallow groundwater wells

correspond to exfiltration probabilities of nearby sewers. Water Research 2015,
85,467-475.

Loos, R.; Locoro, G.; Comero, S.; Contini, S.; Schwesig, D.; Werres, F.; Balsaa, P.;
Gans, 0.; Weiss, S.; Blaha, L.; Bolchi, M.; Gawlik, B. M. Pan-European survey on the
occurrence of selected polar organic persistent pollutants in ground water.
Water Research 2010, 44, 4115-4126.

Wang, C. A,; Shi, H. L.; Adams, C. D.; Gamagedara, S.; Stayton, I.; Timmons, T.; Ma,
Y. F. Investigation of pharmaceuticals in Missouri natural and drinking water
using high performance liquid chromatography-tandem mass spectrometry.
Water Research 2011, 45, 1818-1828.

Huerta-Fontela, M.; Galceran, M. T.; Ventura, F. Occurrence and removal of
pharmaceuticals and hormones through drinking water treatment. Water
Research 2011, 45, 1432-1442.

37



References

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Zoeller, R. T.; Brown, T. R.; Doan, L. L.; Gore, A. C.; Skakkebaek, N. E.; Soto, A. M.;
Woodruff, T. J.; Saal, F. S. V. Endocrine-Disrupting Chemicals and Public Health
Protection: A Statement of Principles from The Endocrine Society.
Endocrinology 2012, 153, 4097-4110.

Bergman, A.; Heindel, ]. J.; Jobling, S.; Kidd, K. A.; Zoeller, R. T. State of the Science
of Endocrine Disrupting Chemicals - 2012. Geneva, United Nations Environment
Programme (UNEP) and the World Health Organization (WHO), 2013. ISBN: 978-
92-807-3274-0 (UNEP) and 978-92-4-15050503-1 (WHO).

Gore, A. C.; Chappell, V. A;; Fenton, S. E.; Flaws, |. A;; Nadal, A,; Prins, G. S.; Toppari,
J.; Zoeller, R. T. EDC-2: The Endocrine Society's Second Scientific Statement on
Endocrine-Disrupting Chemicals. Endocrine Reviews 2015, 36, E1-E150.

Lee, L. S.; Carmosini, N.; Sassman, S. A.; Dion, H. M.; Sepulveda, M. S. Agricultural
contributions of antimicrobials and hormones on soil and water quality. Advances
in Agronomy 2007, 93, 1-68.

Hotchkiss, A. K;; Rider, C. V.; Blystone, C. R.; Wilson, V. S.; Hartig, P. C.; Ankley, G.
T.; Foster, P. M,; Gray, C. L.; Gray, L. E. Fifteen years after "Wingspread" -
Environmental endocrine disrupters and human and wildlife health: Where we
are today and where we need to go. Toxicological Sciences 2008, 105, 235-259.

Wagner, M.; Kienle, C.; Vermeirssen, E. L.; Oehlmann, ]J. Endocrine Disruption and
In Vitro Ecotoxicology: Recent Advances and Approaches. In Advances in
Biochemical Engineering/ Biotechnology 2017.ISBN 978-3-319-45-908-0.

Oehlmann, |.; Stroben, E.; Schulte-Oehlmann, U.; Bauer, B. Imposex development
in response to TBT pollution in Hinia incrassata (Strom, 1768) (Prosobranchia,
Stenoglossa). Aquatic Toxicology 1998, 43, 239-260.

Jobling, S.; Nolan, M.; Tyler, C. R.; Brighty, G.; Sumpter, ]. P. Widespread sexual
disruption in wild fish. Environmental Sciences & Technology 1998, 32, 2498-
2506.

Tetreault, G. R.;; Bennett, C. ].; Shires, K.; Knight, B.; Servos, M. R.; McMaster, M. E.
Intersex and reproductive impairment of wild fish exposed to multiple municipal
wastewater discharges. Aquatic Toxicology 2011, 104, 278-290.

Jobling, S.; Burn, R. W.; Thorpe, K,; Williams, R.; Tyler, C. Statistical modeling
suggests that antiandrogens in effluents from wastewater treatment works
contribute to widespread sexual disruption in fish living in English rivers.
Environmental Health Perspectives 2009, 117, 797-802.

Niemuth, N. J.; Klaper, R. D. Emerging wastewater contaminant metformin causes
intersex and reduced fecundity in fish. Chemosphere 2015, 135, 38-45

38



References

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Kidd, K. A.; Blanchfield, P. ].; Mills, K. H.; Palace, V. P.; Evans, R. E.; Lazorchak, ]. M,;
Flick, R. W. Collapse of a fish population after exposure to a synthetic estrogen.
Proceedings of the National Academy of Sciences of the United States of America
2007, 104, 8897-8901.

European Union, 2012. Analytical methods relevant to the European Comission’s
2012 proposal on Priority Substances under the Water Framework Directive. Ispra,
Joint Research Centre. ISBN 978-92-79-26642-3.

Johnson, A. C.; Dumont, E.; Williams, R. J.; Oldenkamp, R.; Cisowska, 1.; Sumpter, ].
P. Do Concentrations of Ethinylestradiol, Estradiol, and Diclofenac in European
Rivers Exceed Proposed EU Environmental Quality Standards? Environmental
Science & Technology 2013, 47,12297-12304.

Sharma, R. P.; Schuhmacher, M.; Kumar, V. Review on crosstalk and common
mechanisms of endocrine disruptors: Scaffolding to improve PBPK/PD model of
EDC mixture. Environment International 2016, 99, 1-14.

Filer, D.; Patisaul, H. B.; Schug, T.; Reif, D.; Thayer, K. Test driving ToxCast:
endocrine profiling for 1858 chemicals included in phase II. Current Opinion in
Pharmacology 2014, 19, 145-152.

Wagner, M. Know thy unknowns: why we need to widen our view on endocrine
disruptors. Journal of Epidemiology & Community Health 2016. Published Online
First: 13 December 2016. DOI 10.1136/jech-2016-207259.

Kummerer, K. Pharmaceuticals in the Environment. Annual Review of
Environment and Resources 2010, 35,57-75.

Joss, A.; Zabczynski, S.; Gobel, A.; Hoffmann, B.; Loffler, D.; McArdell, C. S.; Ternes,
T. A; Thomsen, A.; Siegrist, H. Biological degradation of pharmaceuticals in

municipal wastewater treatment: Proposing a classification scheme.
Water Research 2006, 40, 1686-1696.

Boxall, A. B. A,; Kolpin, D. W.; Halling-Sorensen, B.; Tolls, ]. Are veterinary
medicines causing environmental risks? Environmental Science & Technology
2003, 37, 286a-294a.

Fick, J.; Soderstrom, H.; Lindberg, R. H.; Phan, C.; Tysklind, M.; Larsson, D. G. ].
Contamination of Surface, Ground, and Drinking Water from Pharmaceutical
Production. Environmental Toxicology and Chemistry 2009, 28, 2522-2527.

Overington, J. P.; Al-Lazikani, B.; Hopkins, A. L. How many drug targets are there?
Nature Reviews Drug Discovery 2006, 5, 993-6.

Triebskorn, R.; Casper, H.; Scheil, V.; Schwaiger, ]J. Ultrastructural effects of
pharmaceuticals (carbamazepine, clofibric acid, metoprolol, diclofenac) in
rainbow trout (Oncorhynchus mykiss) and common carp (Cyprinus carpio).
Analytical and Bioanalytical Chemistry 2007, 387, 1405-1416.

39



References

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

De Felice, B.; Copia, L.; Guida, M. Gene expression profiling in zebrafish embryos
exposed to diclofenac, an environmental toxicant. Molecular Biology Reports
2012, 39,2119-28.

Schmidt, W.; O'Rourke, K.; Hernan, R.; Quinn, B. Effects of the pharmaceuticals
gemfibrozil and diclofenac on the marine mussel (Mytilus spp.) and their

comparison with standardized toxicity tests. Marine Pollution Bulletin 2011, 62,
1389-1395.

Dietrich, S.; Ploessl, F.; Bracher, F.; Laforsch, C. Single and combined toxicity of
pharmaceuticals at environmentally relevant concentrations in Daphnia magna -
A multigenerational study. Chemosphere 2010, 79, 60-66.

Lawrence, J. R.; Swerhone, G. D. W.; Topp, E.; Korber, D. R;; Neu, T. R.; Wassenaar,
L. I. Structural and functional responses of river biofilm communities to the
nonsteroidal anti-inflammatory diclofenac. Environmental Toxicology and
Chemistry 2007, 26, 573-582.

Oetken, M., Nentwig, G.; Loffler, D.; Ternes, T. Oehlmann, ], Effects of
pharmaceuticals on aquatic invertebrates. Part [. The antiepileptic drug

carbamazepine. Archives of Environmental Contamination and Toxicology 2005,
49,353-361.

Heye, K., Becker, D.; Eversloh, C. L; Durmaz, V.; Ternes, T. A.; Oetken, M,
Oehlmann, |. Effects of carbamazepine and two of its metabolites on the non-
biting midge Chironomus riparius in a sediment full life cycle toxicity test. Water
Research 2016, 98, 19-27.

Brodin, T.; Fick, ]J.; Jonsson, M.; Klaminder, J. Dilute Concentrations of a
Psychiatric Drug Alter Behavior of Fish from Natural Populations. Science 2013,
339, 814-815.

Review on Antimicrobial Resistance. Tackling Drug-Resistant Infections Globally:
Final Report and Recommendations. London, amr-review.org 2016.

World Health Organization (WHO). Global Action Plan on Antimicrobial
Resistance. Geneve, WHO, 2015. ISBN 978-92-4-150976-3.

Tilman, D.; Cassman, K. G.; Matson, P. A;; Naylor, R.; Polasky, S. Agricultural
sustainability and intensive production practices. Nature 2002, 418, 671-677.

Waggoner, P. E. How much land can ten billion people spare for nature? Does
technology make a difference? Technology In Society 1995, 17, 17-34.

Storck, V.; Karpouzas, D. G.; Matin-Laurent, F. Towards a better pesticide policy
for the European Union. Science of the Total Environment 2017, 575, 1027-1033.

Kim, K. H.; Kabir, E.; Jahan, S. A. Exposure to pesticides and the associated human
health effects. Science of the Total Environment 2017, 575, 525-535.

40



References

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Stehle, S.; Knabel, A.; Schulz, R. Probabilistic risk assessment of insecticide
concentrations in agricultural surface waters: a critical appraisal. Environmental
Monitoring and Assessment 2013, 185, 6295-310.

Schulz, R. Comparison of spray drift- and runoff-related input of azinphos-methyl
and endosulfan from fruit orchards into the Lourens River, South Africa.
Chemosphere 2001, 45, 543-551.

Liess, M.; Schulz, R,; Liess, M. H. D.; Rother, B.; Kreuzig, R. Determination of
insecticide contamination in agricultural headwater streams. Water Research
1999, 33, 239-247.

Munz, N. A; Burdon, F. ]J; de Zwart, D.; Junghans, M.; Melo, L.; Reyes, M,
Schonenberger, U.; Singer, H. P.; Spycher, B.; Hollender, J.; Stamm, C. Pesticides
drive risk of micropollutants in wastewater-impacted streams during low flow
conditions. Water Research 2017, 110, 366-377.

Munze, R.; Hannemann, C.; Orlinskiy, P.; Gunold, R.; Paschke, A.; Foit, K.; Becker, J.;
Kaske, O.; Paulsson, E.; Peterson, M.; Jernstedt, H.; Kreuger, ].; Schuurmann, G.;
Liess, M. Pesticides from wastewater treatment plant effluents affect invertebrate
communities. Science of the Total Environment 2017, 599-600, 387-399.

Tomizawa, M.; Casida, J. E. Selective toxicity of neonicotinoids attributable to
specificity of insect and mammalian nicotinic receptors. Annual Review of
Entomology 2003, 48, 339-364.

Beketov, M. A.; Kefford, B. ].; Schafer, R. B.; Liess, M. Pesticides reduce regional
biodiversity of stream invertebrates. Proceedings of the National Academy of
Sciences of the United States of America 2013, 110, 11039-43.

Doppler, T.; Mangold, S.; Wittmer, 1. K.; Spycher, S.; Comte, R.; Stamm, C.; Singer,
H.; Junghans, M.; Kunz, M. Hohe PSM-Belastung in Schweizer Bachen. Aqua & Gas
2017, 4, 46-56.

Szocs, E.; Brinke, M., Karaoglan, B.; Schafer, R. B. Large Scale Risks from
Agricultural Pesticides in Small Streams. Environmental Science & Technology
2017, 51, 7378-7385.

Klarich, K. L.; Pflug, N. C.; DeWald, E. M.; Hladik, M. L.; Kolpin, D. W.; Cwiertny, D.
M.; LeFevre, G. H. Occurrence of Neonicotinoid Insecticides in Finished Drinking

Water and Fate during Drinking Water Treatment. Environmental Science &
Technology Letters 2017, 4, 168-173.

Stalter, D.; Magdeburg, A.; Quednow, K.; Botzat, A.; Oehlmann, ]J. Do contaminants
originating from state-of-the-art treated wastewater impact the ecological quality
of surface waters? PloS one 2013, 8, e60616.

Bunzel, K.; Kattwinkel, M.; Liess, M. Effects of organic pollutants from wastewater
treatment plants on aquatic invertebrate communities. Water Research 2013, 47,
597-606.

41



References

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Englert, D.; Zubrod, ]J. P.; Schulz, R.; Bundschuh, M. Effects of municipal
wastewater on aquatic ecosystem structure and function in the receiving stream.
Science of the Total Environment 2013, 454, 401-410.

Maeng, S. K.; Sharma, S. K.; Lekkerkerker-Teunissen, K.; Amy, G. L. Occurrence
and fate of bulk organic matter and pharmaceutically active compounds in
managed aquifer recharge: A review. Water Research 2011, 45,3015-3033.

Heberer, T. Tracking persistent pharmaceutical residues from municipal sewage
to drinking water. Journal of Hydrology 2002, 266, 175-189.

Kulaksiz, S.; Bau, M. Anthropogenic gadolinium as a microcontaminant in tap
water used as drinking water in urban areas and megacities. Applied
Geochemistry 2011, 26, 1877-1885.

Nodler, K.; Hillebrand, O.; Idzik, K.; Strathmann, M.; Schiperski, F.; Zirlewagen, J.;
Licha, T. Occurrence and fate of the angiotensin II receptor antagonist
transformation product valsartan acid in the water cycle - A comparative study
with selected beta-blockers and the persistent anthropogenic wastewater
indicators carbamazepine and acesulfame. Water Research 2013, 47, 6650-6659.

Hollender, J.; Zimmermann, S. G.; Koepke, S.; Krauss, M.; McArdell, C. S.; Ort, C,;
Singer, H.; von Gunten, U.; Siegrist, H. Elimination of Organic Micropollutants in a
Municipal Wastewater Treatment Plant Upgraded with a Full-Scale Post-
Ozonation Followed by Sand Filtration. Environmental Science & Technology
2009, 43,7862-7869.

Margot, |.; Kienle, C.; Magnet, A.; Weil, M.; Rossi, L.; de Alencastro, L. F.; Abegglen,
C.; Thonney, D.; Chevre, N.; Scharer, M.; Barry, D. A. Treatment of micropollutants
in municipal wastewater: Ozone or powdered activated carbon? Science of the
Total Environment 2013, 461, 480-498.

Logar, I; Brouwer, R.; Maurer, M.; Ort, C. Cost-Benefit Analysis of the Swiss
National Policy on Reducing Micropollutants in Treated Wastewater.
Environmental Science & Technology 2014, 48, 12500-12508.

Grassi, M.; Kaykioglu, G.; Belgiorno, V.; Lofrano, G. Removal of Emerging
Contaminants from Water and Wastewater by Adsorption Process. In Emerging
Compounds Removal from Wastewater: Natural and Solar Based Treatments 2012.
ISBN 978-94-007-3916-1.

Gros, M.; Petrovic, M.; Ginebreda, A.; Barcelo, D. Removal of pharmaceuticals
during wastewater treatment and environmental risk assessment using hazard
indexes. Environment International 2010, 36, 15-26.

Petrie, B.,; McAdam, E. ]; Lester, J. N, Cartmell, E. Assessing potential
modifications to the activated sludge process to improve simultaneous removal
of a diverse range of micropollutants. Water Research 2014, 62, 180-192.

42



References

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Helbling, D. E. Johnson, D. R, Honti, M., Fenner, K. Micropollutant
Biotransformation Kinetics Associate with WWTP Process Parameters and

Microbial Community Characteristics. Environmental Science & Technology 2012,
46,10579-10588.

Sathyamoorthy, S.; Chandran, K. Ramsburg, C. A. Biodegradation and
Cometabolic Modeling of Selected Beta Blockers during Ammonia Oxidation.
Environmental Science & Technology 2013, 47, 12835-12843.

Majewsky, M.; Galle, T.; Zwank, L.; Fischer, K. Influence of microbial activity on
polar xenobiotic degradation in activated sludge systems. Water Science &
Technology 2010, 62, 701-707.

Suarez, S.; Lema, J. M.; Omil, F. Removal of pharmaceutical and personal care
products (PPCPs) under nitrifying and denitrifying conditions. Water Research
2010, 44,3214-24.

Xue, W.; Wy, C,; Xiao, K;; Huang, X.; Zhou, H.; Tsuno, H.; Tanaka, H. Elimination
and fate of selected micro-organic pollutants in a full-scale
anaerobic/anoxic/aerobic process combined with membrane bioreactor for
municipal wastewater reclamation. Water Research 2010, 44, 5999-6010.

Gulde, R.; Helbling, D. E. Scheidegger, A.; Fenner, K. pH-dependent
biotransformation of ionizable organic micropollutants in activated sludge.
Environmental Science & Technology 2014, 48, 13760-8.

Falds, P.; Longree, P.; la Cour Jansen, ].; Siegrist, H.; Hollender, ].; Joss, A.
Micropollutant removal by attached and suspended growth in a hybrid biofilm-
activated sludge process. Water Research 2013, 47, 4498-4506.

Amy, G.; Drewes, ]. Soil aquifer treatment (SAT) as a natural and sustainable
wastewater Reclamation/Reuse technology: Fate of wastewater effluent organic
matter (EfOM) and trace organic compounds. Environmental Monitoring and
Assessment 2007, 129, 19-26.

Ternes, T. A.; Bonerz, M.; Herrmann, N.; Teiser, B.; Andersen, H. R. Irrigation of
treated wastewater in Braunschweig, Germany: An option to remove
pharmaceuticals and musk fragrances. Chemosphere 2007, 66, 894-904.

Ghattas, A. K; Fischer, F.; Wick, A;; Ternes, T. A. Anaerobic biodegradation of
(emerging) organic contaminants in the aquatic environment. Water Research
2017, 116, 268-295.

Kuroda, K.; Itten, R.; Kovalova, L.; Ort, C.; Weissbrodt, D. G.; McArdell, C. S.
Hospital-Use Pharmaceuticals in Swiss Waters Modeled at High Spatial
Resolution. Environmental Science & Technology 2016, 50, 4742-4751.

Kovalova, L.; Siegrist, H.; von Gunten, U.; Eugster, ]J.; Hagenbuch, M.; Wittmer, A.;
Moser, R.; McArdell, C. S. Elimination of Micropollutants during Post-Treatment

43



References

93.

94,

95.

96.

97.

98.

99,

100.

101.

102.

of Hospital Wastewater with Powdered Activated Carbon, Ozone, and UV.
Environmental Science & Technology 2013, 47, 7899-7908.

Maletz, S.; Floehr, T.; Beier, S.; Klumper, C.; Brouwer, A.; Behnisch, P.; Higley, E.;
Giesy, ]. P.; Hecker, M.; Gebhardt, W.; Linnemann, V.; Pinnekamp, J.; Hollert, H. In
vitro characterization of the effectiveness of enhanced sewage treatment
processes to eliminate endocrine activity of hospital effluents. Water Research
2013, 47,1545-1557.

Lucas, D.; Badia-Fabregat, M.; Vicent, T.; Caminal, G.; Rodriguez-Mozaz, S.;
Balcazar, J. L.; Barcelo, D. Fungal treatment for the removal of antibiotics and
antibiotic resistance genes in veterinary hospital wastewater. Chemosphere
2016, 152,301-8.

Cruz-Morato, C.; Lucas, D.; Llorca, M.; Rodriguez-Mozaz, S.; Gorga, M.; Petrovic, M.;
Barcelo, D.; Vicent, T.; Sarra, M.; Marco-Urrea, E. Hospital wastewater treatment
by fungal bioreactor: Removal efficiency for pharmaceuticals and endocrine
disruptor compounds. Science of the Total Environment 2014, 493, 365-376.

Escher, B. I.; Fenner, K. Recent advances in environmental risk assessment of
transformation products. Environmental Science & Technology 2011, 45, 3835-47.

Boxall, A. B. A; Sinclair, C. ].; Fenner, K.; Kolpin, D.; Maud, S. ]. When synthetic
chemicals degrade in the environment. Environmental Science & Technology
2004, 38, 368a-375a.

Schluter-Vorberg, L.; Prasse, C.; Ternes, T. A.; Muckter, H.; Coors, A. Toxification
by Transformation in Conventional and Advanced Wastewater Treatment: The
Antiviral Drug Acyclovir. Environmental Science & Technology Letters 2015, 2,
342-34e6.

Nurenberg, G.; Schulz, M.; Kunkel, U.; Ternes, T. A. Development and validation of
a generic nontarget method based on liquid chromatography - high resolution
mass spectrometry analysis for the evaluation of different wastewater treatment
options. Journal of Chromatography A 2015, 1426, 77-90.

Backhaus, T.; Karlsson, M. Screening level mixture risk assessment of
pharmaceuticals in STP effluents. Water Research 2014, 49, 157-165.

Silva, E.; Rajapakse, N.; Kortenkamp, A., Something from "nothing" - Eight weak
estrogenic chemicals combined at concentrations below NOECs produce
significant mixture effects. Environmental Science & Technology 2002, 36, 1751-
1756.

Neale, P. A.; Munz, N. A,; Ait-Aissa, S.; Altenburger, R.; Brion, F.; Busch, W.; Escher,
B. I.; Hilscherova, K.; Kienle, C.; Novak, ].; Seiler, T.-B.; Shao, Y.; Stamm, C,;
Hollender, J. Integrating chemical analysis and bioanalysis to evaluate the
contribution of wastewater effluent on the micropollutant burden in small
streams. Science of the Total Environment 2017, 576, 785-795.

44



References

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Escher, B. I; van Daele, C.; Dutt, M.; Tang, J. Y. M.; Altenburger, R. Most Oxidative
Stress Response In Water Samples Comes From Unknown Chemicals: The Need
For Effect-Based Water Quality Trigger Values. Environmental Science &
Technology 2013, 47,7002-7011.

Tang, J. Y. M.; Busetti, F.; Charrois, ]. W. A.; Escher, B. I. Which chemicals drive
biological effects in wastewater and recycled water? Water Research 2014, 60,
289-299.

Brack, W.; Dulio, V.; Agerstrand, M.; Allan, I.; Altenburger, R.; Brinkmann, M,;
Bunke, D.; Burgess, R. M.; Cousins, I.; Escher, B. I,; Hernandez, F. ].; Hewitt, L. M,;
Hilscherova, K.; Hollender, J.; Hollert, H.; Kase, R.; Klauer, B.; Lindim, C.; Herraez,
D. L.; Miege, C.; Munthe, J.; O'Toole, S.; Posthuma, L.; Rudel, H.; Schafer, R. B,;
Sengl, M.; Smedes, F.; van de Meent, D.; van den Brink, P. ].; van Gils, ].; van Wezel,
A. P.; Vethaak, A. D.; Vermeirssen, E.; von der Ohe, P. C.; Vrana, B. Towards the
review of the European Union Water Framework management of chemical
contamination in European surface water resources. Science of the Total
Environment 2016, 576, 720-737.

Matthews, ].; Gustafsson, ]J. A. Estrogen receptor and aryl hydrocarbon receptor
signaling pathways. Nuclear Receptor Signaling 2006, 4, e016.

Stamm, C.; Rasdnen, K.; Burdon, F. J.; Altermatt, F.; Jokela, ].; Joss, A.; Ackermann,
M.; Eggen, R. . L. Unravelling the Impacts of Micropollutants in Aquatic
Ecosystems. Advances in Ecological Research 2016, 55, 183-223.

Magdeburg, A.; Stalter, D.; Oehlmann, J. Whole effluent toxicity assessment at a
wastewater treatment plant upgraded with a full-scale post-ozonation using
aquatic key species. Chemosphere 2012, 88, 1008-1014.

Falds, P.; Wick, A.; Castronovo, S.; Habermacher, J.; Ternes, T. A.; Joss, A. Tracing
the limits of organic micropollutant removal in biological wastewater treatment.
Water Research 2016, 95, 240-249.

Redeker, M.; Wick, A.; Meermann, B.; Ternes, T. A. Removal of the iodinated X-ray
contrast medium diatrizoate by anaerobic transformation. Environmental Science
& Technology 2014, 48, 10145-54.

Stalter, D.; Magdeburg, A.; Wagner, M.; Oehlmann, J. Ozonation and activated
carbon treatment of sewage effluents: Removal of endocrine activity and
cytotoxicity. Water Research 2011, 45, 1015-1024.

Ihara, M.; Kitamura, T.; Kumar, V.; Park, C. B.; Ihara, M. O.; Lee, S. ].; Yamashita, N.;
Miyagawa, S.; Iguchi, T., Okamoto, S.; Suzuki, Y., Tanaka, H. Evaluation of
Estrogenic Activity of Wastewater: Comparison Among In Vitro ERalpha Reporter
Gene Assay, In Vivo Vitellogenin Induction, and Chemical Analysis. Environmental
Science & Technology 2015, 49, 6319-26.

45



References

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Johnson, I.; Hetheridge, M.; Tyler, C. R. Assessment of (anti-) oestrogenic and
(anti-) androgenic activities of final effluents from sewage treatment works.
SC020118/SR. Bristol, Environmental Agency UK, 2007. ISBN: 978-1-84432-675-
4.

Giebner, S.; Ostermann, S.; Straskraba, S.; Oetken, M.; Oehlmann, ].; Wagner, M.
Effectivity of advanced wastewater treatment: reduction of in vitro endocrine
activity and mutagenicity but not of in vivo reproductive toxicity. Environmental
Science and Pollution Research 2016. DOI 10.1007/s11356-016-7540-1.

Jalova, V.; Jarosova, B.; Blaha, L.; Giesy, ]. P.; Ocelka, T.; Grabic, R.; Jurcikova, J.;
Vrana, B.; Hilscherova, K. Estrogen-, androgen- and aryl hydrocarbon receptor
mediated activities in passive and composite samples from municipal waste and
surface waters. Environment International 2013, 59, 372-383.

Liscio, C.; Abdul-Sada, A.; Al-Salhi, R.; Ramsey, M. H.; Hill, E. M. Methodology for
profiling anti-androgen mixtures in river water using multiple passive samplers
and bioassay-directed analyses. Water Research 2014, 57, 258-269.

Henneberg, A.; Bender, K;; Blaha, L.; Giebner, S.; Kuch, B.; Kohler, H. R.; Maier, D.;
Oehlmann, J.; Richter, D.; Scheurer, M.; Schulte-Oehlmann, U.; Sieratowicz, A,;
Ziebart, S.; Triebskorn, R. Are in vitro methods for the detection of endocrine
potentials in the aquatic environment predictive for in vivo effects? Outcomes of
the Projects SchussenAktiv and SchussenAktivplus in the Lake Constance Area,
Germany. PloS one 2014, 9, e98307.

Runnalls, T. ].; Margiotta-Casaluci, L.; Kugathas, S.; Sumpter, ]. P. Pharmaceuticals
in the Aquatic Environment: Steroids and Anti-Steroids as High Priorities for
Research. Human and Ecological Risk Assessment: An International Journal 2010,
16,1318-1338.

Negreira, N.; de Alda, M. L.; Barcelo, D. Cytostatic drugs and metabolites in
municipal and hospital wastewaters in Spain: filtration, occurrence, and
environmental risk. Science of the Total Environment 2014, 497-498, 68-77.

Ezechias, M.; Janochova, ].; Filipova, A.; Kresinova, Z.; Cajthaml, T. Widely used
pharmaceuticals present in the environment revealed as in vitro antagonists for
human estrogen and androgen receptors. Chemosphere 2016, 152, 284-291.

Rostkowski, P.; Horwood, |.; Shears, . A.; Lange, A.; Oladapo, F. O.; Besselink, H. T.;
Tyler, C. R; Hill, E. M. Bioassay-Directed Identification of Novel Antiandrogenic

Compounds in Bile of Fish Exposed to Wastewater Effluents. Environmental
Science & Technology 2011, 45, 10660-10667.

Escher, B. I; Allinson, M.; Altenburger, R.; Bain, P. A;; Balaguer, P.; Busch, W,;
Crago, J.; Denslow, N. D.; Dopp, E.; Hilscherova, K.; Humpage, A. R.; Kumar, A,;
Grimaldi, M.; Jayasinghe, B. S.; Jarosova, B.; Jia, A.; Makarov, S.; Maruya, K. A;
Medvedev, A.; Mehinto, A. C.; Mendez, ]. E.; Poulsen, A.; Prochazka, E.; Richard, J.;
Schifferli, A.; Schlenk, D.; Scholz, S.; Shiraish, F.; Snyder, S.; Su, G. Y.; Tang, ]. Y. M,;

46



References

123.

124.

125.

126.

127.

128.

129.

130.

131.

van der Burg, B.; van der Linden, S. C.; Werner, 1.; Westerheide, S. D.; Wong, C. K.
C.;; Yang, M,; Yeung, B. H. Y.; Zhang, X. W.; Leusch, F. D. L. Benchmarking Organic
Micropollutants in Wastewater, Recycled Water and Drinking Water with In Vitro
Bioassays. Environmental Science & Technology 2014, 48, 1940-1956.

Macikova, P.; Groh, K. J.; Ammann, A. A.; Schirmer, K.; Suter, M. J. Endocrine
Disrupting Compounds Affecting Corticosteroid Signaling Pathways in Czech and
Swiss Waters: Potential Impact on Fish. Environmental Science & Technology
2014, 48,12902-12911.

Roberts, |.; Bain, P. A;; Kumar, A.; Hepplewhite, C.; Ellis, D. ].; Christy, A. G.; Beavis,
S. G. Tracking multiple modes of endocrine activity in Australia's largest inland
sewage treatment plant and effluent- receiving environment using a panel of in
vitro bioassays. Environmental Toxicology and Chemistry 2015, 34, 2271-2281.

Stavreva, D. A.; George, A. A.; Klausmeyer, P.; Varticovski, L.; Sack, D.; Voss, T. C.;
Schiltz, R. L.; Blazer, V. S.; Iwanowicz, L. R;; Hager, G. L. Prevalent Glucocorticoid
and Androgen Activity in US Water Sources. Scientific Reports 2012, 2,937.

Kugathas, S.; Runnalls, T. J.; Sumpter, ]J. P. Metabolic and Reproductive Effects of
Relatively Low Concentrations of Beclomethasone Dipropionate, a Synthetic
Glucocorticoid, on Fathead Minnows. Environmental Science & Technology 2013,
47,9487-9495.

Runnalls, T. ].; Beresford, N.; Losty, E.; Scott, A. P.; Sumpter, J. P., Several Synthetic
Progestins with Different Potencies Adversely Affect Reproduction of Fish.
Environmental Science & Technology 2013, 47,2077-2084.

ISO 11348-3. Water quality - Determination of the inhibitory effect of water
samples on the light emission of Vibrio fischeri (Luminescent bacteria test). Geneva,
International Organization for Standardization (ISO), 2007.

Tang, J. Y. M,; McCarty, S.; Glenn, E.; Neale, P. A; Warne, M. S. ]; Escher, B. L.
Mixture effects of organic micropollutants present in water: Towards the
development of effect-based water quality trigger values for baseline toxicity.
Water Research 2013, 47, 3300-3314.

Escher, B. I.; Bramaz, N.; Mueller, ]. F.; Quayle, P.; Rutishauser, S.; Vermeirssen, E.
L. M. Toxic equivalent concentrations (TEQs) for baseline toxicity and specific
modes of action as a tool to improve interpretation of ecotoxicity testing of
environmental samples. Journal of Environmental Monitoring 2008, 10, 612-621.

Martin, M. T.; Dix, D. ].; Judson, R. S.; Kavlock, R. ].; Reif, D. M.; Richard, A. M,;
Rotroff, D. M.; Romanov, S.; Medvedev, A.; Poltoratskaya, N.; Gambarian, M.;
Moeser, M.; Makarov, S. S.; Houck, K. A. Impact of Environmental Chemicals on
Key Transcription Regulators and Correlation to Toxicity End Points within EPA's
ToxCast Program. Chemical Research in Toxicology 2010, 23, 578-590.

47



References

132.

133.

134.

135.

136.

137.

138.

139.

140.

Simmons, S. 0.; Fan, C. Y.; Ramabhadran, R. Cellular stress response pathway
system as a sentinel ensemble in toxicological screening. Toxicological Sciences
2009, 111,202-25.

Schmidt, T.C; Kowal, S.; Borgers. A.; Dopp, E.; Erger, C.; Gebhardt, W.; Gehrmann,
L.; Hammers-Wirtz, M.; Herbst, H.; Kasper-Sonnenberg, M.; Linnemann, V.; Lutze,
H.; Lyko, S.; Magdeburg, A. Maus, C.; Portner, C; Richard, ]; Tirk, ].
Abschlussbericht zum Forschungsvorhaben ,Metabolitenbildung beim Einsatz
von Ozon - Phase 2“ gerichtet an das Ministerium fiir Klimaschutz, Umwelt,
Landwirtschaft, Natur- und Verbraucherschutz des Landes Nordrhein-Westfalen
(MKULNV), 2014, AZ 1V-7-042 600 001], Vergabenummer 08/058.1.

Abegglen, C.; Escher, B.; Hollender, ].; Koepke, S.; Ort, C.; Peter, A.; Siegrist, H.; von
Gunten, U.; Zimmermann, S. Ozonung von gereinigtem Abwasser - Schlussbericht
Pilotversuch Regensdorf. Diibendorf, Eawag, 2009.

Kienle, C.; Kase, R.; Werner, I. Evaluation of bioassays and wastewater quality - in
vitro and in vivo bioassays for the performance review in the project “Strategy
Micropoll”- Summary. Diibendorf, Swiss Centre for Applied Ecotoxicology, Eawag
2011.

Kienle, C.; Baumberger, D.; Schifferli, A.;; Werner, [.; Santiago, S.; Weil, M.
Evaluation der Okotoxizitit von Kldranlagenabwasser der ARA Basel mit Biotests
vor und nach der Anwendung erweiterter Abwasserbehandungsmethoden -
Abschlussbericht Mdrz 2013. Diibendorf, Swiss Centre for Applied Ecotoxicology,
Eawag 2013.

Kienle, C.; Baumberger, D.; Lauppi, B.; Schifferli, A.; Werner, L; Frei, R.; Locher, W,;
Kopf, M.; Fux, C.; Joss, A,; Wittmer, A.; Santiago, S.; Fliickiger, S.; Knauer, M,;
Gartiser, S.; Vermeirssen, E. Evaluation der Okotoxizitdt von Kldranlagenabwasser
der ARA Basel mit Biotests vor und nach der Anwendung erweiterter
Abwasserbehandlungsmethoden - Folgeprojekt Abschlussbericht Dezember 2013.
Diibendorf, Swiss Centre for Applied Ecotoxicology, Eawag 2013.

Schneider, I; Abbas, A.; Wagner, M. Schulte-Oehlmann, U.; Oehlmann, ],
TransRisk - Abschlussbericht-Teilprojekt 2 - Okotoxikologie. Frankfurt, Goethe-

Universitit, Abteilung Aquatische Okotoxikologie 2015. Férderkennzeichen:
02WRS1275B.

Inoue, D.; Sawada, K.; Wada, Y.; Sei, K.; Ike, M. Removal characteristics of retinoic
acids and 4-oxo-retinoic acids in wastewater by activated sludge treatment.
Water Science & Technology 2013, 67, 2868-2874.

Escher, B. I; Dutt, M.; Maylin, E.; Tang, J. Y. M.; Toze, S.; Wolf, C. R.; Lang, M. Water
quality assessment using the AREc32 reporter gene assay indicative of the
oxidative stress response pathway. Journal of Environmental Monitoring 2012,
14, 2877-2885.

48



References

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Katsiadaki, [.; Sanders, M. B.; Henrys, P. A; Scott, A. P.; Matthiessen, P.; Pottinger,
T. G. Field surveys reveal the presence of anti-androgens in an effluent-receiving
river using stickleback-specific biomarkers. Aquatic Toxicology 2012, 122, 75-85.

Link, M.; von der Ohe, P. C.; Voss, K.; Schafer, R. B. Comparison of dilution factors
for German wastewater treatment plant effluents in receiving streams to the
fixed dilution factor from chemical risk assessment. Science of the Total
Environment 2017, 598, 805-813.

Stalter, D.; Magdeburg, A.; Oehlmann, ]. Comparative toxicity assessment of ozone
and activated carbon treated sewage effluents using an in vivo test battery. Water
Research 2010, 44, 2610-2620.

Wigh, A.; Devaux, A.; Brosselin, V.; Gonzalez-Ospina, A.; Domenjoud, B.; Ait-Aissa,
S.; Creusot, N.; Gosset, A.; Bazin, C.; Bony, S., Proposal to optimize ecotoxicological
evaluation of wastewater treated by conventional biological and ozonation
processes. Environmental Science and Pollution Research 2016, 23, 3008-3017.

Stalter, D.; Magdeburg, A.; Weil, M.; Knacker, T.; Oehlmann, ]. Toxication or
detoxication? In vivo toxicity assessment of ozonation as advanced wastewater
treatment with the rainbow trout. Water Research 2010, 44, 439-448.

Magdeburg, A.; Stalter, D.; Schlusener, M.; Ternes, T.; Oehlmann, J. Evaluating the
efficiency of advanced wastewater treatment: Target analysis of organic
contaminants and (geno-)toxicity assessment tell a different story. Water
Research 2014, 50, 35-47.

Carballa, M.; Omil, F.; Lema, ]J. M., Removal of cosmetic ingredients and
pharmaceuticals in sewage primary treatment. Water Research 2005, 39, 4790-
4796.

Clouzot, L.; Doumeng, P.; Roche, N.; Marrot, B. Kinetic parameters for 17 alpha-
ethinylestradiol removal by nitrifying activated sludge developed in a membrane
bioreactor. Bioresource Technology 2010, 101, 6425-6431.

Maeng, S. K.; Choi, B. G.; Lee, K. T.; Song, K. G. Influences of solid retention time,
nitrification and microbial activity on the attenuation of pharmaceuticals and
estrogens in membrane bioreactors. Water Research 2013, 47,3151-3162.

Heidler, ].; Halden, R. U., Mass balance assessment of triclosan removal during
conventional sewage treatment. Chemosphere 2007, 66, 362-369.

Ferrera, [.; Sanchez, O., Insights into microbial diversity in wastewater treatment
systems: How far have we come? Biotechnology Advances 2016, 34, 790-802.

Johnson, D. R.; Helbling, D. E.; Lee, T. K;; Park, ].; Fenner, K.,; Kohler, H. P. E,;
Ackermann, M. Association of Biodiversity with the Rates of Micropollutant

Biotransformations among Full-Scale Wastewater Treatment Plant Communities.
Appl Environ Microb 2015, 81, 666-675.

49



References

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Gobel, A.; McArdell, C. S.; Joss, A.; Siegrist, H.; Giger, W. Fate of sulfonamides,
macrolides, and trimethoprim in different wastewater treatment technologies.
Science of the Total Environment 2007, 372,361-371.

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

Petrie, B.; McAdam, E. |.; Hassard, F.; Stephenson, T.; Lester, ]J. N.; Cartmell, E.
Diagnostic investigation of steroid estrogen removal by activated sludge at
varying solids retention time. Chemosphere 2014, 113, 101-108.

Kumar, V.; Nakada, N.; Yamashita, N.; Johnson, A. C,; Tanaka, H. Influence of
Hydraulic Retention Time, Sludge Retention Time, and Ozonation on the Removal
of Free and Conjugated Estrogens in Japanese Activated Sludge Treatment Plants.
Clean-Soil Air Water 2015, 43, 1289-1294.

Vermeirssen, E. L.; Suter, M. |].; Burkhardt-Holm, P. Estrogenicity patterns in the
Swiss midland river Lutzelmurg in relation to treated domestic sewage effluent
discharges and hydrology. Environmental Toxicology and Chemistry 2006, 25,
2413-22.

Nguyen, L. N.; van de Merwe, |. P.; Hai, F. L; Leusch, F. D.; Kang, ].; Price, W. E,;
Roddick, F.; Magram, S. F.; Nghiem, L. D. Laccase-syringaldehyde-mediated
degradation of trace organic contaminants in an enzymatic membrane reactor:
Removal efficiency and effluent toxicity. Bioresource Technology 2016, 200, 477-
84.

Lloret, L.; Eibes, G.; Lu-Chau, T. A.; Moreira, M. T.; Feijoo, G.; Lema, J. M. Laccase-
catalyzed degradation of anti-inflammatories and estrogens. Biochemical
Engineering Journal 2010, 51, 124-131.

Kim, Y. J.; Nicell, ]J. A. Impact of reaction conditions on the laccase-catalyzed
conversion of bisphenol A. Bioresource Technology 2006, 97, 1431-1442.

Prieto, A.; Moder, M.; Rodil, R.; Adrian, L.; Marco-Urrea, E. Degradation of the
antibiotics norfloxacin and ciprofloxacin by a white-rot fungus and identification
of degradation products. Bioresource Technology 2011, 102, 10987-10995.

Piontek, K.; Antorini, M.; Choinowski, T. Crystal structure of a laccase from the
fungus Trametes versicolor at 1.90-A resolution containing a full complement of
coppers. Journal of Biological Chemistry 2002, 277, 37663-37669.

Canas, A. I.; Camarero, S. Laccases and their natural mediators: biotechnological
tools for sustainable eco-friendly processes. Biotechnological Advances 2010, 28,
694-705.

50



References

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Fillat, A;; Colom, J. F.; Vidal, T. A new approach to the biobleaching of flax pulp
with laccase using natural mediators. Bioresource Technology 2010, 101, 4104-
4110.

Weng, S. S.; Liu, S. M.; Lai, H. T. Application parameters of laccase-mediator

systems for treatment of sulfonamide antibiotics. Bioresource Technology 2013,
141,152-159.

Richmond, C.; Ujor, V.; Ezeji, T. C. Impact of syringaldehyde on the growth of
Clostridium beijerinckii NCIMB 8052 and butanol production. 3 Biotech 2012, 2,
159-167.

Marco-Urrea, E.; Perez-Trujillo, M.; Vicent, T.; Caminal, G. Ability of white-rot
fungi to remove selected pharmaceuticals and identification of degradation
products of ibuprofen by Trametes versicolor. Chemosphere 2009, 74, 765-772.

Pillinger, ]. M.; Cooper, J. A.; Ridge, L. Role of phenolic compounds in the antialgal
activity of barley straw. Journal Chemical Ecology 1994, 20, 1557-69.

Vaughan, P. P.; Novotny, P.; Haubrich, N.; McDonald, L.; Cochran, M.; Serdula, J.;
Amin, R. W,; Jeffrey, W. H. Bacterial growth response to photoactive quinones.
Photochemistry and Photobiology 2010, 86, 1327-33.

Duran, N.; Rosa, M. A;; D'Annibale, A.; Gianfreda, L. Applications of laccases and
tyrosinases (phenoloxidases) immobilized on different supports: a review.
Enzyme and Microbial Technology 2002, 31,907-931.

Federal Office of Consumer Protection and Food Safety (FOCPFS); Paul Ehrlich-
Gesellschaft fiir Chemotherapie e.V.; Infectiology Freiburg. GERMAP 2012 - Report
on the consumption of antimicrobials and the spread of antimicrobial resistance in

human and veterinary medicine in Germany. Rheinbach, Antiinfectives Intelligence
2014.

Michael, [.; Rizzo, L.; McArdell, C. S.; Manaia, C. M.; Merlin, C.; Schwartz, T.; Dagot,
C.; Fatta-Kassinos, D. Urban wastewater treatment plants as hotspots for the

release of antibiotics in the environment: A review. Water Research 2013, 47,
957-995.

Margot, J.; Maillard, ].; Rossi, L.; Barry, D. A.; Holliger, C. Influence of treatment
conditions on the oxidation of micropollutants by Trametes versicolor laccase.
New Biotechnology 2013, 30, 803-813.

Margot, J.; Bennati-Granier, C.; Maillard, J.; Blanquez, P.; Barry, D. A.; Holliger, C.
Bacterial versus fungal laccase: potential for micropollutant degradation. AMB
Express 2013.D0110.1186/2191-0855-3-63.

Nguyen, L. N.; Hai, F. ; Price, W. E; Kang, ]. G.; Leusch, F. D. L.; Roddick, F.; van de
Merwe, ]J. P.; Magram, S. F.; Nghiem, L. D. Degradation of a broad spectrum of
trace organic contaminants by an enzymatic membrane reactor: Complementary

51



References

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

role of membrane retention and enzymatic degradation. International
Biodeteriation and Biodegradation 2015, 99, 115-122.

Becker, D.; Rodriguez-Mozaz, S.; Insa, S.; Schoevaart, R.; Barcelo, D.; de Cazes, M.;
Belleville, M.-P.; Sanchez-Marcano, ].; Misovic, A.; Oehlmann, ], Wagner, M.
Removal of Endocrine Disrupting Chemicals in Wastewater by Enzymatic
Treatment with Fungal Laccases. Organic Process Research & Development 2017,
21,480-491.

Ji, C; Hou, J. W,; Chen, V. Cross-linked carbon nanotubes-based biocatalytic
membranes for micro-pollutants degradation: Performance, stability, and
regeneration. Journal of Membrane Science 2016, 520, 869-880.

Maryskova, M.; Ardao, I.; Garcia-Gonzalez, C. A.; Martinova, L.; Rotkova, ].; Sevcu,
A. Polyamide 6/chitosan nanofibers as support for the immobilization of
Trametes versicolor laccase for the elimination of endocrine disrupting
chemicals. Enzyme and Microbial Technology 2016, 89, 31-38.

Melo, C. F.; Dezotti, M.; Marques, M. R. A comparison between the oxidation with
laccase and horseradish peroxidase for triclosan conversion. Environmental
Technology 2016, 37, 335-43.

Jin, X.; Yu, X.; Zhu, G.; Zheng, Z.; Feng, F.; Zhang, Z. Conditions Optimizing and
Application of Laccase-mediator System (LMS) for the Laccase-catalyzed
Pesticide Degradation. Scientific Reports 2016, 6, 35787.

Liu, J; Tan, L. M.; Wang, J.; Wang, Z. Y.; Ni, H.; Li, L. Complete biodegradation of
chlorpyrifos by engineered Pseudomonas putida cells expressing surface-
immobilized laccases. Chemosphere 2016, 157, 200-207.

Ashe, B,; Nguyen, L. N.; Hai, F. ; Lee, D. ]J.; van de Merwe, ]. P.; Leusch, F. D. L,;
Price, W. E.; Nghiem, L. D. Impacts of redox-mediator type on trace organic
contaminants degradation by laccase: Degradation efficiency, laccase stability
and effluent toxicity. International Biodeterioration and Biodegradation 2016,
113,169-176.

Abejon, R.; Belleville, M. P.; Sanchez-Marcano, J., Design, economic evaluation and
optimization of enzymatic membrane reactors for antibiotics degradation in
wastewaters. Seperation and Purification Technology 2015, 156, 183-199.

Daughton, C. G. Cradle-to-cradle stewardship of drugs for minimizing their
environmental disposition while promoting human health. I. Rationale for and
avenues toward a green pharmacy. Environmental Health Perspectives 2003, 111,
757-774.

Benner, J.; Ternes, T. A. Ozonation of Propranolol: Formation of Oxidation
Products. Environmental Science & Technology 2009, 43, 5086-5093.

52



References

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Wagner, M.; Oehlmann, ]. Endocrine disruptors in bottled mineral water:
Estrogenic activity in the E-Screen. Journal of Steroid Biochemistry 2011, 127,
128-135.

Neale, P. A; Escher, B. I. Does co-extracted dissolved organic carbon cause
artefacts in cell-based bioassays? Chemosphere 2014, 108, 281-288.

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

Wagner, M.; Vermeirssen, E. L. M., Buchinger, S.; Behr, M.; Magdeburg, A,
Oehlmann, J. Deriving bio-equivalents from in vitro bioassays: Assessment of
existing uncertainties and strategies to improve accuracy and reporting.
Environmental Toxicology and Chemistry 2013, 32,1906-1917.

Judson, R.; Kavlock, R.; Martin, M.; Reif, D.; Houck, K.; Knudsen, T.; Richard, A;
Tice, R. R,; Whelan, M.; Xia, M. H.; Huang, R. L.; Austin, C.; Daston, G.; Hartung, T;
Fowle, ]. R;; Wooge, W.; Tong, W. D.; Dix, D. Perspectives on Validation of High-
Throughput Assays Supporting 21st Century Toxicity Testing. ALTEX-Alternatives
to Animal Experimentation 2013, 30, 51-66.

Maier, D.; Benisek, M.; Blaha, L.; Dondero, F.; Giesy, ]. P.; Kohler, H. R;; Richter, D.;
Scheurer, M.; Triebskorn, R. Reduction of dioxin-like toxicity in effluents by

additional wastewater treatment and related effects in fish. Ecotoxicology and
Environmental Safety 2016, 132, 47-58.

Stadnicka-Michalak, ].; Schirmer, K.; Ashauer, R. Toxicology across scales: Cell
population growth in vitro predicts reduced fish growth. Science Advances 2015,
1,e1500302.

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

Jarosova, B.; Blaha, L.; Giesy, . P.; Hilscherova, K. What level of estrogenic activity
determined by in vitro assays in municipal waste waters can be considered as
safe? Environment International 2014, 64, 98-109.

Becker, R. A; Ankley, G. T.; Edwards, S. W.; Kennedy, S. W.; Linkov, [.; Meek, B.;
Sachana, M.; Segner, H.; Van Der Burg, B.; Villeneuve, D. L.; Watanabe, H.; Barton-
Maclaren, T. S. Increasing Scientific Confidence in Adverse Outcome Pathways:
Application of Tailored Bradford-Hill Considerations for Evaluating Weight of
Evidence. Regulatory Toxicology and Pharmacology 2015, 72, 514-37.

Aristi, [.; Casellas, M.; Elosegi, A.; Insa, S.; Petrovic, M.; Sabater, S.; Acuna, V.
Nutrients versus emerging contaminants-Or a dynamic match between subsidy
and stress effects on stream biofilms. Environmental Pollution 2016, 212, 208-
215.

53



References

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Ward, J. V,; Trockner, K.; Arscott, D. B.; Claret, C. River landscape diversity.
Freshwater Biology 2002, 47,517-539.

Bernhardt, E. S.; Palmer, M. A. River restoration: the fuzzy logic of repairing
reaches to reverse catchment scale degradation. Ecological Applications 2011, 21,
1926-31.

Kail, ].; Brabec, K.; Poppe, M.; Januschke, K. The effect of river restoration on fish,

macroinvertebrates and aquatic macrophytes: A meta-analysis. Ecological
Indicators 2015, 58, 311-321.

Sundermann, A.; Stoll, S.; Haase, P. River restoration success depends on the
species pool of the immediate surroundings. Ecological Applications 2011, 21,
1962-71.

Ashauer, R. Post-ozonation in a municipal wastewater treatment plant improves
water quality in the receiving stream. Environmental Sciences Europe 2016, 28, 1.

Bundschuh, M.; Pierstorf, R.; Schreiber, W. H.; Schulz, R. Positive Effects of
Wastewater Ozonation Displayed by in Situ Bioassays in the Receiving Stream.
Environmental Science & Technologyl 2011, 45, 3774-3780.

Stamm, C.; Eggen, R. I. L; Hering, J. G.; Hollender, J.; Joss, A.; Scharer, M.
Micropollutant Removal from Wastewater: Facts and Decision-Making Despite
Uncertainty. Environmental Science & Technology 2015, 49, 6374-6375.

Cornell University; INSEAD; and WIPO. The Global Innovation Index 2015:
Effective Innovation Policies for Development. Fontainebleau, Ithaca, and Geneva,
2015.ISBN 978-2-9522210-8-5.

Wenzel, H.; Larsen, H. F.; Clauson-Kaas, J.; Hoibye, L.; Jacobsen, B. N. Weighing
environmental advantages and disadvantages of advanced wastewater treatment
of micro-pollutants using environmental life cycle assessment. Water Science &
Technology 2008, 57, 27-32.

Altenburger, R.; Ait-Aissa, S.; Antczak, P.; Backhaus, T.; Barcelo, D.; Seiler, T. B,;
Brion, F.; Busch, W.; Chipman, K.; Lopez de Alda, M.; Umbuzeiro Gde, A.; Escher, B.
[.; Falciani, F.; Faust, M.; Focks, A.; Hilscherova, K.; Hollender, ].; Hollert, H.; Jager,
F.; Jahnke, A.; Kortenkamp, A.; Krauss, M.; Lemkine, G. F.; Munthe, ]J.; Neumann, S.;
Schymanski, E. L.; Scrimshaw, M.; Segner, H.; Slobodnik, J.; Smedes, F.; Kughathas,
S.; Teodorovic, I,; Tindall, A. J.; Tollefsen, K. E.; Walz, K. H.; Williams, T. D.; Van den
Brink, P. J; van Gils, J.; Vrana, B.; Zhang, X.; Brack, W. Future water quality
monitoring--adapting tools to deal with mixtures of pollutants in water resource
management. Science of the Total Environment 2015, 512-513, 540-51.

Tousova, Z.; Oswald, P.; Slobodnik, ].; Blaha, L.; Muz, M.; Hu, M.; Brack, W.; Krauss,
M.; Di Paolo, C.; Tarcai, Z.; Seiler, T.-B.; Hollert, H.; Koprivica, S.; Ahel, M.; Schollée,
J. E.; Hollender, J.; Suter, M. ]. F.; Hidasi, A. O.; Schirmer, K.; Sonavane, M.; Ait-
Aissa, S.; Creusot, N.; Brion, F.; Froment, J.; Almeida, A. C.; Thomas, K.; Tollefsen, K.

54



References

208.

209.

210.

211.

212.

213.

214.

E.; Tufi, S.; Ouyang, X.; Leonards, P.; Lamoree, M.; Torrens, V. O.; Kolkman, A.;
Schriks, M.; Spirhanzlova, P.; Tindall, A.; Schulze, T. European demonstration
program on the effect-based and chemical identification and monitoring of
organic pollutants in European surface waters. Science of the Total Environment
2017, 601-602, 1849-1868.

Berger, E.; Haase, P.; Kuemmerlen, M.; Leps, M.; Schafer, R. B.; Sundermann, A.
Water quality variables and pollution sources shaping stream macroinvertebrate
communities. Science of the Total Environment 2017, 587, 1-10.

Musolff, A.; Leschik, S.; Reinstorf, F.; Strauch, G.; Schirmer, M. Micropollutant

Loads in the Urban Water Cycle. Environmental Science & Technology 2010, 44,
4877-4883.

Phillips, P. J.; Chalmers, A. T.; Gray, J. L.; Kolpin, D. W.; Foreman, W. T.; Wall, G. R.
Combined Sewer Overflows: An Environmental Source of Hormones and

Wastewater Micropollutants. Environmental Science & Technology 2012, 46,
5336-5343.

Lienert, ].; Koller, M.; Konrad, J.; McArdell, C. S.; Schuwirth, N. Multiple-Criteria
Decision Analysis Reveals High Stakeholder Preference to Remove

Pharmaceuticals from Hospital Wastewater. Environmental Science & Technology
2011, 45, 3848-3857.

Reichenberger, S.; Bach, M.; Skitschak, A.; Frede, H. G. Mitigation strategies to
reduce pesticide inputs into ground- and surface water and their effectiveness; A
review. Science of the Total Environment 2007, 384, 1-35.

Agerstrand, M.; Wester, M.; Ruden, C. The Swedish Environmental Classification
and Information System for Pharmaceuticals - An empirical investigation of the
motivations, intentions and expectations underlying its development and
implementation. Environment International 2009, 35, 778-786.

Poliakoff, M.; Licence, P. Sustainable technology - Green chemistry. Nature 2007,
450,810-812.

55



Annex

Annex

A.1 Advancing Biological Wastewater Treatment: Extended
Anaerobic Conditions Enhance the Removal of Endocrine and

Dioxin-like Effects

Volker J., Castronovo S., Wick A, Ternes T. A., Joss A., Oehlmann J., Wagner M.
Environmental Science & Technology 50 (2016)

56



Annex

Attachment 1

Declaration of author contributions to the publication/manuscript (title):

Advancing Biological Wastewater Treatment: Extended Anaerobic Conditions Enhance the
Removal of Endocrine and Dioxin-Like Activities

Status: accepted & printed
Journal: Environmental Science & Technology

Contributing authors (names and distinct initials):

e Johannes Volker Jv)
e Sandro Castronovo (SC)
e Arne Wick (AW)
e Thomas A. Ternes (TAT)
e Adriano Joss (AJ)
e Jorg Oehlmann (JO)
e Martin Wagner (MW)

What are the contributions of the doctoral candidate and his co-authors?

(1) Concept and design

Doctoral candidate (JV): 50%

Co-authors (MW, JO): 20%

Co-authors (SC, AW): 20% - Design of the bioreactor setups
Co-authors (TAT, AJ): 10% - Principal investigators of the ERC project

(2) Conducting tests and experiments

Doctoral candidate (JV): 75% - Sampling, sample preparation, bioassays
Co-authors (SC, AW): 20% - Operation of the pilot plant

Co-author (AJ): 5% - Development of the bioreactors (pilot plant)

(3) Compilation of data sets and figures

Doctoral candidate (JV): 90%

Co-authors (SC, AW): 10% - water quality parameters of the wastewater samples

(4) Analysis and interpretation of data

Doctoral candidate (JV): 70% Data analysis, statistical analysis, figures

Co-author (MW): 30% - Data analysis, statistical analysis

(5) Drafting of manuscript

Doctoral candidate (JV): 70%
Co-author (MW): 20%
Co-authors (SC, AW, TAT, AJ, JO): 10% - Comments on the final draft

57



Annex

Kby

pubs.acs.org/est

Advancing Biological Wastewater Treatment: Extended Anaerobic
Conditions Enhance the Removal of Endocrine and Dioxin-like

Activities

Johannes Volker,*" Sandro Castronox_fo,i Arne Wick,* Thomas A. Ternes,” Adriano ]oss,§

Jorg Oehlmann,” and Martin Wagner'

"Goethe University Frankfurt am Main, Department Aquatic Ecotoxicology, Max-von-Laue-Str. 13, 60438 Frankfurt, Germany
*Federal Institute of Hydrology, Am Mainzer Tor 1, D-56068 Koblenz, Germany
§anag: Swiss Federal Institute of Aquatic Science and Technology, Uberlandstrasse 133, 8600 Diibendorf, Switzerland

© Supporting Information

ABSTRACT: Conventional activated sludge treatment of wastewater does not
completely remove micropollutants. Here, extending anaerobic conditions may
enhance biodegradation. To explore this, we combined iron-reducing or substrate-
limiting and aerobic pilot-scale reactors directly at a wastewater treatment plant. To
assess the removal of endocrine disrupting chemicals (EDCs) as group of
micropollutants that adversely affects wildlife, we applied a bioanalytical approach.
We used in vitro bioassays covering seven receptor-mediated mechanisms of action,
including (anti)androgenicity, (anti)estrogenicity, retinoid-like, and dioxin-like
activity. Untreated wastewater induced antiandrogenic, estrogenic, antiestrogenic,
and retinoid-like activity. Full-scale as well as reactor-scale activated sludge treatment
effectively removes the observed effects. Nevertheless, high antiandrogenic and
minor dioxin-like and estrogenic effects persisted in the treated effluent that may still
be environmentally relevant. The anaerobic post-treatment under substrate-limiting
conditions resulted in an additional removal of endocrine activities by 17—40%. The

anaerobic pre-treatment under iron-reducing conditions significantly enhanced the removal of the residual effects by 40—75%. In
conclusion, this study demonstrates that a further optimization of biological wastewater treatment is possible. Here,
implementing iron-reducing anaerobic conditions preceding aerobic treatment appears promising to improve the removal of

receptor-mediated toxicity.

1. INTRODUCTION

The main objective of the conventional biological wastewater
treatment is to reduce the load of dissolved organic carbon,
phosphorus, and nitrogen to prevent oxygen depletion and
eutrophication of the receiving waters. In recent years, there has
been growing concern with regard to the ubiquitous
distribution of organic micropollutants such as biocides or
pharmaceuticals in the aquatic environment.' Because of their
limited removal during conventional treatment, wastewater
discharge is a major point source of microgollutants in the
aquatic environment of developed countries.” To address this
issue, technical solutions based on oxidative and sorptive
processes have been developed and successfully implemented.
Full-scale trials demonstrated that ozonation or activated
carbon treatment reduced the load of a broad range of
micropollutants by over 80%.>* Consequently, certain
countries have started to upgrade their wastewater treatment
plants (WWTPs) with these tertiary treatments.
Notwithstanding an effective removal by sorption or
oxidative treatments, the capacity of biodegradation has not
been fully elucidated. A common activated sludge treatment
already (bio)degrades thousands of pollutants.” However,

v ACS Pub“cations © 2016 American Chemical Society

knowledge on the removal mechanisms as well as on
responsible microbial communities is fragmentary. Although
aerobic conditions are generally thought to be favorable for the
(bio)degradation of microgollutants, certain reactions such as
reductive dehalogenation™® and the reduction of nitro groups
as well as demethylation of methoxy groups’ preferentially
occur in anaerobic environments. Thus, improving anaerobic
treatment might be one option to increase the (bio)degradation
of micropollutants.

Out of the large group of micropollutants, special concerns
have been raised with regards to endocrine-disrupting
chemicals (EDCs). EDCs are exogenous chemicals or mixtures
of chemicals that can “interfere with any aspect of hormone
action”.® The feminization of male fish (e.g,, the development
of ovotestes) downstream of WWTPs indicates that the
discharge of treated wastewater is a major source of EDCs
entering the aquatic environment.”~"" Factors causing the

Received: November 20, 2015
Revised:  February 4, 2016
Accepted: February S, 2016
Published: February 5, 2016

DOI: 10.1021/acs.est.5b05732
Environ. Sci. Technol. 2016, 50, 10606—10615

58



Annex

Environmental Science & Technology

Full-scale wastewater treatment plant
(WWTP)

Primary
clarifier

Secondary treatment

o o
= =
=3

=

- © =3
e ®
o o o o
Activated sludge Anaerobic-post treatment
Reference (R1) (R2 + R3)
\ 2/3 aerobic Acetate -)1
. anaerobic
1/3 anoxic " 53
anoxic/anaerobic
HRT =12 h e ORP < -400 mV
SRT=10d =2 HRT=25d

®

Anaerobic pre-treatment

(R5D)
3+
£e Acetate
anaerobic o
ORP < -400 mV "H'RT g anoxic/anaerobic
HRT=274d mat D HRT=2d
—Q®

® Sampling point

Figure 1. Schematic of the pilot and full-scale plant with the respective sampling points. FS = final sedimentation; HRT = hydraulic retention time;

SRT = sludge retention time; ORP = oxidative reduction potential.

intersex in fish include the exposure to estrogens and estrogen-
mimicking chemicals’ or to chemicals with antiandrogenic
properties' as well as to chemicals acting through mechanisms
other than classical steroid hormone receptor pathways.'>
Because EDCs often exhibit various mechanisms of action, it is
likely that the adverse effects observed in the environment are
not caused by one single factor but rather a mixture of
compounds affecting several endocrine pathways. Furthermore,
the group of EDCs is vast and diverse,'> and many of them
have not yet been identified. Within the ToxCast project, the
U.S. Environmental Protection Agency (EPA) screened 1858
chemicals for various endocrine end points and demonstrated
that the spectrum of EDCs is much broader than previously
assumed."

With regard to WWTPs, there is a growing interest to
investigate the elimination of EDCs by existing and new
technologies. However, monitoring their elimination is a
formidable challenge. Because many EDCs remain unidentified,
pure chemical monitoring fails to provide the full picture. One
approach with which to tackle this challenge is to use
bioanalytical tools (ie., in vitro assays) to assess the actual
biological activity covering unknown compounds, transforma-
tion products, and potential mixture effects. Here, the majority
of studies focuses on the removal of estrogenic activity or a few
selected estrogen-like compounds alone. To broaden the view,
we applied a set of in vitro reporter-gene assays covering seven
receptor-mediated mechanisms of action, including (anti)-
estrogenic and (anti)androgenic effects, as well as retinoic acid
and retinoid X receptor (RARa and RXRa) activity. We
investigated the agonistic activity at the classical estrogen and
androgen receptors (hERa and hAR) because they are crucial
for sexual development and reproduction. We included
antagonistic effects because these are likewise relevant but

10607

less-well-researched. The retinoid-like activities were selected
because retinoids play a key role in vertebrate morphogenesis,
cellular differentiation, and homeostasis."> In addition, the
activity at the aryl hydrocarbon receptor (AhR) was analyzed
because, besides the regulation of xenobiotic metabolism, AhR
cross-talks with various hormone receptors.'®

Although the discourse on advanced wastewater treatment is
currently focused on technological solutions, this exploratory
study is designed to trace the limits of biological treatment. Our
aim is to test whether going beyond what is being applied at full
scale in today’s WWTPs is sufficiently promising to initiate
further feasibility studies. To test the hypothesis that additional
anaerobic treatment enhances the removal of toxicity, we
implemented combinations of pilot-scale reactors directly at a
WWTP. Strategies to improve anaerobic degradation included
extending the hydraulic retention time (HRT), shifting the
position of anaerobic treatment, supplementing an alternative
electron acceptor, or limiting the substrate availability to favor
specific microbial communities. On the basis of the pre-
experiments, the following combinations were selected: aerobic
treatment was coupled to an anaerobic pre-treatment under
iron-reducing conditions, and activated sludge treatment was
combined with an anaerobic post-treatment under substrate-
limiting conditions. We investigated the removal of receptor-
mediated toxicity by these reactors and compared the findings
to a full-scale system.

2. MATERIAL AND METHODS

2.1. Chemicals. A list of chemicals used for the bioassays
(including the corresponding reference compounds) is
provided in the Supporting Information.

2.2. Pilot Plant and Sampling Points. The pilot plant
consisted of six 12 L sequencing batch reactors fed with the
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effluent of the primary clarifier of the WWTP Koblenz,
Germany (220 000 population equivalents (PE), 60 000 m® d™!,
see Supporting Information for further details on the
experimental setup). To investigate the removal of endocrine
activities, we analyzed the following sampling points (Figure 1):
The effluent of the primary clarifier was collected to determine
the endocrine activities entering the processes (influent). To
compare the performance of the pilot-scale reactors with a full-
scale system, we sampled the final effluent of the WWTP.
Moreover, on the basis of previous chemical analyses (data not
shown), two promising treatment processes were selected.

The first process was an anaerobic post-treatment under
substrate-limiting conditions and consisted of three reactors run
in series. The first reactor (R1) simulated a conventional
activated sludge treatment with a hydraulic retention time
(HRT) of 12 h and sludge retention time (SRT) of 10 d
(activated sludge reference R1). The second reactor (R2) was
operated under anoxic and anaerobic conditions (HRT 2.5 d)
and acetate dosage (25 mg L™') for complete denitrification
and was equipped with carrier material to enable biofilm
growth. The third reactor (R3) was operated with a HRT of 2.5
d under low substrate availability (dissolved organic carbon
(DOC) < 10 mg L™') and strictly anaerobic conditions
(oxidative reduction potential (ORP) < —400 mV) and also
amended with carriers (anaerobic post R2 + R3).

The second process was an anaerobic pre-treatment and
consisted of an anaerobic reactor (R4) with carriers operated
under iron-reducing conditions (600 mg L™" Fe** as FeCl, plus
NaOH addition for pH control; ORP < —400 mv; HRT 2.7 d)
coupled to a reactor (RS) with carriers operated under aerobic
and anoxic conditions for nitrification and denitrification (HRT
2.7 d), followed by a post-denitrification step (RSD and HRT 2
d) with acetate dosage (135 mg L™"). Half of the effluent from
RSD was sampled, and half of the effluent was recirculated to
R4 (anaerobic pre RSD).

Additionally, to exclude effects of chemicals leaching from
the reactor materials, we also performed a blank-reactor (R6)
control experiment. Results of the blank-reactor control
experiment as well as details on reactor performance (e.g,
ORP, DOC, and nitrogen concentration) are provided in the
Supporting Information.

2.3. Collection and Extraction of the Samples. We
conducted four sampling campaigns in June and July 2014. The
1 week composite samples were collected from each sampling
point (Figure 1). Soluble inorganic nitrogen species (NH," and
NO;”) and the DOC were immediately analyzed with Hach
Lange cuvettes tests (see the Supporting Information). For the
analysis, composite samples were filtered (1 ym, Whatman GF
6) and then stored at 4 °C until solid-phase extraction (SPE).
For SPE, 250 mL of each influent and 500 mL of each effluent
sample were acidified with sulfuric acid (pH 2.5) and processed
within 24 h after sampling by passage through a Telos C18/
ENV cartridge (Kinesis, St. Neots). Additionally, 500 mL of
groundwater (known to be free of endocrine activity) was
extracted in the same manner to determine a contamination
during the extraction (SPE-Blank). All cartridges were
conditioned with 1 X 2 mL of n-heptane, 1 X 2 mL of
acetone, 3 X 2 mL of methanol, and 4 X 2 mL of groundwater
(pH 2.5). Afterward, the cartridges were dried under N, and
eluted with 10 mL of acetone and 10 mL of methanol.
Subsequently, the acetone and methanol extracts were
evaporated under a gentle stream of nitrogen to approximately
0.5 mL and then combined to one extract per sample. After an

addition of 100 4L DMSO as keeper, the extracts were further
evaporated to a final volume of 100 uL. This method was
optimized for extracting endocrine activity from wastewater
(unpublished data). Extracts of the effluents samples were
diluted 1:2 with DMSO, resulting in the same enrichment
factor as the influent samples (2 S00 fold). Finally, all extracts
were kept in glass vials with PTFE caps (—20 °C) prior to
analysis in the bioassays.

2.4. Bioassays. The yeast-based reporter-gene assays for
(ant)agonistic activity at the human estrogen receptor a
(hERa)"” and androgen receptor (hAR)"® as well as agonistic
activity at the human aryl hydrocarbon receptor (AhR),"
retinoic acid receptor (RARa), and retinoid X receptor
(RXRa)* were performed as previously described.”"*> All
assays are based upon the same principle. In brief, the
genetically modified yeast strain contains a gene for the
corresponding hormone receptor and a response element fused
to the reporter gene lacZ encoding f-galactosidase. Thus, the
binding of agonistic ligands leads to expression of p-
galactosidase, which cleaves the chromogenic substrate
CPRG. The enzyme activity is quantified photometrically. To
determine antagonistic activity, we added the corresponding
endogenous agonist to activate the receptor (here 0.3 nmol L™
17p-estradiol or 3 nmol L™ testosterone). A reduced reporter-
gene activity indicates an inhibition of the hERa or the hAR. All
bioassays were conducted in 96-well microtiter plates, each with
eight replicates per treatment (samples, positive, and negative
controls). Moreover, each assay was repeated twice resulting in
at least 16 replicates per treatment.

SPE extracts were tested as follows: 75 uL of ultrapure water
were added to each well, followed by 25 uL of 5-fold growth
medium containing 0.38% v/v of the sample and 20 uL of the
respective yeast suspension resulting in a final solvent
concentration of 0.08% (1250 fold dilution) and a final sample
concentration of 2-fold. On the basis of range-finding
experiments, this concentration was selected to avoid cytotoxic
effects of the influent samples. Effluent samples were tested at
the same concentration factor to ensure comparability of
bioassay data.”® The initial cell density of the respective yeast
suspension was adjusted according to ISO guideline 11350°*
(hERaq, 25 formazin attenuation units (FAU); anti-hERa, SO
FAU; AhR and hAR, 100 FAU; anti-hAR, RARa, and RXRa,
150 FAU). Furthermore, solvent controls containing 0.08%
DMSO and the corresponding positive controls (17f-estradiol,
testosterone, f-napthoflavone, all-trans- and 9-cis retinoic acid,
4-hydroxy tamoxifen, and flutamide; see the Supporting
Information for details) were tested in the same manner.
Incubation time was 20 h for each assay. During incubation,
microtiter plates were sealed with gas-permeable membranes
(Breath-Easy, Diversified Biotech, Boston, MA) and shaken
horizontally at 1 300 rounds min™" and 30 °C.

To investigate potential cytotoxicity masking the endocrine
activity, we determined the cell number by photometer
(Multiskan Ascent, Thermo Fisher Scientific, Braunschweig,
Germany) at 595 nm. After the addition of CPRG, the reporter
gene activity was measured at 540 nm in 10 min intervals for
hERa and hAR and after 60 min for the AhR, RXRa, and
RARa.

2.5. Analysis of Bioassay Data. To express cytotoxicity,
we normalized the corrected absorbance at 595 nm to the
negative controls (0% cytotoxicity) and the assay blank
(without yeast cells simulating 100% cytotoxicity). When the
value exceeds 20%, the sample was defined as cytotoxic and
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Figure 2. Endocrine profiles of the influent (A), the final effluent of the WWTP (B), and effluent of the activated sludge reference reactor R1 (C).
Endocrine profiles are expressed as relative activity [%] of the corresponding bioassay (n = 48—64). Pooled data from four weekly samples analyzed
in two experiments per assay. hERa = human estrogen receptor @; hAR = human androgen receptor; RARa = retinoic acid receptor a; RXRa =
retinoid X receptor @; AhR = aryl hydrocarbon receptor; skull = cytotoxic; n.a. = not analyzed.

Table 1. Mean Relative Activities (%, + SD) of the Influent and All Effluents Samples (n = 45—64) and Removal Rates [%]
Compared to the Influent (AINF) or to the Activated Sludge Reactor (AR1)“

activated sludge reference anaerobic-post
R1

activities [%] influent WWTP (R2 + R3) anaerobic-pre (RSD)
oD (SD) mean (SD) AINF [%] mean (SD) AINF [%] mean (SD) AR1[%] mean (SD) ARI [%]
estrogenic (hERa) 176 152 (3.53) 3.20 (1.81) —78.9% 6.86 (2.38) —54.9% 4.15 (2.60) —39.5%  0.83 (0.60) >—74.3%
antiestrogenic (anti-hERa)  17.3  42.3 (12.5) <LOD >—59.1% <LOD >=59.1% <LOD n.c. <LOD n.c.
antiandrogenic (anti-hAR) 154  46.1 (17.5) 472 (7.63) +2.34% 46.2 (4.88) +0.30% 383 (3.85) —17.1% 28.1 (6.01) —39.3%
retinoic acid (RARa) 146 171 (6.77)  1.53 (1.26) —91.0% <LOD >—91.5% <LOD n.c. <LOD n.c.
dioxin-like (AhR) 139 cytotoxic  7.02 (2.85) nc. 6.07 (1.54) n.c. 3.63 (123)  —402% 257 (1.57)  —57.6%

“<LOD = below the limit of detection; n.c. = not calculated; hERa =
retinoic acid receptor a; AhR = aryl hydrocarbon receptor.

human estrogen receptor alpha; hAR = human androgen recetor; RARa =

excluded from analysis. Agonistic activity in each assay was
expressed as normalized assay response. The absorbance values
were corrected for blank values and cell density”' and
normalized to the maximal assay response (100% activity,
upper plateau of the dose—response relationship) of the
corresponding reference compound and the absorbance of
negative control (0% activity). Similarly, antagonistic activity
was expressed relative to a control containing 17f-estradiol or
testosterone (0% receptor inhibition) and a control without the
agonist (simulating 100% receptor inhibition). A limit of
detection (LOD) was calculated as three times the standard
deviation of the pooled negative control data. Activities above
the LOD were considered significant. Removal rates are
expressed as percentage removal compared to the influent
(AINF) and to the activated sludge reference (AR1) based on
the mean values of the relative endocrine activities. When the
mean activity was below the LOD, the removal was calculated
based on the LOD, and the removal rate of the corresponding
treatment was expressed as greater than the calculated removal
(>%). Statistical analyses were performed using GraphPad
Prism (GraphPad Software, San Diego, CA). To test for
significant differences between groups, we used Kruskal—Wallis
with Dunn’s post hoc test.

3. RESULTS

3.1. Removal of Endocrine Activities by Conventional
Activated Sludge Treatment. In the control experiments
(solvent control, SPE blank, blank-reactor experiment), no
activity above the LOD was detected in any bioassays (Figure
S1 and S2). With regard to the endocrine profile of the influent
(primary clarifier effluent, Figure 2A), we detected strong
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antagonistic effects at the estrogen receptor (42.3% inhibition)
and the androgen receptor (46.1% inhibition). In addition to
the high antiestrogenic and antiandrogenic activity, the influent
samples also activated the hERa (152%) and the RARa
(17.1%). No agonistic effects at the hAR and the RXRa were
observed. The activity at the aryl hydrocarbon receptor (AhR)
was not determined because all influent samples were cytotoxic
at a 2-fold sample concentration.

Comparing the endocrine profiles of the influent (Figure 2A)
to the final effluent of the WWTP (Figure 2B) demonstrated an
effective removal of endocrine activities by conventional
activated sludge treatment. Removal rates were 789, >59.1,
and 91.0% for estrogenic, antiestrogenic, and retinoid-like
activity, respectively (Table 1). The antiandrogenic activity was
not reduced by the activated sludge treatment and varied across
the influent samples (30—73%), whereas the activity of the
effluent was relatively stable across all weeks (42—57%, Figure
$3). An increase of antiandrogenic activity after the activated
sludge treatment was observed in 3 out of 4 weeks (Figure S3).
In addition, residual activity at the hERa (3.2%) and the RARa
(1.5%) was detected after the activated sludge treatment.
Furthermore, no more cytotoxic effects were observed, and a
slight activity at the AhR was detected (7.0%).

3.2. Comparison of the Full-Scale System with the
Activated Sludge Reference Reactor. The endocrine
profile of the effluent of the activated sludge reference reactor
(R1; Figure 2C) had a similar pattern to the final effluent of the
WWTP. However, one exception was the removal of estrogenic
activity. The activated sludge reference reactor was less effective
in removing the estrogenicity with an average removal rate of
57.9% compared to 78.9% in the full-scale system (Table 1). In
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accordance with the full-scale system, residual antiandrogenic,
estrogenic- and dioxin-like activities were detected in the
reactor effluent (Figure 2B,C). In 2 out of 4 weeks, a
comparable formation of antiandrogenic activity was observed
(Figure S3).

3.3. Removal of Residual Endocrine Activity by
Additional Anaerobic Treatments. In comparison to the
residual endocrine activities in the effluents of the activated
sludge treatments (WWTP and R1), both anaerobic processes
further reduced the endocrine activities (Figure 3 and Table 1).
Compared to the reference reactor Rl, the anaerobic post-
treatment under substrate-limiting conditions (R2 + R3)
significantly reduced the antiandrogenic and dioxin-like activity
by 17.1 (p < 0.05) and 40.2% (p < 0.001), respectively. The
estrogenic activity was reduced by 39.5% (p > 0.05). In
contrast, the second process consisting of an anaerobic pre-
treatment followed by a nitrifying and a denitrifying reactor
(RSD) led to a significant additional removal of the estrogenic
activity (AR1 > 74.3%, p < 0.001). Furthermore, the anaerobic
pre-treatment was also more effective in removing the residual
antiandrogenic (AR1 39.3%, p < 0.001) and dioxin-like activity
(ARL 57.6%, p < 0.001) compared to the anaerobic post-
treatment (R2 + R3).

4. DISCUSSION

4.1. Diverse-Acting EDC Content of Raw Wastewater.
The endocrine profile of the influent samples (Figure 2A and
Table 1) indicates that untreated wastewater contains
compounds affecting diverse endocrine end points. Four out
of seven mechanisms of actions were activated in the
corresponding bioassay, with antiestrogenic and antiandrogenic
activities being the most potent effects. This observation is
consistent with previous studies documenting the occurrence of
antagonistic activit;f in municipal wastewater> >’ and in the
receiving river.”” Interestingly, we and others® detected
agonistic and antagonistic effects at the hERa in the same
sample (Figure 2A). This is somewhat contradicting the
assumption that either estrogenic or antiestrogenic activity is
detectable.”***" The idea behind this is that bioassays detect
the net effect of mixtures of agonists and antagonists. While this
appears to be intuitively plausible, one explanation for this
result is the occurrence of partial receptor agonists (e.g., the
pharmaceutical raloxifen) in the influent samples. Partial
agonists can act either agonistic in the absence or antagonistic
in the presence of a full agonist.’> Furthermore, we also
detected a moderate activity at the retinoic acid receptor
(RARa) by the influent samples (Figure 2A). Retinoic acid
signaling controls functions such as cell differentiation, immune
response and embryonic developments in vertebrates."> An
excess of retinoic acids (RAs) and related substances induces
teratogenic effects during embryonic development as shown for
amphibians® and fish.>* Besides our findings, few other studies
have demonstrated the presence of RARa agonists in municipal
wastewater’”*>*® and in the receiving river.”*® While the
major source of retinoic acid activity appears to be RAs of
vertebrate origin®® other sources might also contribute to the
observed effect. For instance, topical retinoids are widely used
as pharmaceuticals to treat skin diseases (e.g, adapalene).””
Moreover, 49 of 309 environmental chemicals (mainly
pesticides; e.g, propiconazol) screened in the U.S. EPA’s
ToxCast program activated the RARa.** Surprisingly, environ-
mental retinoids can also be produced by cyanobacteria,*
which are an important part of the phytoplankton communities
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Figure 3. Relative antiandrogenic (A), estrogenic (B), and dioxin-like
activity (C) of the influent, the final effluent of WWTP, and reactor
effluents in the corresponding recombinant yeast screen (n = 48—64),
respectively. Pooled data from 1 week composite samples (a total of
four) analyzed in two experiments per assay. Additional removal by the
anaerobic post- or pre-treatment is expressed as percent compared to
the activated-sludge reference reactor (AR1). Skull = cytotoxicity;
hERa = human estrogen receptor @; AhR = aryl hydrocarbon receptor;
hAR = human androgen receptor; LOD = limit of detection. % = p <
0.05, % %% = p < 0.001; Kruskal-Wallis with Dunn’s post hoc test.

of WWTPs.** Although we and others®”***' observed an
effective removal of retinoic acid activity during activated sludge
treatment (>91%), sometimes high activity remains in the
treated effluent.*' Hence, in the light of the teratogenicity of
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some RAs, especially to amphibians, this end point should be
included in future water-quality assessment.

Admittedly, the seven mechanisms of action assessed in this
study do not represent the complete spectrum of EDCs. Recent
bioanalytical research has established that EDCs affect
additional endocrine end points such as the glucocorticoid
(GR), mineralocorticoid (MR), thyroid (TR), and progester-
one receptor (PR). Importantly, corticosteroids are widely used
as drugs, can enter the aquatic environment via wastewater
discharge,42 and affect teleost metabolism and reproduction.43
Because, among others, GR activity is frequently detected in
municipal wastewater’>**** as well as in the receiving
river,"~* extending the battery of bioassays is needed to
cover the complexity of EDCs.

4.2. Removal of Most of the Endocrine Activities by
Full- and Pilot-Scale Activated Sludge Treatment. The
comparison of the endocrine profiles of the influent and the
final effluent of the WWTP as well as of the activated sludge
reference (Figure 2) confirmed an effective removal (>59 to
91%) of EDCs by an activated sludge treatment. This is
consistent with f_revious studies reporting an effective removal
of estrogenicity”>*** as well as of retinoic acid activity.”>*'
Contrary to the removal of other endocrine activities, high
antiandrogenic activities persisted in the final effluent of both
activated sludge treatments (Figure 2 and Table 1). Similar to
our findings, several other studies have described the presence
of antiandrogenic activity in treated effluents of conventional
WWTPs™*” and in the receiving river.”*’

In addition to estrogens, antiandrogens are suspected to
contribute to widespread sexual disruption in fish.'** More-
over, the group of antiandrogenic chemicals known so far is
very heterogeneous®™' and includes environmental contami-
nants such as insecticides (e.g,, certain pyrethroids), fungicides
(e.g, vinclozolin and procymidone), herbicides (e.g., linuron
and prochlaraz), flame retardants (e.g., polybrominated
diphenyl ethers), germicides (e.g,, triclosan and chlorophene),
plasticizers (e.g, several phthalate esters), some industrial
contaminants (e.g., PCB congeners), and pharmaceuticals (e.g,,
flutamide and cyproterone acetate). Additionally, some
xenoestrogens such as bisphenol A are also antiandrogens.'®
Nevertheless, several of the known antiandrogens are hydro-
phobic and hence should be well-removed by sorption to the
sludge particles, such as that shown for the germicide
triclosan.>” This implies that the compounds responsible for
the persistent antiandrogenic activity observed here remain
mainly unknown and deserve further research.

The increase of antiandrogenic activity by up to 44% during
three of the four sampling periods indicates that the activated
sludge treatment is not only ineffective in removing but results
in a formation of antiandrogenic activity (Figure S3). Because
bioassays detect the net effect of mixtures of agonists and
antagonists, a more effective removal of androgens by the
activated sludge treatment could explain the increased
antiandrogenic effect.” Alternatively, transformation products
might be responsible for the increase in activity. In most cases,
transformation processes reduce the toxicity of a parent
compound by modifying the active part of the molecule.
Nevertheless, several transformation products retain their
bioactivity or even become bioactivated.” A slight structural
modification may also increase the toxicity of the molecule. For
example, Yang et al>* observed a dehydrogenation of
testosterone by manure-derived bacteria, producing the more
potent 1-dehydrotestosterone. Another mechanism for increas-
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ing bioactivity is the deconjugation of an inactive vertebrate
metabolite to the active parent compound. One example is the
removal of glucuronides from conjugated estrogens during
activated sludge treatment, resulting in the (re)formation of
highly active steroids.® Hence, transformation processes do not
necessarily result in a detoxification of micropollutants. Here,
bioanalytical tools are instrumental for elucidating a potential
toxification, which needs to be avoided during wastewater
treatment.

Despite the effective removal of estrogenic activities, a slight
activity persisted in both activated sludge treatments (Figure 2
and Table 1) and might be still of environmental relevance with
regard to effects reported at ultratrace concentrations.”® The
estradiol equivalent (EEQ) for the effluent of the full-scale
system (WWTP) was 2.74 + 1.17 ng EEQ L™". Depending on
the dilution in the receiving ecosystem, the discharge of treated
wastewater could result in concentrations of estrogenic
compounds higher than the proposed environmental quality
standards (EQS) for single compounds, such as for 17a-ethinyl
estradiol (0.035 ng L™!) and for 17f-estradiol (0.4 ng L™').”’
Comparing EQS of known with the bioactivity of unknown
EDCs is, however, difficult because of (unknown) differences in
toxicokinetics. Nevertheless, a bioassay is more precise at
predicting in vivo effects than chemical analysis alone. For
instance, Thara et al.”® demonstrated that the net estrogenicity
measured in vitro can predict in vivo effects (e.g., vgt and chgH
expression) better than chemical analysis. Thus, bioanalytical
tools in combination with chemical analysis enable a more
comprehensive assessment of water quality. Because many
EDCs remain unknown, a combination with a nontarget
chemical analysis is particularly promising.58

In addition to the antiandrogenic and estrogenic activity, we
detected an activation of the AhR by the effluent samples of
both activated sludge treatments (Figure 2 and Table 1). The
AhR is a ligand-activated transcription factor involved in the
regulation of xenobiotic metabolism, liver development, and
female reproduction.'® Besides our findings, other studies have
reported AhR activity in municipal wastewater,”>*** but so far,
it is not clear which compounds are responsible for the
observed effects. Known AhR ligands such as polycyclic
aromatic hydrocarbons, polychlorinated biphenyls, furans, and
dioxin are highly hydrophobic and should be well removed by
sorption to the sludge particles. However, AhR has a
promiscuous ligand-binding pocket enabling activation by
structurally diverse chemicals, including water-soluble com-
pounds.®”®" This suggests that the observed dioxin-like activity
of treated municipal wastewater may be related to so-far-
unknown polar rather than the well-known AhR agonists.>”

4.3. Antagonistic Activity in Vitro: A False Positive
Effect? Besides the many advantages of bioanalytical tools, as a
result of their integrative character they are susceptible to false
negative and positive effects. To avoid this, we applied quality
control measures including appropriate SPE and reactor blanks.
However, this does not preclude so-called matrix effects: a
recent study highlights that co-extracted DOC can result in
false antagonistic effects due to a sorption of the background
agonist.”> Considering the highest DOC we detected in the
effluent samples (Table S1) and an estimated DOC extraction
effectiveness of the SPE 40—70%," the assay concentration in
our experiments was <20 mg L™ This is below the DOC
concentration, which resulted in a suppression of the
background agonist.”> Additionally, because of different
chemical properties, the sorption capacity of wastewater-
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derived DOC is lower® than the one of the reference humic
acid used by Neale et al.*>

Furthermore, apparent antagonistic effects can be caused by
compounds interfering with the reporter gene itself (for
instance, by enzyme inhibition). An unspecific disruption of
all yeast enzymes would result in lower growth rates, which we
did not observe. A specific inhibition of the reporter enzyme j-
galactosidase would not necessarily reduce cell growth but also
counterfeit antagonistic activity. To account for that, some (but
unfortunately not all) assay systems use an extra control strain,
expressing the reporter gene constitutively.65

Although these interferences can affect all reporter-gene
assays, in our case, this can be excluded because ligand sorption
by coextracted DOC as well as enzyme inhibition would have
induced antiandrogenic and, at the same time, antiestrogenic
effects. We did not observe the latter in our treated effluent
samples.

Moreover, in our assay, hERa expression is controlled by a
copper metallothionein promotor (CUP1).*® Thus, high
concentrations of chelating agents (e.g, EDTA) in the sample
could remove copper from the media and reduce the receptor
expression. This would decrease the reporter gene activity,
which can be misinterpreted as lack of estrogenic (false
negative) and in turn induction of antiestrogenic effect (false
positive). Because we observed both in the WWTP influent,
such a matrix effect is unlikely. In addition, this interference
cannot explain the observed antiandrogenic activity because
hAR is constitutively expressed in our assay.”’

4.4. Enhancement of the Removal of Endocrine
Activities by Additional Anaerobic Treatment. So far,
much attention has been paid to adapting and optimizin%
technological solutions.>* However, this and other studies®>®
demonstrate that the biological treatment still possesses
potential for improvement. We observed a significantly
enhanced removal of endocrine activities when combining the
conventional activated sludge treatment with strictly anaerobic
processes (Figure 3 and Table 1). This supports our hypothesis
that shifting the position of anaerobic treatment and providing
specific conditions by supplementing an alternative electron
acceptor or limiting the substrate availability favor the
degradation of receptor-mediated toxicity. In addition, chemical
analyses indicates that combining different aerobic and
anaerobic conditions extends the spectrum of removed organic
micropollutants. Nevertheless, and in contrast to the effective
removal of toxicity, out of 31 persistent micropollutants, only a
limited number is additionally removed.”’ This discrepancy
between bioanalytical and chemical assessment is not
uncommon’' and highlights the synergy of combining both
approaches for assessing existing and novel wastewater
treatment technologies.

Combining the activated sludge treatment with an anaerobic
post-treatment under substrate-limiting conditions resulted in
an enhanced removal of antiandrogenic, estrogenic, and dioxin-
like activity. Because of the low concentration of suspended
solids (<0.5 g L™') compared to the that of the activated sludge
reference (>3.0 g L"), sorption of compounds is negligible.
This suggests that the enhanced removal observed in this post-
treatment can be rather attributed to anaerobic biodegradation.

We observed a more effective removal by the anaerobic pre-
treatment under iron-reducing conditions. This can have
several reasons: first, the position of the anaerobic steps may
play a role. Preceding the aerobic treatment, anaerobic
transformation products can be further aerobically degraded,

resulting in a more effective degradation. Second, the
recirculation of wastewater between the reactors results in
multiple changes of redox conditions, which further facilitates
degradation. Third, iron-reducing conditions and higher
substrate load are more favorable for specific EDC-degrading
microorganisms than the substrate-limiting conditions of the
post-treatment. Fourth, besides biotic transformation, abiotic
processes can also contribute (for instance, autoxidation of
iron,”? sorption to iron oxide, and increased sludge formation
due to the effective sedimentation as well as a potential
alteration of the sorption characteristics of the sludge).”
Additionally, both systems operated with long HRTs compared
to full-scale plants. This may also enhance the removal of
endocrine activities, as shown for selected pharmaceuticals
during conventional activated sludge treatment.®®

In a comparison of the two setups, the iron-reducing,
anaerobic conditions preceding aerobic treatment outper-
formed the substrate-limiting post-treatment in removing
receptor-mediated toxicity. Although the former appears
promising, a more thorough understanding of the relevant
process parameters needs to be established before considering a
full-scale implementation. For instance, from an engineering
perspective, the long HRT, SRT, and high iron dosage used in
this study are not readily transferable to a full-scale system.
Therefore, ongoing research will show whether these promising
results can be further confirmed by adopting more realistic
process parameters and by assessing additional endocrine end
points (GR, MR, TR, and PR) as well as unspecific toxicity.

To summarize, our study demonstrates that

1. Besides estrogenicity, other endocrine activities are
present in raw and treated wastewater. This underlines
the need to investigate additional endocrine end points,
especially antagonistic effects.

2. A conventional activated sludge treatment already
removes most of the endocrine activity of raw wastewater
analyzed in the present study. However, the persistent
high antiandrogenic and residual dioxin-like and estro-
genic activities in the effluent may still be of environ-
mental relevance.

3. Combining the activated sludge with extended anaerobic
treatments results in a significantly enhanced removal of
endocrine activities. This suggests that, from an
ecotoxicological perspective, further optimization of the
biological wastewater treatment is possible.
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1 Chemicals

17B-estradiol  (>99%, CAS: 50-28-2), testosterone (>98%, CAS: 58-22-0) and
dimethylsulfoxide (Uvasol) were purchased from Merck (Darmstadt, Germany). All-trans
retinoic acid (>98%, CAS: 302-79-4), 9-cis retinoic acid (>98%, CAS: 5300-03-8),
flutamide (>99%, CAS: 13311-84-7), 4-hydroxy-tamoxifen (>70% Z-isomer, CAS: 68392-
35-8), P-napthoflavone (>98%, CAS: 6051-87-2), methanol (LC-grade) and sulfuric acid
(98%, Rotipuran) were purchased from Sigma-Aldrich (Steinheim, Germany). Acetone
(pico-grade) and n-heptan (pico-grade) were purchased from LGC Standards (Wesel,
Germany). Chlorophenolred-f3-D-galactopyranoside (CPRG; >96%, CAS: 99792-79-7) was

obtained from Roche Diagnostics (Mannheim, Germany).

2 Experimental set up of the pilot plant

The pilot plant consisted of six fully automated sequencing batch reactors with a volume of
12 L each, equipped with stirrers (RZR 2021, Heidolph Instruments, Schwabach, Germany),
peristaltic feeding pumps (FAM 313/D, Watson-Marlow, Cornwall, United Kingdom),
effluent valves (type 7010, Schubert & Salzer Control Systems, Ingolstadt, Germany) and
sensors for online measurement of oxygen (Oxymax COS61D), pH (Orbisint CPS11D), redox
potential (Orbisint CPS12D), fill level via pressure (Cerebar T PMCI131), ammonium and
nitrate (ISEmax CAS40D, all Endress+Hauser, Weil am Rhein, Germany). The reactors were
controlled and steered via a programmable logic controller (Wago 750-881) and a SCADA
system (Citect V7.2, Schneider Electric).

The experimental setup consisted of two separate systems, which were both fed with effluent
from the primary clarifier of the WWTP Koblenz, with each single reactor running in
sequencing batch mode.

The first treatment system started with a reactor (R1, HRT 12 h, SRT 10 d) operated

alternating between nitrifying and denitrifying conditions as common in activated sludge
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treatment (2/3 of HRT nitrification, 1/3 of HRT denitrification), thereby serving as a reference
simulating conventional wastewater treatment. The effluent of R1 was partly transferred to the
second treatment step. This reactor (R2, HRT 2.5 d) run under anoxic/anaerobic conditions
with carriers (K1, AnoxKaldness; 25% fill ratio) and with addition of acetate (25 mg L™
DOC) in order to assure complete denitrification and thereby further lowering the redox
potential. The effluent of R2 was finally transferred to the last treatment in this chain. There a
reactor (R3, HRT 2.5 d) was run under strictly anaerobic conditions with carriers (K1,
AnoxKaldness; 25% fill ratio), low redox potential (<-400 mV) and a reduced content of
readily biodegradable DOC.

The second treatment system started with an anaerobic reactor (R4, HRT 2.7 d) with carriers
(Bio-film Chip M, AnoxKaldness, 15% fill ratio) and addition of Fe*" as electron acceptor
(600 mg L' Fe’" as FeCls, plus NaOH addition for pH control), followed by a reactor (R5,
HRT 2.7 d) with carriers (Bio-film Chip M, AnoxKaldness; 15% fill ratio) operating under
aerobic and anoxic conditions. As a last step a simplified reactor (R5-D, HRT 2 d, no sensors
equipped) with carriers (Bio-film Chip M, AnoxKaldness; 15% fill ratio) was used for
complete denitrification via addition of acetate (135 mg L™ DOC). Half of the effluent of this
reactor was recirculated to R4 in order to enable a potential further degradation of

transformation products that were formed during the first passage.
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3 Parameters of the wastewater samples
All parameters were measured with a DR5000 UV-Vis Spectrophotometer (Hach Lange,

Diisseldorf, Germany), using cuvette tests (LCK385, LCK303, LCK339, all purchased from

Hach Lange, Diisseldorf, Germany).

Table S1: Parameters of the wastewater samples. DOC = dissolved organic carbon; NH;* = ammonia; NO; = nitrate;
R1 = activated sludge reference; R2+R3 = anaerobic post-treatment under substrate limiting conditions; R5D =
anaerobic pre-treatment under iron reducing conditions; n.a. = not analysed; LOD = limit of detection.

DOC [mg L NH,-N [mg L] NO;-N[mg L™

weeks 1 2 3 4 1 2 3 4 1 2 3 4

influent 39.0 38.0 322 322 432 432 402 368 n.a n.a n.a n.a
WWTP 107 113 na 98 0.1 02 na 0.1 6.7 6.5 n.a. 6.6
R1 124 135 92 100 02 02 295 02 10.2 10.7  10.6 10.3
R2+R3 78 89 84 85 07 05 48 06 <LOD <LOD 0.9 1.0
R5D 54 59 63 54 03 005 15 003 644 418 173 2.2
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4 Blank reactor experiment

The blank reactor experiment was performed in a single running reactor fed with reconstituted
water' with a hydraulic retention time of 2.7 d (1/3 of HRT non-aerated and 2/3 of HRT
aerated). In two out of the four sampling campaigns, one-week composite samples were

collected from the influent and the effluent (500 mL) and extracted in the same manner like

for all other sampling points.

4.1 Results of the blank reactor experiment for agonistic activities
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Figure S1: Relative endocrine activity of the solvent control (DMSO), SPE blank, blank reactor influent and effluent
in the five bioassays for agonistic activity (hERa, hAR, RARa, RXRa and AhR) with corresponding limit of detections

(LOD).
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4.2 Results for the blank reactor experiment for antagonistic activities
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Figure S2: Relative activation of the solvent control (DMSO), SPE blank, blank reactor influent and effluent in the

two bioassays for antagonistic activity (anti-hERo, anti-hAR,) with corresponding limit of detections (LOD).
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5 Removal of anti-androgenic activity (anti-hAR)
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Figure S3: Relative anti-androgenic activity of the influent, the final effluent of the WWTP and reactor effluents (n =
16), respectively. Data for each week analysed in two independent experiments. Removal of anti-androgenic activity is
expressed as % compared to the influent (AINF) or to the activated sludge reference reactor (AR1). hAR = human

androgen receptor.
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6 Reference compounds

6.1 Reference compounds for agonistic activity
tic activity at the hERa (17B-estradiol), hAR (testosterone); RARa (all-

Table S2: Reference compounds for ag
trans retinoic acid), AhR (B-napthoflavone) and RXRa (9-cis retinoic acid) with corresponding concentration range,
ECs value and correlation coefficient of the non-linear regression (rz).
positive control concentration range [mol L'l] ECso [mol L'l] r?
17B-estradiol 1.0x10"%-1.0x 10 9.7x 10" 0.959
testosterone 3.0x 10" - 1.0x 10" 7.9x 107 0.973
all-trans retinoic acid 1.0x 10" -3.0x 10" 1.3x 10" 0.887
B-napthoflavone 1.0x107-1.0x 10" 33x 107 0.978
22x10% 0.978

9-cis retinoic acid 1.0x10%-1.0x 10®
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78

79 Figure S4: Dose-response relationships of the agonistic reference compounds at the hERa (17B-estradiol), hAR
80 (testosterone); RARa (all-trans retinoic acid), AhR (B-napthoflavone) and RXRa (9-cis retinoic acid). Relative activity
81 is presented as means £ 95% confidence intervals of two independent experiments (n = 16).
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6.2 Positive controls for antagonistic activity

Table S3: Reference compounds for antagonistic activity at the hERa (4-hydroxy tamoxifen) and hAR (flutamide)
with corresponding concentration range, ECs, value and correlation coefficient of the non-linear regression (r).

positive control concentration range [mol L7 ECso [mol L] r’
flutamide 7.81x 107 -5.0x10* 3.6x 10 0.958
4-hydroxy tamoxifen 1.25x10%-8.0x 10 4.7x 10 0.910
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Figure S5: Dose-response relationships of the antagonistic reference compounds at the hERa (4-hydroxy tamoxifen)
and hAR (flutamide). Relative activity is presented as means + 95% confidence intervals of two independent
experiments (n = 16).
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7 Removal of estrogenic activity (hERa) and EEQ-levels of the treated effluents
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Figure S6: Relative estrogenic activity of the influent, the final effluent of the WWTP and reactor effluents (n = 16),
respectively. Data for each week analysed in two independent experiments. Removal of estrogenic activity is expressed
as % compared to the influent (AINF) or to the activated sludge reference reactor (AR1). hERa = human estrogen
receptor a. & = cytotoxic.

Table S4: EEQ-levels of the final effluent of WWTP and reactor effluents.
Pooled data from 4-one week composite samples analysed in two experiments
per assay. (n=64)

Treatment EEQ effluent (mean = SD)
WWTP 274117
activated sludge reference (R1) 411 +£1.27
anaerobic-post (R2 + R3) 3.08 £1.33
anaerobic-pre (R5D) 1.13 £0.62
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8 Removal of anti-estrogenic activity (anti-hERa)
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Figure S7: Relative anti-estrogenic activity of the influent, the final effluent of the WWTP and reactor effluents (n =
16), respectively. Data for each week analysed in two independent experiments. Removal of anti-estrogenic activity is
expressed as % compared to the influent (AINF). hERa = human estrogen receptor a.
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9 Removal of retinoic acid activity (RARa)
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Figure S8: Relative retinoic acid activity of the influent, the final effluent of the WWTP and reactor effluents (n = 16),
respectively. Data for each week analysed in two independent experiments. Removal of retinoic acid activity is
expressed as % compared to the influent (AINF). RARa = retinoic acid receptor a.
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10 Removal of dioxin-like activity (AhR)
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Figure S9: Relative dioxin-like activity of the influent, the final effluent of the WWTP and reactor effluents (n = 16),
respectively. Data for each week analysed in two independent experiments. Removal of dioxin-like activity is
expressed as % compared to the activated sludge reference reactor (AR1). AhR = aryl hydrocarbon receptor. & =
cytotoxic.
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Extended anaerobic conditions during biological wastewater treatment may enhance the biodegradation
of micropollutants. To explore this, we combined iron-reducing or substrate-limited anaerobic conditions
and aerobic pilot-scale reactors directly at a wastewater treatment plant. To investigate the detoxification
by these processes, we applied two in vitro bioassays for baseline toxicity (Microtox) and reactive toxicity
(AREc32) as well as in vivo bioassays with aquatic model species in two laboratory experiments (Des-
modesmus subspicatus, Daphnia magna) and two on-site, flow-through experiments (Potamopyrgus
antipodarum, Lumbriculus variegatus). Moreover, we analyzed 31 commonly occurring micropollutants
and 10 metabolites.

The baseline toxicity of raw wastewater was effectively removed in full-scale and reactor scale acti-
vated sludge treatment (>85%), while the oxidative stress response was only partially removed (>61%). A

Keywords:

Trace pollutants
Sewage treatment
Biodegradation

Pharmaceuticals combination of an anaerobic pre-treatment under iron reducing conditions and an aerobic nitrification
Chemical analysis significantly further reduced the residual in vitro toxicities by 46—60% and outperformed the second
Bioassays combination consisting of an aerobic pre-treatment and an anaerobic post-treatment under substrate-

limiting conditions (27—43%). Exposure to effluents of the activated sludge treatment did not induce
adverse in vivo effects in aquatic invertebrates. Accordingly, no further improvement in water quality
could be observed. Compared to that, the removal of persistent micropollutants was increased. However,
this observation was restricted to a limited number of compounds and the removal of the sum con-
centration of all target micropollutants was relative low (14—17%).

In conclusion, combinations of strictly anaerobic and aerobic processes significantly enhanced the
removal of specific and non-specific in vitro toxicities. Thus, an optimization of biological wastewater
treatment can lead to a substantially improved detoxification. These otherwise hidden capacities of a
treatment technology can only be uncovered by a complementary biological analysis.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction organic micropollutants (e.g., residues of pharmaceuticals or bio-

cides) is suspected to cause the loss of freshwater biodiversity

More than half of European surface waters are classified to be in
a less than good ecological status. Especially regions with intensive
agriculture and high population density are disproportionately
affected (European Environmental Agency, 2012). Among several
other stressors, the contamination with a complex mixture of

* Corresponding author.
E-mail address: j.voelker@bio.uni-frankfurt.de (J. Volker).

http://dx.doi.org/10.1016/j.watres.2017.03.030
0043-1354/© 2017 Elsevier Ltd. All rights reserved.

(Berger et al., 2016; Malaj et al., 2014). Besides diffuse sources such
as run-off from urban and agricultural areas (Wittmer et al., 2010),
the discharge of treated wastewater is the main point source of
micropollutants entering aquatic ecosystems (Loos et al., 2013;
Petrie et al., 2015). Hence, increasing the efficiency of wastewater
treatment plants (WWTPs) can be a crucial step to improve the
ecological status of the receiving surface water and at the same
time protect drinking water reserves.
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Although the discourse on advanced wastewater treatment is
currently focused on the implementation of physico-chemical
processes (e.g., sorption onto activated carbon or ozonation), the
removal capacity of biological wastewater treatment has not yet
been fully exploited and thus may still have potential for
improvement (Volker et al., 2016). Today, the activated sludge
process is the most commonly applied technology for biological
treatment. Here, an aerobic treatment for nitrification often com-
plemented by an anoxic denitrification represents the state-of-the-
art and favors the removal of organic pollutants. However, several
biodegradation reactions require strictly anaerobic conditions such
as reductive dehalogenation (Bhatt et al, 2007; Redeker et al.,
2014), the reduction of nitro groups as well as demethylation of
methoxy groups (Gasser et al., 2012). Thus, improving anaerobic
treatment might be one option to enhance the biodegradation of
micropollutants and, thus, to reduce toxicity.

With the aim to explore the additional potential of extending
anaerobic conditions, we implemented combinations of aerobic
and anaerobic pilot-scale reactors directly at a WWTP. Strategies for
improving anaerobic conditions included shifting the position of
the anaerobic treatment, supplementing an alternative electron
acceptor, or limiting the substrate availability to favor specific mi-
crobial communities. Based on previous experiments, we selected
two promising combinations for a more comprehensive evaluation.
An aerobic treatment was coupled to an anaerobic pre-treatment
under iron reducing conditions and an activated sludge treatment
was combined with an anaerobic post-treatment under substrate-
limiting conditions.

Recently, we have shown that these improved processes
significantly enhance the removal of endocrine and dioxin-like
toxicities (Volker et al., 2016). However, regarding the heteroge-
neity of micropollutants (Schwarzenbach et al., 2006) as well as the
countless potential modes of action (Stamm et al, 2016), the
evaluation of the performance of a wastewater treatment process
cannot solely be based on the removal of endocrine and dioxin-like
activities. Hence, to further investigate the detoxification by these
processes, we applied two in vitro assays targeting baseline toxicity
(Microtox) and oxidative stress response as marker for reactive
toxicity (AREc32 assay) and determined the in vivo toxicity of the
effluents in four aquatic model species (Desmodesmus subspicatus,
Daphnia magna, Potamopyrgus antipodarum and Lumbriculus vari-
egatus). Finally, we compared the outcomes of the ecotoxicological
experiments to concentrations of 31 commonly occurring micro-
pollutants (e.g., acyclovir, benzophenone-4, carbamazepine, diclo-
fenac, sulfamethoxazole, tramadol) and 10 selected human
metabolites.

2. Material and methods

A list of used chemicals is provided in the Supporting Informa-
tion (see S1).

2.1. Pilot plant and sampling points

The pilot plant was located at the wastewater treatment plant of
the city of Koblenz, Germany (220 000 population equivalents,
60 000 m> d~! average flow) and consisted of six 12 L sequencing
batch reactors fed with effluent of the primary clarifier of the full-
scale WWTP (Volker et al., 2016). An overview of the reactor set-up
is displayed in Fig. 1.

Specifically, two treatment processes were selected in this
study. The first process consisted of an aerobic/anoxic pre-
treatment (reactor R1) followed by an anaerobic post-treatment
(anaerobic-post R2+R3). Here, the first reactor (R1) is operated as
a typical nitrifying/denitrifying conventional activated sludge

treatment with a hydraulic retention time (HRT) of 12 h and a
sludge retention time (SRT) of 10 d and was therefore also used as a
reference for the purpose of comparison (AS reference R1). The
second reactor (R2) was operated under anoxic and anaerobic
conditions (HRT 2.5 d) and was equipped with an acetate dosage
(25 mg L) to promote complete denitrification. The third reactor
(R3) was operated with a HRT of 2.5 d under low substrate avail-
ability (dissolved organic carbon (DOC) < 10 mg L~) and strictly
anaerobic conditions (oxidative reductive potential (ORP)
< —400 mV). Carrier material (K1, AnoxKaldness; 25% fill ratio) was
added to R2 and R3 to support biofilm growth and allow retaining
sufficient biomass.

The second process consisted of an anaerobic pre-treatment
(R4) followed by an aerobic and anoxic treatment (anaerobic-pre
R5D). The anaerobic reactor R4 (ORP < —400 mV, HRT 2.7 d) was
operated under iron reducing conditions by dosing Fe3* as most
important electron acceptor (600 mg L~! Fe3* as FeCls, plus NaOH
addition for pH control), followed by a reactor (R5) operating under
aerobic and anoxic conditions for nitrification and denitrification
(HRT 2.7 d). As a last step a simple stirred reactor (D) was used for
complete denitrification via addition of acetate (135 mg L~ '). Half of
the effluent of this reactor was recirculated to R4 in order to enable
a further degradation of transformation products that were formed
during the first passage. All three reactors were equipped with
carriers (Bio-film Chip M, AnoxKaldness, 15% fill ratio) for
improving biomass retention inside biofilms.

Samples were analyzed from five sampling points (Fig. 1). The
effluent of the primary clarifier (denoted as influent in the figures)
characterized the wastewater entering the processes and the final
effluent of the WWTP (WWTP) to compare the performance of the
pilot-scale reactors with a full-scale system. Reactor effluents were
sampled from the activated sludge reference (AS reference R1) as
well as at the end of both treatment processes (anaerobic-post
R2 + R3; anaerobic-pre R5D). We decided to take samples after the
combination of the anaerobic (R4) and the aerobic/anoxic treat-
ment (R5D) instead of each reactor because most of the toxicity
removal takes place in the aerobic/anoxic treatment and exposure
to untreated wastewater induces high mortality in vivo (e.g., 100%
mortality up to a dilution of 1:4 for P. antipodarum; Giebner et al.,
2016). A drawback of this decision is that we cannot conclude to
which degree the individual treatments contribute to the overall
removal. Additionally, to exclude effects of chemicals leaching from
the reactor material, we also operated a blank reactor (R6) control
experiment in parallel without biological activity (not shown in
Fig. 1; see S2).

2.2. Sample preparation

We conducted several sampling campaigns in June and July
2014. One-week composite samples were collected from each
sampling point (Fig. 1). Standard wastewater parameters such as
inorganic nitrogen species (NH4, NO3) and DOC were analyzed
with a spectral photometer (DR 5000 UV—Vis, Hach Lange GmbH,
Diisseldorf, Germany) using cuvette tests (LCK 385, 303, 339; all
purchased from Hach Lange). For the in vitro assays, four one-week
composite samples per sampling point were processed by solid
phase extraction (SPE) as previously described (see S3.1 or Volker
et al.,, 2016). For the offsite in vivo experiments, aqueous samples
were collected, stored at 4 °C and tested within 24 h. For the onsite
in vivo experiments, wastewater was stored in 20 L full glass
aquaria as reservoir (see Section 2.4). For the chemical analysis,
samples were filtered (MN GF-5, 0.4 um, Macherey-Nagel) and an
aliquot of 1 mL of each composite sample was stored at —20 °C.
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Fig. 1. Schematic of the pilot and full-scale plant with the respective sampling points. HRT: hydraulic retention time; ORP: oxidative reduction potential; DOC: dissolved organic

carbon.

2.3. Bioassays

2.3.1. Baseline toxicity — microtox assay

The Microtox assay or bioluminescence inhibition test with the
bacterium Aliivibrio fischeri (former Vibrio fischeri) was conducted
to assess the baseline toxicity. The assay was performed according
to the International Organization for Standardization (ISO 11348-3,
2007) modified to a 96-well plate format as previously described
(Escher et al., 2008; Tang et al., 2013). In brief, negative and solvent
controls, SPE blank, reference compound (3.5 dichlorphenol) and
SPE extracts were serially diluted (1:2) in a saline buffer. 100 puL
sample was added to 50 puL of A. fischeri solution (not exceeding 1%
DMSO in the final medium volume). To detect inhibition, lumi-
nescence was measured prior to sample addition and after 30 min
incubation using a microplate reader (Infinite 200 Pro, Tecan,
Crailsheim, Germany).

2.3.2. Oxidative stress response — AREc32 assay

The AREc32 assay was conducted to assess the oxidative stress
response as a marker for reactive toxicity. The AREc32 cells were
obtained from Signosis Inc. (Santa Clara, CA, USA). The reporter-
gene assay is based on the induction of the NRF2 mediated oxida-
tive stress response pathway in a human breast cancer cell line
MCF7, which contains a luciferase gene construct controlled by
eight copies of the antioxidant response element (AREc32; Wang
et al.,, 2006). The NRF, pathway is conserved in Bilateria and reg-
ulates the transcription of common cytoprotective enzymes such as
glutathione S-transferase (Baird and Dinkova-Kostova, 2011). The
pathway is known to be activated by a broad spectrum of com-
pounds with different modes of actions (Martin et al., 2010),

including a range of environmental contaminants (Escher et al.,
2013), as well as by cellular reactions, which induce the produc-
tion of reactive oxygen species (Simmons et al., 2009).

Before the start of the experiments, cells were checked for the
absence of mycoplasma contamination (LookOut Mycoplasma PCR
Detection Kit, Sigma Aldrich, Steinheim, Germany). The cell culture
conditions and assay procedure have been described previously
(Escher et al., 2012) and are used here with minor modifications. In
brief, at day 1 the cell number was determined using a Coulter
counter (Multisizer 3, Beckmann Coulter, Krefeld, Germany). Cells
were seeded on 96-well microtiter plates at initial density of
12000 cells well~" and incubated for 24 h at 37 °C and 5% CO,. At
day 2, cells were exposed to the controls (negative/solvent), SPE
blank, reference compound (tert-butylhydroquinone) and SPE ex-
tracts that were serially diluted (1:2) in culture media (not
exceeding 0.5% DMSO). Therefore, the culture medium in the plates
was replaced with 100 pL medium containing the appropriate
sample. Every plate assignment was prepared twice in order to
obtain a plate for the cytotoxicity experiment and another identical
plate for the luciferase activity measurement. The plates were
incubated for 24 h before cytotoxicity and luciferase activity were
determined.

Cytotoxicity was assessed to exclude a suppression of the in-
duction signal. Cell viability was determined via the metabolic
reduction of resazurin according to Palomino et al. (2002) with
minor modifications. Resazurin sodium salt was dissolved at 0.01%
(w/v) in phosphate buffer saline (PBS) and filtered (0.2 um). 30 puL
resazurin solution was added to each well, incubated for 5.5 h and
photometrically measured at 570 and 600 nm (Spark 10M, Tecan,
Crailsheim, Germany).
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Nrf2 induction was determined by measuring the luciferase
activity. Cells were washed twice with PBS and incubated with
30 pL lysis buffer for 5 min. After complete cell lysis, 100 pL luciferin
substrate buffer containing luciferin 0.015% (w/v) was added to
each well and luminescence was recorded by a microplate reader
within one minute (Spark 10M, Tecan, Crailsheim, Germany).

2.4. Whole effluent toxicity testing with aquatic model species

To assess the whole effluent toxicity with aquatic model species,
we applied four in vivo toxicity tests according to OECD or ISO
guidelines. All organisms originated from in house cultures of the
German Federal Institute of Hydrology or the Department Aquatic
Ecotoxicology at Goethe University.

The growth inhibition test with Desmodesmus subspicatus as
well as the acute immobilization test with Daphnia magna were
conducted offsite in the laboratory using static conditions. The
chronic reproduction tests with Potamopyrgus antipodarum and
Lumbriculus variegatus were performed onsite at the WWTP in a
flow-through system. The latter was selected because it integrates
changes in the chemical composition of the wastewater over time
and avoids storage, transport and treatment (Magdeburg et al.,
2012). Therefore, water from each sampling point (Fig. 1) was
collected in a 20 L full glass aquarium. From these reservoirs,
samples were pumped through polytetrafluoroethylene tubes
(peristaltic pump IPC24, Ismatec, Wertheim-Mondfeld, Germany)
to the exposure vessels (250 mL glass beakers) each equipped with
a passive overflow. Exposure vessels were constantly aerated and
water flow rate was adjusted to three times the vessel volume per
day. The temperature was controlled by placing the exposure ves-
sels in a water bath with randomized arrangement. In order to
verify that stable temperature was achieved, temperature in the
water bath was recorded every 30 min using three randomly placed
data loggers (HOBO Pendant, Onset, MA, USA).

2.4.1. Growth inhibition test with Desmodesmus subspicatus

The growth inhibition test with the green algae Desmodesmus
subspicatus was conducted according to ISO 8692 (2012) with mi-
nor modifications. In brief, 120 mL deionized water (negative
control) or aqueous sample (treated effluents) were mixed with
15 mL 10-fold concentrated nutrient solution and 15 mL algae
suspension (10° cells mL~!) resulting in a start density of 10% cells
mL~'. From that, 4 mL suspension each was split to 30 culture tubes
per sample and incubated in climate-controlled chamber with a
turning gear for 72 h (22 °C, permanent light, 1450 Lux). After the
incubation, chlorophyll fluorescence was recorded (excitation 435
nm/emission 685 nm, F2500, Hitachi, Tokyo) and corresponding
cell numbers were calculated based on a previously prepared
calibration curve (see S4.1).

2.4.2. Acute immobilization test with Daphnia magna

The acute immobilization test with Daphnia magna was con-
ducted according to ISO 6341 (2012). In brief, five neonates (<24 h,
> third brood) were exposed to the aqueous samples in four rep-
licates each. Elendt M4 medium served as reference. To ensure an
equal start temperature, wastewater samples were adjusted to a
temperature of 20 °C. After 24 h and 48 h exposure (20 °C, 16:8 h
light:dark cycle), the number of immobilized daphnids was coun-
ted. The experiment was performed twice with wastewater sam-
ples of two different weeks.

2.4.3. Reproduction test with the mud snail Potamopyrgus
antipodarum

The reproduction test with the New Zealand mud snail Pota-
mopyrgus antipodarum was conducted according to the OECD

guideline 242 (OECD, 2016). In brief, six replicates with six adult
snails each (shell height 3.5—4.5 mm) were exposed to the waste-
water samples (16 °C, 16:8 h light:dark cycle). For the control group,
reconstituted water (0.3 g Tropic Marin sea salt and 0.18 g sodium
hydrogen carbonate per liter deionized water) served as reference
medium. The snails were fed three times per week with 0.2 mg
ground Tetraphyll® per specimen. Temperature was stable during
the experiment (15.7 + 0.8 °C). After 28 d of exposure, snails were
frozen in liquid nitrogen and stored at —80 °C until analysis. For the
investigation on the reproductive performance, the shells of the
snails were removed and embryos in the brood pouch were
counted using a stereomicroscope.

2.4.4. Reproduction test with the black worm Lumbriculus
variegatus

The reproduction test with the black worm Lumbriculus varie-
gatus was conducted according to the OECD guideline 225 (OECD,
2007) with minor modifications. In brief, six replicates were used
with ten synchronized annelids each. Quartz sand (50 g) was used
as artificial sediment. The oligochaetes were fed three times per
week with 20 mg ground Tetramin® per replicate. For the control
group, reconstituted water according to OECD guideline 203 (OECD,
1992) was used. Temperature was stable during the experiment
(19.8 + 0.2 °C). After 28 d of exposure (20 °C, 16:8 h light:dark
cycle), the number of individuals and their dry biomass were
recorded.

2.5. Chemical analysis

To cover a broad spectrum and different classes of commonly
occurring micropollutants, we selected 31 compounds as well as 10
metabolites of carbamazepine, venlafaxine and tramadol. The
selected micropollutants are non-volatile and low sorbing (solid-
water partitioning coefficient between 0.01 and 0.5 L g SS™; Falas
et al., 2016), so that a removal by sorption or volatilization is
negligible. Three one-week composite samples were taken from
the full scale WWTP and eight one-week composite samples from
the reactor effluents.

Analysis was performed without prior extraction according to
the method described by Falas et al. (2016). In brief, frozen samples
were thawed and filtered (0.45 pm, regenerated cellulose, C. Roth,
Karlsruhe, Germany) and subsequently spiked with a labelled sur-
rogate mix. 80 pL aqueous sample was injected to an Agilent 120
Series liquid chromatography system (Agilent Technologies,
Waldbronn, Germany) coupled to SCIEX QTrap 5500 mass spec-
trometer (Sciex, Darmstadt, Germany). Chromatographic separa-
tion was achieved with a Zorbax Eclipse Plus C-18 (2.1 x 150 mm,
3.5 mm, Agilent Technologies, Waldbronn, Germany). Ultrapure
water and methanol (both supplemented with 0.1% formic acid)
served as mobile phase A and B, respectively. All compounds were
measured within one chromatographic run by scheduled multiple
reaction monitoring (SMRM) using electrospray ionization (ESI) in
negative and positive mode.

2.6. Data analysis

2.6.1. Bioanalytical analysis

Effect concentration (EC) in units of relative enrichment factor
(REF) were derived from a non-linear regression using a four
parameter logistic function fitting the log-transformed REFs from
0.2 to 25 for influents and 0.4—50 for effluents (Microtox). In the
AREc32 assay, untransformed REFs of 0.1-12.5 for influents and
0.2—25 for effluents were used. Cytotoxic samples (reduction of cell
number > 10%) were excluded from analysis (see S.3.5). Microtox
results are expressed as ECso, which correspond to the REF of the
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sample inducing a 50% luminescence inhibition. Results for the
AREC32 assay are expressed as ECjr1.5, which correspond to the REF
of sample that caused a luciferase induction ratio of 1.5 (IR 1.5) over
the control. Percentage removal of an effect compared to the
influent (AINF) and the activated sludge reference (AR1) were
calculated based on the mean effect concentrations according to
Equation (1).

removal rateqeament [%] — (1 _ EGso or ir1.5 (REF)nF or Rl)

ECs0 or 115 (REF) treatment
x 100

(1)

2.6.2. Chemical analysis

The concentrations of target compounds determined in the
anaerobic pre- and post-treatment were corrected by the dilution
factor resulting from the spike with acetate or iron chloride solu-
tion. Similar to the bioanalytical assessment, the relative removal of
each target compound or metabolite was calculated compared to
the influent (AINF) or the activated sludge reference (AR1). Here, it
should be noted that the removal of a compound is not synony-
mous to mineralization, since transformation products might be
formed.

2.6.3. Statistical analysis

We used GraphPad Prism (GraphPad Software, San Diego, CA)
for the nonlinear regressions and the estimation of effect concen-
trations. To test whether the datasets were Gauss-distributed,
D'Agostino-Pearson normality test was used (n > 8). If n was <8
normal distribution was assumed. To test for significant differences
between groups, one-way ANOVA with Tukey's multiple compari-
son tests were used for normally distributed datasets. Kruskal-
Wallis with Dunn's post hoc tests were applied when data were
not normally distributed. A p < 0.05 was considered significant.

3. Results and discussion
3.1. In vitro bioassays
In the control experiments (solvent controls, SPE blanks, blank

reactor experiment), we observed no effects with exception for the
blank reactor effluents, which cause a slight effect at the highest
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concentration (>25 REF) in the Microtox and AREc32 assays (see
S3.3). However, because the effects of the wastewater samples
occurred at much lower concentrations (Fig. 2), the influence of
chemicals leaching from the reactors is negligible. Further details
including the dose-response curves for each one-week composite
sample as well as the results for the reference compounds, the
control experiments and the cytotoxicity screening (AREc32) can be
found in the Supplementary Information (see S3).

3.1.1. Baseline toxicity — microtox assay

Bacterial bioassays to determine the inhibition of biolumines-
cence such as the Microtox assay are commonly applied to assess
the toxicity of water samples (Tang et al., 2014). Bioluminescence of
the bacteria is directly proportional to their metabolic activity, so
that any disruption by toxic substances results in a decreased
luminescence (ISO 11348-3, 2007). Hence, this is an indicator for
baseline toxicity and is more sensitive compared to other non-
specific toxicity endpoints such as cytotoxicity to mammalian cell
lines (Neale et al., 2012).

We observed a marked inhibition of the bioluminescence by the
influent samples (primary clarifier effluent) with an ECsp of
149 + 0.41 REF (Fig. 2A). The WWTP and the activated sludge
reference (R1) were comparably effective in removing baseline
toxicity with removal rates of 86.1 and 85.6%, respectively. This
observation is in accordance with previous reports (Macova et al.,
2011) and demonstrates that a conventional activated sludge
treatment already removes most of the baseline toxicity. Never-
theless, both reactor setups further reduced the residual toxicity.
The combination with an anaerobic post-treatment under
substrate-limiting conditions (R2 + R3) resulted in a minor addi-
tional removal of 27.2% (AR1, p > 0.05). In contrast, the anaerobic
pre-treatment in combination with a nitrifying and denitrifying
reactor (R5D) was more effective in removing the residual baseline
toxicity with a significantly higher additional removal of 60.2%
(AR1, p < 0.001). The performance of both processes corresponds
well with the removal of receptor-mediated toxicity observed
previously (Volker et al., 2016). Similar to the latter, the combina-
tion with an anaerobic pre-treatment outperformed the combina-
tion with an anaerobic post-treatment (R2 + R3) in removing the
residual baseline toxicity.

3.1.2. Oxidative stress response — AREc32 assay
The human MCF7 cell-based AREc32 assay is used to screen for
an activation of the oxidative stress response pathway NRF,-ARE
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Fig. 2. Baseline toxicity (A) and oxidative stress response (B) of reactor effluents and the final effluent of the WWTP in the Microtox and the AREc32 assay (n = 12). Mean ECsg or
ECir15 values are expressed as relative enrichment factors (REF). Removal is expressed as % compared to the influent (AINF) or the activated sludge reference (AR1). % p < 0.05, % %

p < 0.01; Kruskal-Wallis with Dunn's post hoc test.
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(Escher et al., 2012). Because adaptive stress response is an early
warning sign of toxicity, it is increasingly applied to evaluate water
quality and water treatment efficiency (Escher et al., 2013; Jia et al.,
2015; Neale et al., 2017).

The influent samples induced oxidative stress response with an
Er1s of 1.23 + 0.37 REF (Fig. 2B). The WWTP and the activated
sludge reference (R1) were comparably effective in reducing the
adaptive stress response with an Ejrq 5 of 3.17 + 0.60 and 3.44 + 1.04
REF and calculated removal rates of 61.1 and 64.1%, respectively.
Compared to previous reports on WWTP influents (0.34 + 0.13) and
effluents (1.62 + 0.47; Escher et al., 2012), the ERq 5 values detected
here are slightly higher but in the same order of magnitude.
Compared to the removal of baseline toxicity (Fig. 2A), the WWTP
and the activated sludge reference (R1) were less effective in
reducing the oxidative stress response. This suggests that the
conventional activated sludge treatment only partial removes the
compounds causing oxidative stress (e.g., electrophilic chemicals),
albeit the causative chemicals remain mainly unknown (Escher
et al,, 2013).

With regard to the anaerobic processes, the combination with
an anaerobic post-treatment (R2+R3) significantly reduced the
oxidative stress response compared to R1 with an Erys of
5.99 + 1.27 REF and an additional removal of 42.6% (p < 0.05). The
combination with an anaerobic pre-treatment (R5D) was similarly
effective with an Ejry 5 of 6.40 + 0.82 REF and an additional removal
of 46.3% (p < 0.01). While the combination with an anaerobic pre-
treatment (R5D) outperformed the one with the anaerobic post-
treatment for all other in vitro endpoints (see Fig. 2A and Volker
et al, 2016), both processes were equally effective in reducing
oxidative stress response. This suggests that a combined aerobic
and anaerobic treatment decreases the number of compounds
causing oxidative stress independent from the position or the
specific treatment condition (e.g., substrate limitation).

3.2. Whole effluent in vivo toxicity

All toxicity tests fulfilled the validity criteria according to
guideline requirements. In the control experiments, we observed
no effects of the blank reactor samples except for the reproduction
test with P. antipodarum (reduced mean embryo number (—32.3%),
see 54.3).

3.2.1. Growth inhibition in Desmodesmus subspicatus

In the growth inhibition test with D. subspicatus we investigated
the potential phytotoxicity caused by wastewater. While the test
aims at determining growth inhibition, exposure to treated efflu-
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ents increased growth in all treatments (57.1-62.9%) and with no
distinct difference between the samples (Fig. 3A). Given that nu-
trients are sufficiently supplied in the medium (according to
guideline) and the additional nutrients input via the samples varies
among all treatments (Fig. 1), other growth enhancing factors in the
wastewater likely caused this effect.

Although this appears to be beneficial for algae growth, such a
subsidiary effect may mask potential adverse effects of toxic com-
pounds (Aristi et al., 2016). Therefore, it is questionable if the classic
growth inhibition test is sensitive enough to determine phytotoxic
effects of low levels of pollutants commonly found in treated ef-
fluents and hence suitable to evaluate the efficiency of (advanced)
WWTPs (Wigh et al., 2016). To overcome these limitations, a po-
tential alternative might be the combined algae test (Escher et al.,
2008), which includes photosynthesis inhibition as additional
endpoint and a prior sample enrichment. Accordingly, the com-
bined algae test is more suitable to predict adverse effects of toxic
compounds such as herbicides (Margot et al., 2013) and at the same
time less susceptible for subsidy effects of the wastewater matrix.

Fig. 3. Growth of Desmodesmus subspicatus (A), reproduction of Potamopyrgus anti-
podarum (B), and biomass of Lumbriculus variegatus (C) exposed to reactor effluents
and the final effluent of the wastewater treatment plant (WWTP). Average difference is
expressed as % compared to the control group (AC). % p < 0.05, %% p < 0 0.01; one-
way ANOVA with Tukey's multiple comparison post hoc test.

3.2.2. Acute toxicity in Daphnia magna

The acute Daphnia magna toxicity test is a standard assay to
evaluate the water quality of effluents (ISO 6341, 2012). While other
studies report an acute toxicity of wastewater in daphnids (Aguayo
et al,, 2004; Cao et al., 2009), the samples for both sampling cam-
paigns did not induce any adverse effects in our experiments (see
S4.2). Moreover, even a chronic exposure (OECD, 2012) to effluents
from a conventional activated sludge treatment induced only
limited adverse effects. Magdeburg et al. (2012) reported a low
mortality rate of 24% while the reproduction output was increased
(205%) likely due to the additional food supply (suspended
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particulate matter, algae, bacteria) in the effluent. Hence, exposure
to effluents of a properly performing conventional activated sludge
treatment induces no or negligible adverse effects in D. magna.
Accordingly, acute and chronic tests with D. magna to evaluate the
additional removal of toxicity by advanced biological or technical
wastewater treatment are of limited relevance.

3.2.3. Reproduction of the mud snail Potamopyrgus antipodarum

In the experiments with P. antipodarum we investigated the
potential reproductive toxicity of the effluents (Fig. 3B). The overall
mortality of the snails during the test did not exceed 10% in the
control as well as in all treatments (see S4.3). After 28 d of exposure,
the control group generated a mean reproductive output of
17.9 + 5.6 embryos per female. Exposure to wastewater effluents
slightly increased the reproduction by 10.4—31.1%. This effect was
not significantly different from the controls or among treatments.
Hence, exposure to the effluents of conventional activated sludge
treatment does not affect the reproduction of P. antipodarum and
we were unable to determine a further improvement by the two
combinations with anaerobic processes.

We specifically selected P. antipodarum, because conventionally
treated wastewater reduced the reproduction of P. antipodarum in
previous studies (Magdeburg et al., 2012; Giebner et al., 2016).
Additionally, in situ biomonitoring with P. antipodarum resulted in
an increased mortality (Zounkova et al, 2014) and decreased
reproductive output (Gust et al., 2010, 2014) downstream of WWTP
discharges. In contrast, we and others (Stalter et al., 2010) observed
no reproductive toxicity after direct exposure to conventionally
treated wastewater. This suggests that a common factor in treated
wastewater causing the effect does not exist and highlights the
variability in toxicity of wastewater from different origins.

3.2.4. Reproduction of the blackworm Lumbriculus variegatus

We investigated potential effects on the reproduction and
growth of the sediment dwelling oligochaete L. variegatus based on
previous studies reporting a reduced biomass after exposure to
wastewater (Magdeburg et al., 2012; Stalter et al., 2010). After 28 d
of exposure, the average number of worms in the control group
increased by a factor of 4.2, which is far above the reproduction
required by the guideline (1.8). Exposure to the effluents, however,
and in accordance with the results for P. antipodarum, did not result
in significant effects (see S4.4). Similar to our findings, a previous
study reported a slight but not significant decrease in reproduction
after exposure to an effluent of a biological WWTP (Magdeburg
et al., 2012). In contrast, biomass per worm was significantly
reduced in all effluent exposures compared to the control (—25.5
to —34.2%) with no significant differences among treatments
(Fig. 3C). The lower biomass of L. variegatus exposed to the effluents
of the activated sludge treatment implies the persistence of resid-
ual toxicity that was not further eliminated by the extended
anaerobic treatments.

3.3. Chemical analysis

Although we observed some differences between R1 and the
full-scale WWTP (e.g., for acesulfame; Table S1), the removal rela-
tive to the total sum concentration of target micropollutants was
similar (51—-58%; Fig. 4). This is in agreement with the comparable
removal of the endocrine activity (Volker et al., 2016) as well as
non-specific in vitro toxicity (see 3.1) and confirms the successful
implementation of a reference reactor simulating a conventional
activated sludge treatment at pilot scale.

Both process combinations further reduced the sum concen-
tration of all target micropollutants compared to R1 by 14—17%
(Fig. 4). While the observed additional removal is still in the range
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Fig. 4. Sum concentration of target micropollutants [uM] of the influent and reactor
effluents (n = 8) and the final effluent of the WWTP (n = 3). Removal is expresses as %
compared to the influent (AINF) or the activated sludge reference (AR1). % p < 0.05:
one-way ANOVA with Tukey's multiple comparison post hoc test.

of the measurement uncertainty and only significant for the com-
bination with anaerobic post-treatment (R2+R3; p < 0.05), some
compounds were significantly further reduced by both processes
(see S5 for further details).

Out of the group of compounds which are already partially
removed by the WWTP (removal rate > 50%; upper section of
Fig. 5), both combinations removed codeine, climbazole and sul-
famethoxazole (sum of SMX and Ng-acetylsulfamethoxazole) to a
higher extend. In addition, atenolol and benzophenone-4 were
exclusively further removed by the combination with anaerobic
post-treatment (R2+R3) and bezafibrate by the combination with
an anaerobic pre-treatment (R5D). Furthermore, out of the medium
to poorly degradable compounds (removal rate WWTP < 50%;
Fig. 5), both processes further reduced erythromycin, venlafaxine
(VLX), N-desmethyl-VLX, tramadol (TMD) and N-desmethyl-TMD,
while diclofenac, metropolol and DHH-CBZ was further reduced by
R5D and diatrizoate by R2+R3.

The removal of diatrizoate in the anaerobic post-treatment was
in line with previous reports and attributed to reductive deiodi-
nation (Falas et al., 2016; Redeker et al., 2014). The removal of VLX,
TMD, their N-demethylated human metabolites N-desmethyl-VLX
and N-desmethyl-TMD is most likely related to anaerobic O-
demethylation (Falas et al., 2016; Gasser et al., 2012; Rithmland
et al,, 2015). For the anaerobic post-treatment (R2+R3) this was
further confirmed by an increase of the corresponding O-deme-
thylated metabolites. While the O-demethylated metabolites of
VLX and TMD were rather persistent and accumulated in R2+R3,
they were further removed by R5D. This might indicate that O-
demethylated metabolites of VLX and TMD formed in the anaerobic
pre-treatment were further degraded in the subsequent aerobic
treatment (R5). Reports from the literature about the redox-
dependent degradation of diclofenac, metropolol and DHH-CBZ
(Barbieri et al., 2012; Falas et al,, 2016; Huntscha et al., 2013;
Radke and Maier, 2014; Rithmland et al., 2015) strongly indicate
that the exclusive removal of these substances by the combination
with an anaerobic pre-treatment (R5D) was also caused by the
aerobic treatment in R5 rather than the preceding anaerobic
treatment in R4. The reduced carbon load and the use of carriers
may explain the elevated removal of these compounds (Falds et al.,
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Fig. 5. Removal of the target compounds and metabolites compared to the influent (AINF) as heat map. Compounds are sorted according to their removal in the full-scale
wastewater treatment plant (WWTP) with the upper section representing easily to moderately degradable compounds (removal rate > 50%) followed by medium to poorly

degradable compounds (removal rate < 50%).

2013, 2016). Moreover, it remains unclear to what extent the pro-
longed HRT contributed to the enhanced degradation (Gros et al.,
2010; Petrie et al., 2014b).

However, even though we observed an elevated removal of
compounds that are persistent during conventional activated
sludge treatment (e.g., diatrizoate, venlafaxine, tramadol, diclofe-
nac), the removal relative to the total sum concentration of target
micropollutants by both combinations is limited (14—17%, Fig. 4).
Hence, the improved removal is restricted to a small number of
compounds and the majority of the selected micropollutants
remain stable in all processes.

3.4. General discussion

In addition to the enhanced removal of endocrine and dioxin-
like activities (Volker et al., 2016), we here demonstrate that
combining aerobic with anaerobic treatments significantly in-
creases the removal of non-specific in vitro toxicities (3.1). This
further supports our hypotheses that combining aerobic and
anaerobic treatments as well as providing specific conditions by
supplementing an alternative electron acceptor or limiting the
substrate availability improves the removal of toxicity.

Comparing the two setups, the combination with an anaerobic
pre-treatment under iron reducing conditions outperformed the
setup with an anaerobic post-treatment in removing baseline
toxicity (3.1.1) as well as endocrine and dioxin-like activities

(Volker et al,, 2016); while both process are equally effective in
removing reactive toxicity (3.1.2) and target micropollutants (3.3).
Nevertheless, because the aim of the study was to explore the limits
of biological wastewater treatment, the investigated combinations
of aerobic and anaerobic treatments are not readily transferable to a
full-scale system (e.g., inapplicable process parameters). Hence, a
more thorough understanding of the relevant process parameters
needs to be established before considering a full-scale
implementation.

3.4.1. Chemical vs. biological analysis

The additional removal of target micropollutants (14—17%,
Fig. 4) was disproportionally low compared to the removal of
endocrine and dioxin-like activities (17—75%; Volker et al., 2016) as
well as non-specific in vitro toxicities (27—60%, see 3.1). Given that
only a small fraction of toxicity can be explained by chemical
analysis of target organic micropollutants (299—405 compounds;
Neale et al., 2017; Tang et al., 2014), the observed discrepancy in the
results of the chemical and biological analysis is not surprising.
Because both approaches offer advantages and disadvantages, a
combination should be applied to holistically evaluate wastewater
treatment.

Chemical analysis provides a direct measurement and therefore
enables the surveillance of the occurrence, transformation and
degradation of compounds of concern. Without this data, an
assessment of the treatment efficiency as well as a risk assessment
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of the discharge of micropollutants by WWTP is not feasible.
However, regarding the broad spectrum of micropollutants, current
chemical analysis fails to cover the unknown, yet toxicologically
relevant part (e.g., not prioritized chemicals, transformation prod-
ucts). To address this, non-target approaches are being developed
(Niirenberg et al., 2015).

Hence, a complementary biological analysis, which covers
diverse endpoints, is a crucial tool covering the unknown part and
will decrease the uncertainty in evaluating micropollutant elimi-
nation by wastewater treatment technologies accordingly. By
applying such an approach, previous studies demonstrated that an
excellent removal of target micropollutants does not necessarily
involve a reduction of toxicity due to the formation of toxic trans-
formation products (Becker et al., 2016; Magdeburg et al., 2014). In
this study, we observed a significant decrease of toxicity but a
disproportionally low removal of target micropollutants. Thus, a
complementary biological analysis is crucial to uncover (1) nega-
tive side effects of a treatment technology and (2) otherwise hidden
capacities for improvement of a treatment technology. The latter
might be particularly interesting for biological treatment processes.

Several relevant factors are discussed for target micropollutant
removal, such as SRT (Petrie et al., 2014b), HRT (Gros et al., 2010;
Petrie et al, 2014b), nitrification (Helbling et al, 2012;
Sathyamoorthy et al., 2013), heterotrophic activity (Majewsky
et al, 2010), redox conditions (Suarez et al., 2010; Xue et al,
2010), pH (Gulde et al,, 2014) and suspended/attached biofilm
growth (Falas et al., 2013), but insufficient information is available
how relevant these factors are for the removal of biological effects.
For instance, while several studies suggest that an extended HRT
and/or SRT are beneficial for the removal of selected estrogens and
estrogen-like compounds as well as estrogenicity (Johnson et al.,
2005; Kumar et al., 2015; Petrie et al., 2014a; Vermeirssen et al.,
2006), little is currently known how these process parameters
affecting the removal of other biological effects. Thus, including a
broader spectrum of bioanalytical tools in further research might
uncover hidden capacities for detoxification and facilitate the pri-
oritization of relevant process parameters for micropollutant
removal within the biological wastewater treatment.

Besides the many advantages of bioanalytical tools, as a result of
their integrative character, the inclusion of a biological analysis also
entails challenges. First, extraction of water samples via SPE is often
necessary (1) to exceed the limit of detection, (2) to create dose-
response curves for better comparability and (3) to remove ma-
trix effects (e.g., ions, pathogens). However, extraction via SPE
inevitability leads to a loss of compounds, for instance trans-
formation products with high polarity (Benner and Ternes, 2009).
While a method can be optimized for target compounds, the
development of an optimized SPE method for a biological effect is
complicated due to the unknown causative compounds (Wagner
and Oehlmann, 2011). Thus, a complete recovery of toxicity via
SPE cannot be verified. Accordingly, testing aqueous and extracted
wastewater samples can lead to different results depending on the
investigated endpoint (Giebner et al., 2016).

Second, in vitro assays are susceptible to false negative and
positive effects (e.g., matrix effects of co-extracted DOC; Neale and
Escher, 2014). Hence, quality controls (e.g., SPE blanks, adequate
reference compounds) as well as a simultaneous determination of
confounding factors (e.g., DOC) in the samples should be included
to detect or exclude potential artefacts. This is particularly impor-
tant when investigating hormone receptor antagonism (Neale et al.,
2015).

Third, a uniform data evaluation and interpretation of the
outcome of bionalytical tools is challenging and effect-based trigger
values, which enable the decision whether an observed effect is
acceptable or not, are still being developed (Escher et al., 2015;

Jarosova et al., 2014). The latter is mainly hampered by several
uncertainties in predicting toxicological relevance for organisms
(e.g., metabolic activation, detoxification mechanisms) and, a for-
tiori, for whole ecosystems (e.g., multiple stressors). However,
several studies demonstrate a link between in vitro effects and
adverse effects in vivo for endpoints, such as estrogenicity (Ihara
et al., 2015), dioxin-like effects (Maier et al., 2016) or cytotoxicity
(Stadnicka-Michalak et al., 2015). Moreover, progress in the
development of adverse outcome pathways (Becker et al., 2015),
will further facilitate the development of effect-based trigger
values for water quality monitoring.

3.4.2. Whole effluent toxicity testing with standardized in vivo tests

With regard to the in vivo toxicity, we observed no adverse ef-
fects in aquatic invertebrates after exposure to effluents of a con-
ventional activated sludge treatment, except for L. variegatus
(3.2.4). This in line with other studies reporting a lack of toxicity in
standardized in vivo tests (e.g., with Danio rerio, Lemna minor,
Chironomus riparius; Stalter et al., 2010, Wigh et al., 2016). While
some of these species are sensitive to oxidation products and,
therefore, suitable models to evaluate ozonated wastewater
(Magdeburg et al., 2012; Stalter et al., 2010), this appears not to be
the case for biologically treated wastewater.

The lack of wastewater-induced toxicity in the standardized
in vivo tests can be interpreted in different ways. Assuming that
model species are sufficiently sensitive to predict adverse effects on
aquatic ecosystems (default assumption), the effluent of a properly
performing biological WWTP will not pose a risk to the receiving
biocenosis. This sharply contrasts the current scientific consensus
according to which wastewater discharge is an important contrib-
utor to the degradation of biodiversity in surface waters. Other
authors have questioned this consensus and criticize laboratory-to-
field extrapolations (Johnson and Sumpter, 2016). However,
ecological research on aquatic communities implies that exposure
to wastewater-borne pollutants may affect more sensitive, non-
model species (Berger et al., 2016; Bunzel et al, 2013; Stalter
et al., 2013). Accordingly, Ashauer (2016) observed that imple-
menting advanced wastewater treatment improves the composi-
tion of the macroinvertebrate community in the receiving stream.
Thus, it is questionable if taxa used as model organisms in guideline
laboratory studies adequately predict the risk associated with
wastewater discharge to aquatic ecosystems, in particular with
regard to sensitive invertebrate taxa (e.g., mayfly, stonefly and
caddisfly larvae; Berger et al., 2016). With this in mind, bioassays
with more sensitive species and endpoints are needed to increase
the predictive power of in vivo toxicity evaluation of WWTP
effluents.

Finally, notwithstanding the question whether standardized
in vivo test are suitable to evaluate wastewater-borne toxicity and
accordingly the efficiency of a wastewater treatment technology,
drawing conclusion on the relevance of observed in vivo effects for
the receiving ecosystem is complicated. Thus, only large-scale
ecological approaches can provide insight into the question to
what extent wastewater discharge, among other stressors, con-
tributes to the loss of biodiversity in aquatic ecosystems (e.g.,
Stamm et al., 2016).

4. Conclusions
In summary, our study demonstrates that

1) Combining aerobic and anaerobic treatments resulted in a low
additional removal of organic micropollutants with the excep-

tion of some persistent micropollutants (e.g. diatrizoate, ven-
lafaxine, tramadol, diclofenac).
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2) Besides endocrine and dioxin-like activities, combining aerobic
and anaerobic treatments also enhance the removal of non-
specific toxicity (baseline and reactive toxicity). This further
suggests that an optimization of biological wastewater treat-
ment can improve detoxification.

3) Standardized in vivo bioassays are of limited relevance for the
evaluation of wastewater treated by a state-of-the-art activated
sludge treatment. Hence, more sensitive species and endpoints
are needed to increase the predictive power of in vivo ap-
proaches to evaluate wastewater treatment technologies.

4) We observed discrepancies in the removal of wastewater-borne
micropollutants, in vitro toxicity and in vivo effects. While this
was not unexpected based on the different levels of complexity,
this highlights the need for an integrative assessment of the
actual ecological impacts of wastewater discharge.

Acknowledgments

We thank the department G3 “Biochemistry/Ecotoxicology” of
the German Federal Institute of Hydrology, in particular Sebastian
Buchinger, Dierk-Steffen Wahrendorf, Ramona Pfander, Ilona
Kirchesch, Angela Koppers and Michaela Theis, as well as Andrea
Misovic from the Goethe University Frankfurt for their support.
Moreover, we thank all ATHENE project partners for the valuable
discussion. Financial support by the European Commission for the
project ATHENE (ERC 267807) is gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.watres.2017.03.030.

References

Aguayo, S., Munoz, M., de la Torre, A., Roset, ]., de la Pena, E., Carballo, M., 2004.
Identification of organic compounds and ecotoxicological assessment of sewage
treatment plants (STP) effluents. Sci. Total Environ. 328 (1-3), 69—81.

Aristi, 1., Casellas, M., Elosegi, A., Insa, S., Petrovic, M., Sabater, S., Acuna, V., 2016.
Nutrients versus emerging contaminants-Or a dynamic match between subsidy
and stress effects on stream biofilms. Environ. Pollut. 212, 208-215.

Ashauer, R., 2016. Post-ozonation in a municipal wastewater treatment plant im-
proves water quality in the receiving stream. Environ. Sci. Eur. 28, 1.

Baird, L., Dinkova-Kostova, A.T., 2011. The cytoprotective role of the Keap1-Nrf2
pathway. Arch. Toxicol. 85 (4), 241-272.

Barbieri, M., Licha, T, Nodler, K., Carrera, J., Ayora, C., Sanchez-Vila, X., 2012. Fate of
beta-blockers in aquifer material under nitrate reducing conditions: batch ex-
periments. Chemosphere 89 (11), 1272—1277.

Becker, D., Varela Della Giustina, S., Rodriguez-Mozaz, S., Schoevaart, R., Barcelo, D.,
de Cazes, M. Belleville, M.-P, Sanchez-Marcano, J., de Gunzburg, J.,
Couillerot, O., Volker, J., Oehlmann, J., Wagner, M., 2016. Removal of antibiotics
in wastewater by enzymatic treatment with fungal laccase — degradation of
compounds does not always eliminate toxicity. Bioresour. Technol. 219,
500-509.

Becker, R.A., Ankley, G.T., Edwards, S.W., Kennedy, S.W., Linkov, I, Meek, B.,
Sachana, M., Segner, H., Van Der Burg, B., Villeneuve, D.L., Watanabe, H., Barton-
Maclaren, T.S., 2015. Increasing scientific confidence in adverse outcome
pathways: application of tailored bradford-hill considerations for evaluating
weight of evidence. Regul. Toxicol. Pharmacol. 72 (3), 514—537.

Benner, J., Ternes, T.A., 2009. Ozonation of propranolol: formation of oxidation
products. Environ. Sci. Technol. 43 (13), 5086—5093.

Berger, E., Haase, P., Oetken, M., Sundermann, A., 2016. Field data reveal low critical
chemical concentrations for river benthic invertebrates. Sci. Total Environ. 544,
864—873.

Bhatt, P., Kumar, M.S., Mudliar, S., Chakrabarti, T., 2007. Biodegradation of chlori-
nated compounds - a review. Crit. Rev. Environ. Sci. Technol. 37 (2), 165—198.

Bunzel, K., Kattwinkel, M., Liess, M., 2013. Effects of organic pollutants from
wastewater treatment plants on aquatic invertebrate communities. Water Res.
47 (2), 597—606.

Cao, N,, Yang, M., Zhang, Y., Hu, J.Y., Ike, M., Hirotsuji, ]., Matsui, H., Inoue, D., Sei, K.,
2009. Evaluation of wastewater reclamation technologies based on in vitro and
in vivo bioassays. Sci. Total Environ. 407 (5), 1588—1597.

Escher, B.I, Bramaz, N., Mueller, J.F,, Quayle, P, Rutishauser, S., Vermeirssen, E.L.M.,
2008. Toxic equivalent concentrations (TEQs) for baseline toxicity and specific
modes of action as a tool to improve interpretation of ecotoxicity testing of

environmental samples. J. Environ. Monit. 10 (5), 612—621.

Escher, B.I, Dutt, M., Maylin, E., Tang, ].Y.M,, Toze, S., Wolf, C.R., Lang, M., 2012.
Water quality assessment using the AREc32 reporter gene assay indicative of
the oxidative stress response pathway. J. Environ. Monit. 14 (11), 2877—2885.

Escher, B.I, Neale, P.A., Leusch, ED.L, 2015. Effect-based trigger values for in vitro
bioassays: reading across from existing water quality guideline values. Water
Res. 81, 137—148.

Escher, B.I, van Daele, C., Dutt, M., Tang, J.Y.M., Altenburger, R., 2013. Most oxidative
stress response in water samples comes from unknown chemicals: the need for
effect-based water quality trigger values. Environ. Sci. Technol. 47 (13),
7002-7011.

European Environmental Agency, 2012. European Waters - Assessment of Status
and Pressures. EEA, Copenhagen, Denmark, p. 96. http://dx.doi.org/10.2800/
63266. EEA Report No. 8/2012, ISBN 978-92-9213-339-9.

Falas, P, Longree, P, la Cour Jansen, ], Siegrist, H., Hollender, ]., Joss, A., 2013.
Micropollutant removal by attached and suspended growth in a hybrid biofilm-
activated sludge process. Water Res. 47 (13), 4498—4506.

Falas, P, Wick, A., Castronovo, S., Habermacher, J., Ternes, T.A., Joss, A., 2016. Tracing
the limits of organic micropollutant removal in biological wastewater treat-
ment. Water Res. 95, 240—249.

Gasser, G., Pankratov, I, Elhanany, S., Werner, P, Gun, J., Gelman, F, Lev, O., 2012.
Field and laboratory studies of the fate and enantiomeric enrichment of ven-
lafaxine and O-desmethylvenlafaxine under aerobic and anaerobic conditions.
Chemosphere 88 (1), 98—105.

Giebner, S., Ostermann, S., Straskraba, S., et al, 2016. Effectivity of advanced
wastewater treatment: reduction of in vitro endocrine activity and mutage-
nicity but not of in vivo reproductive toxicity. Environ. Sci. Pollut. Res. http://
dx.doi.org/10.1007/s11356-016-7540-1.

Gros, M., Petrovic, M., Ginebreda, A., Barcelo, D., 2010. Removal of pharmaceuticals
during wastewater treatment and environmental risk assessment using hazard
indexes. Environ. Int. 36 (1), 15—26.

Gulde, R., Helbling, D.E., Scheidegger, A., Fenner, K., 2014. pH-dependent biotrans-
formation of ionizable organic micropollutants in activated sludge. Environ. Sci.
Technol. 48 (23), 13760—13768.

Gust, M., Buronfosse, T., Geffard, O., Mons, R., Queau, H., Mouthon, J., Garric, J., 2010.
In situ biomonitoring of freshwater quality using the New Zealand mudsnail
Potamopyrgus antipodarum (Gray) exposed to waste water treatment plant
(WWTP) effluent discharges. Water Res. 44 (15), 4517—4528.

Gust, M., Gagne, F, Berlioz-Barbier, A., Besse, ].P., Buronfosse, T, Tournier, M.,
Tutundjian, R., Garric, J., Cren-Olivé, C., 2014. Caged mudsnail Potamopyrgus
antipodarum (Gray) as an integrated field biomonitoring tool: exposure
assessment and reprotoxic effects of water column contamination. Water Res.
54, 222-236.

Helbling, D.E., Johnson, D.R., Honti, M., Fenner, K., 2012. Micropollutant biotrans-
formation kinetics associate with WWTP process parameters and microbial
community characteristics. Environ. Sci. Technol. 46 (19), 10579—-10588.

Huntscha, S., Velosa, D.M.R,, Schroth, M.H., Hollender, J., 2013. Degradation of polar
organic micropollutants during riverbank filtration: complementary results
from spatiotemporal sampling and push-pull tests. Environ. Sci. Technol. 47
(20), 11512—11521.

Ihara, M., Kitamura, T., Kumar, V., Park, C.B., Ihara, M.O., Lee, S.J., Yamashita, N.,
Miyagawa, S., Iguchi, T., Okamoto, S., Suzuki, Y., Tanaka, H., 2015. Evaluation of
estrogenic activity of wastewater: comparison among in vitro ERalpha reporter
gene assay, in vivo vitellogenin induction, and chemical analysis. Environ. Sci.
Technol. 49 (10), 6319—-6326.

ISO 6341, 2012. Water Quality - Determination of the Inhibition of the Mobility of
Daphnia Magna Straus (Cladocera, Crustacea) - Acute Toxicity Test. International
Organization for Standardization (ISO), Geneva, Switzerland.

ISO 8692, 2012. Water Quality - Fresh Water Algal Growth Inhibition Test with
Unicellular Green Algae. International Organization for Standardization (ISO),
Geneva, Switzerland.

I1SO 11348-3, 2007. Water Quality - Determination of the Inhibitory Effect of Water
Samples on the Light Emission of Vibrio Fischeri (Luminescent Bacteria Test).
International Organization for Standardization (ISO), Geneva, Switzerland.

Jarosova, B., Blaha, L., Giesy, ].P, Hilscherova, K., 2014. What level of estrogenic
activity determined by in vitro assays in municipal waste waters can be
considered as safe? Environ. Int. 64, 98—109.

Jia, A, Escher, B.I, Leusch, ED.L, Tang, ]J.Y.M., Prochazka, E., Dong, B.E, Snyder, E.M.,
Snyder, S.A., 2015. In vitro bioassays to evaluate complex chemical mixtures in
recycled water. Water Res. 80, 1-11.

Johnson, A.C,, Aerni, H.R,, Gerritsen, A., Gibert, M., Giger, W., Hylland, K., Jurgens, M.,
Nakari, T., Pickering, A., Suter, M.]., Svenson, A., Wettstein, F.E., 2005. Comparing
steroid estrogen, and nonylphenol content across a range of European sewage
plants with different treatment and management practices. Water Res. 39 (1),
47-58.

Johnson, A.C., Sumpter, ].P., 2016. Are we going about chemical risk assessment for
the aquatic environment the wrong way? Environ. Toxicol. Chem. 35 (7),
1609—-1616.

Kumar, V., Nakada, N., Yamashita, N., Johnson, A.C,, Tanaka, H., 2015. Influence of
hydraulic retention time, sludge retention time, and ozonation on the removal
of free and conjugated estrogens in Japanese activated sludge treatment plants.
Clean. Soil Air Water 43 (9), 1289—1294.

Loos, R., Carvalho, R., Antonio, D.C., Cornero, S., Locoro, G., Tavazzi, S., Paracchini, B.,
Ghiani, M., Lettieri, T, Blaha, L. Jarosova, B., Voorspoels, S., Servaes, K,
Haglund, P, Fick, ], Lindberg, R.H., Schwesig, D., Gawlik, B.M., 2013. EU-wide

93



Annex

230 J. Volker et al. / Water Research 116 (2017) 220—230

monitoring survey on emerging polar organic contaminants in wastewater
treatment plant effluents. Water Res. 47 (17), 6475—6487.

Macova, M., Toze, S., Hodgers, L., Mueller, J.F, Bartkow, M., Escher, B.I,, 2011. Bio-
analytical tools for the evaluation of organic micropollutants during sewage
treatment, water recycling and drinking water generation. Water Res. 45 (14),
42384247,

Magdeburg, A, Stalter, D., Oehlmann, J., 2012. Whole effluent toxicity assessment at
a wastewater treatment plant upgraded with a full-scale post-ozonation using
aquatic key species. Chemosphere 88 (8), 1008—1014.

Magdeburg, A., Stalter, D., Schlusener, M., Ternes, T., Oehlmann, J., 2014. Evaluating
the efficiency of advanced wastewater treatment: target analysis of organic
contaminants and (geno-)toxicity assessment tell a different story. Water Res.
50, 35—-47.

Maier, D., Benisek, M., Blaha, L., Dondero, F., Giesy, J.P., Kohler, H.R., Richter, D.,
Scheurer, M., Triebskorn, R., 2016. Reduction of dioxin-like toxicity in effluents
by additional wastewater treatment and related effects in fish. Ecotoxicol. En-
viron. Saf. 132, 47-58.

Majewsky, M., Galle, T,, Zwank, L., Fischer, K., 2010. Influence of microbial activity on
polar xenobiotic degradation in activated sludge systems. Water Sci. Technol. 62
(3), 701-707.

Malaj, E., von der Ohe, P.C., Grote, M., Kuhne, R., Mondy, C.P., Usseglio-Polatera, P,
Brack, W., Schafer, R.B.,, 2014. Organic chemicals jeopardize the health of
freshwater ecosystems on the continental scale. Proc. Natl. Acad. Sci. U. S. A. 111
(26), 9549—-9554.

Margot, J., Kienle, C., Magnet, A., Weil, M., Rossi, L., de Alencastro, L.F., Abegglen, C.,
Thonney, D., Chevre, N., Scharer, M., Barry, D.A., 2013. Treatment of micro-
pollutants in municipal wastewater: ozone or powdered activated carbon? Sci.
Total Environ. 461, 480—498.

Martin, M.T., Dix, DJ, Judson, RS. Kavlock, RJ., Reif, D.M. Richard, AM.,
Rotroff, D.M., Romanov, S., Medvedev, A., Poltoratskaya, N., Gambarian, M.,
Moeser, M., Makarov, S.S., Houck, K.A., 2010. Impact of environmental chemicals
on key transcription regulators and correlation to toxicity end points within
EPA's ToxCast program. Chem. Res. Toxicol. 23 (3), 578—590.

Neale, PA., Antony, A., Bartkow, M.E., Farre, MJ., Heitz, A., Kristiana, ., Tang, ].Y.M.,
Escher, B.I, 2012. Bioanalytical assessment of the formation of disinfection
byproducts in a drinking water treatment plant. Environ. Sci. Technol. 46 (18),
10317—-10325.

Neale, P.A., Escher, B.I, 2014. Does co-extracted dissolved organic carbon cause
artefacts in cell-based bioassays? Chemosphere 108, 281-288.

Neale, PA., Escher, B.I, Leusch, F.D., 2015. Understanding the implications of dis-
solved organic carbon when assessing antagonism in vitro: an example with an
estrogen receptor assay. Chemosphere 135, 341—-346.

Neale, P.A., Munz, N.A., Ait-Aissa, S., Altenburger, R., Brion, F.,, Busch, W., Escher, B.L,
Hilscherovd, K., Kienle, C., Novak, J., Seiler, T.-B., Shao, Y., Stamm, C., Hollender, J.,
2017. Integrating chemical analysis and bioanalysis to evaluate the contribution
of wastewater effluent on the micropollutant burden in small streams. Sci. Total
Environ. 576, 785—795.

Niirenberg, G., Schulz, M., Kunkel, U., Ternes, T.A., 2015. Development and validation
of a generic nontarget method based on liquid chromatography - high resolu-
tion mass spectrometry analysis for the evaluation of different wastewater
treatment options. ]. Chromatogr. A 1426, 77—90.

OECD, 1992. Fish Acute Toxicity Test. OECD Guidelines for Testing of Chemicals. No.
203. Organisation for Economic Cooperation and Development, Paris.

OECD, 2007. Sediment-water Lumbriculus Toxicity Test Using Spiked Sediment.
OECD Guidelines for Testing of Chemicals. No. 225. Organisation for Economic
Cooperation and Development, Paris.

OECD, 2012. Daphnia magna Reproduction Test. OECD Guidelines for Testing of
Chemicals. No. 211. Organisation for Economic Cooperation and Development,
Paris.

OECD, 2016. Potamopyrgus Antipodarum Reproduction Test. OECD Guidelines for
Testing of Chemicals. No 242. Organisation for Economic Cooperation and
Development, Paris.

Palomino, J.C.,, Martin, A., Camacho, M., Guerra, H., Swings, ]., Portaels, F.,, 2002.
Resazurin microtiter assay plate: simple and inexpensive method for detection
of drug resistance in Mycobacterium tuberculosis. Antimicrob. Agents Chemo-
ther. 46 (8), 2720—2722.

Petrie, B., McAdam, E.J., Hassard, F., Stephenson, T., Lester, J.N., Cartmell, E., 2014a.
Diagnostic investigation of steroid estrogen removal by activated sludge at
varying solids retention time. Chemosphere 113, 101-108.

Petrie, B., McAdam, E|J., Lester, J.N., Cartmell, E., 2014b. Assessing potential modi-
fications to the activated sludge process to improve simultaneous removal of a

diverse range of micropollutants. Water Res. 62, 180—192.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contami-
nants in wastewaters and the environment: current knowledge, understudied
areas and recommendations for future monitoring. Water Res. 72, 3—27.

Radke, M., Maier, M.P., 2014. Lessons learned from water/sediment-testing of
pharmaceuticals. Water Res. 55, 63—73.

Redeker, M., Wick, A., Meermann, B., Ternes, T.A., 2014. Removal of the iodinated X-
ray contrast medium diatrizoate by anaerobic transformation. Environ. Sci.
Technol. 48 (17), 10145—10154.

Rithmland, S., Wick, A., Ternes, T.A., Barjenbruch, M., 2015. Fate of pharmaceuticals
in a subsurface flow constructed wetland and two ponds. Ecol. Eng. 80,
125-139.

Sathyamoorthy, S., Chandran, K., Ramsburg, C.A., 2013. Biodegradation and com-
etabolic modeling of selected beta blockers during ammonia oxidation. Environ.
Sci. Technol. 47 (22), 12835—12843.

Schwarzenbach, R.P, Escher, B.I, Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The challenge of micropollutants in aquatic sys-
tems. Science 313 (5790), 1072—-1077.

Simmons, S.0., Fan, C.Y., Ramabhadran, R., 2009. Cellular stress response pathway
system as a sentinel ensemble in toxicological screening. Toxicol. Sci. 111 (2),
202-225.

Stadnicka-Michalak, J., Schirmer, K., Ashauer, R., 2015. Toxicology across scales: cell
population growth in vitro predicts reduced fish growth. Sci. Adv. 1 (7),
€1500302.

Stalter, D., Magdeburg, A., Oehlmann, J., 2010. Comparative toxicity assessment of
ozone and activated carbon treated sewage effluents using an in vivo test bat-
tery. Water Res. 44 (8), 2610—2620.

Stalter, D., Magdeburg, A., Quednow, K., Botzat, A., Oehlmann, J., 2013. Do con-
taminants originating from state-of-the-art treated wastewater impact the
ecological quality of surface waters? PLoS One 8 (4).

Stamm, C., Rdsdnen, K., Burdon, FJ., Altermatt, F,, Jokela, ]., Joss, A., Ackermann, M.,
Eggen, R.LL., 2016. Unravelling the impacts of micropollutants in aquatic eco-
systems. Adv. Ecol. Res. 55, 183—223.

Suarez, S., Lema, J.M., Omil, F,, 2010. Removal of pharmaceutical and personal care
products (PPCPs) under nitrifying and denitrifying conditions. Water Res. 44
(10), 3214—3224.

Tang, J.Y.M., McCarty, S., Glenn, E., Neale, P.A., Warne, M.S]., Escher, B.I, 2013.
Mixture effects of organic micropollutants present in water: towards the
development of effect-based water quality trigger values for baseline toxicity.
Water Res. 47 (10), 3300—3314.

Tang, J.Y.M., Busetti, F,, Charrois, JW.A., Escher, B.I, 2014. Which chemicals drive
biological effects in wastewater and recycled water? Water Res. 60, 289—299.

Vermeirssen, E.L., Suter, M.J., Burkhardt-Holm, P., 2006. Estrogenicity patterns in the
Swiss midland river Lutzelmurg in relation to treated domestic sewage effluent
discharges and hydrology. Environ. Toxicol. Chem. 25 (9), 2413—2422.

Volker, J., Castronovo, S., Wick, A., Ternes, T.A., Joss, A., Oehlmann, J., Wagner, M.,
2016. Advancing biological wastewater treatment: extended anaerobic condi-
tions enhance the removal of endocrine and dioxin-like activities. Environ. Sci.
Technol. 50 (19), 10606—10615.

Wagner, M., Oehlmann, J., 2011. Endocrine disruptors in bottled mineral water:
estrogenic activity in the E-Screen. J. Steroid Biochem. Mol. Biol. 127 (1-2),
128-135.

Wang, X.J., Hayes, ].D., Wolf, C.R., 2006. Generation of a stable antioxidant response
element-driven reporter gene cell line and its use to show redox-dependent
activation of Nrf2 by cancer chemotherapeutic agents. Cancer Res. 66 (22),
10983-10994.

Wigh, A, Devaux, A., Brosselin, V., Gonzalez-Ospina, A., Domenjoud, B., Ait-Aissa, S.,
Creusot, N., Gosset, A., Bazin, C., Bony, S., 2016. Proposal to optimize ecotoxi-
cological evaluation of wastewater treated by conventional biological and
ozonation processes. Environ. Sci. Pollut. Res. 23 (4), 3008—3017.

Wittmer, L.K., Bader, H.P., Scheidegger, R., Singer, H., Luck, A., Hanke, L., Carlsson, C.,
Stamm, C., 2010. Significance of urban and agricultural land use for biocide and
pesticide dynamics in surface waters. Water Res. 44 (9), 2850—2862.

Xue, W.C,, Wu, CY., Xiao, K., Huang, X., Zhou, H.D., Tsuno, H., Tanaka, H., 2010.
Elimination and fate of selected micro-organic pollutants in a full-scale
anaerobic/anoxic/aerobic process combined with membrane bioreactor for
municipal wastewater reclamation. Water Res. 44 (20), 5999—6010.

Zounkova, R., Jalova, V., Janisova, M., Ocelka, T., Jurcikova, J., Halirova, ]., Giesy, J.P.,
Hilscherova, K., 2014. In situ effects of urban river pollution on the mudsnail
Potamopyrgus antipodarum as part of an integrated assessment. Aquat. Toxicol.
150, 83-92.

94



Annex

Supplementary Information

Extended anaerobic conditions in the biological wastewater
treatment: Higher reduction of toxicity compared to target

organic micropollutants

Johannes Volker'", Tobias Vogtl, Sandro Castronovo®, Arne Wick?,

Thomas A. Ternes”, Adriano Joss®, Jorg Ochlmann' and Martin Wagner'

'Goethe University Frankfurt am Main, Department Aquatic Ecotoxicology,

Max-von-Laue-Str. 13, 60438 Frankfurt, Germany.
*Federal Institute of Hydrology, Am Mainzer Tor 1, 56068 Koblenz, Germany.

*Eawag: Swiss Federal Institute of Aquatic Science and Technology, Uberlandstr. 133,

8600 Diibendorf, Switzerland

*corresponding author: j.voelker@bio.uni-frankfurt.de

95



Annex

Table of content

ST CREIMICALS ...ttt s st s st se st eaeese et e eaeebeeseenesaeeteeneseenes 3
S2 Blank 1€aCtOr €XPETIIMENT........cuervieteetieieeierteeteseesteeseesseessessaesseessesseessesseessesssesseessesseessessees 3
NI AR 77 o3 1Y RSP 4
S3.1. Sample preparation (SPE).......ccccerieiiiiieiieiesieeieseete ettt 4
S3.2 Results for the reference substances (Microtox, AREc32 assay).......cccceevvereecvenvenennen. 4
S3.3 Results of the control experiments (Microtox, AREC32 assay) ........cceecvevvereeveneenennn. 5
S3.4 Dose-response curves of the one-week composite samples (Microtox)........cccceeveeuennen. 6
S3.5 Cytotoxicity screening (AREC32 @SSAY) ...cvevieriiriienieiiiiienieeienieeie sttt 7
S3.5.1 Results of the cytotoXiCity EXPEriments.........cceceeuereeirerieerenineneneseseseeseesienes 8
S3.6 Dose-response curves of the one-week composite samples (AREc32 assay) ................ 8
S4 I VIVO CXPEIIMEILS ....cuvieiiieiieeiieeieesiieeteesteeteessaeesseeesseessseesseeasseessseeseeasseassseasseessseesssesnses 9
S4.1 Algae calibration curve (Desmodesmus SUDSPICALUS).........cvecveeeecreseesrieireneeiseseenseeenes 9

S 4.2 Results of the acute toxicity tests with Daphnia magna ..........ccceccevveviieceeneecieneenneenen. 9

S 4.3 Additional results of the reproduction test with P. antipodarum ..................cceeuvennn.. 10

S 4.4 Additional results of the reproduction test with L. variegatus............cccoeevereevrereennenne 10
S5 ChemiCal ANALYSIS ....eovieerertieiieierieeieetteteete st ete et et e et e bt eaesteebeessesessaesseensesssenseessesseensenes 11

96



Annex

S1 Chemicals

Methanol (LC-grade), sulfuric acid (98%, Rotipuran), t-butylhydroquinone (97%, CAS: 1948-
33-0), DL-Dithiothreitol (>99%, CAS: 3483-12-3), Adenosine 5’-triphosphate disodium salt
hydrate (=99%, CAS: 34369-07-8), Coenzym A sodium salt hydrate (95%, CAS: 55672-92-
9), 3,5-dichlorphenol (97%, CAS: 591-35-5) were purchased from Sigma-Aldrich (Steinheim,
Germany). Acetone (pico-grade) and n-heptan (pico-grade) were purchased from LGC
Standards (Wesel, Germany). Dimethylsulfoxide (Uvasol) was purchased from Merck
(Darmstadt, Germany). Beetle luciferin potassium salt was purchased from Promega
(Mannheim, Germany). Resazurin sodium salt (CAS: 62758-13-8) was purchased from Alfa

Aesar (Thermo Fisher, Karlsruhe, Germany).

S2 Blank reactor experiment

In order to exclude effects of chemicals leaching from the reactor material, we performed a
blank reactor experiment. Therefore, a single running reactor was fed with the corresponding
reference media for the reproduction test with L. variegatus and P. antipodarum (see 2.4.3
and 2.4.4). The reactor was operating with a hydraulic retention time of 2.7 d (1/3 of HRT non
aerated and 2/3 of HRT aerated). Effluent of the blank reactor was tested in both on-site
reproduction tests. Moreover, in two out of the four sampling campaigns for the in vitro
assays, one-week composite samples were collected form the influent and the effluent

(500 mL) and extracted in the same manner like for all other sampling points.
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Luminescence inhibition

mean £ SD [%]

S3 In vitro assays

S3.1. Sample preparation (SPE)

For the analysis, composite samples were filtered (1 um, Whatman™ GF 6) and then stored at
4 °C until solid phase extraction (SPE). For SPE, 250 mL of each influent and 500 mL of each
effluent sample were acidified with sulfuric acid (pH 2.5) and processed within 24 h after
sampling by passage through a Telos C18/ENV cartridge (Kinesis, St. Neots). Additionally,
500 mL groundwater was extracted in the same manner, to determine a contamination during
the extraction (SPE-Blank). All cartridges were conditioned with 1 x 2 mL n-heptane,
1 x 2 mL acetone, 3 x 2 mL methanol and 4 x 2 mL groundwater (pH 2.5). Afterwards, the
cartridges were dried under N, and eluted with 10 mL acetone and 10 mL methanol.
Subsequently, the acetone and methanol extracts were evaporated under a gentle stream of
nitrogen to approximately 0.5 mL and then combined to one extract per sample. After an
addition of 100 uL. DMSO as keeper, the extracts were further evaporated to a final volume of
100 pL. Finally, all extracts were kept in glass vials with PTFE caps (-20 °C) prior to analysis

in the bioassays.

S3.2 Results for the reference substances (Microtox, AREc32 assay)
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Figure S1: Dose-response relationship of 3.5-dichlorphenol (3.5-DCP) in the Microtox assay (A) and of tert-
butylhydroquinone (t-BHQ) in the AREc32 assay (B). For the Microtox assay, luminescence inhibition [%] is
presented as mean + standard deviation of three independent experiments (n =12). For the AREc32 assay, induction
ratio is presented as mean+ standard error of two independent experiment (n=16).
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Luminescence inhibition

mean + SD [%]

Full dose-response curve of tBHQ in the AREc32 assay was determined in two independent
experiments before samples were tested (see S1 B). In addition to that, a serial dilution (1:2)
of tBHQ (10° M) was included on every sample plate in order to verify a comparable
sensitivity of the cells of different passages. Therefore, the results of the serial dilution of
tBHQ of every experiment were checked whether the obtained induction ratios were within

the range of the previous generated full-dose response curve.

S3.3 Results of the control experiments (Microtox, AREc32 assay)
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Figure S2: Results of the control experiments in the Microtox assay (A) and AREc32 assay (B) of three independent
experiments. For the Microtox assay, luminescence inhibition [%] is presented as mean * standard deviation. For the
ARECc32 assay, induction ratio is presented as mean + standard error. NC = negative control; SC = solvent control;
REF = relative enrichment factor.
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S3.4 Dose-response curves of the one-week composite samples (Microtox)
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Figure S3: Dose-response relationships of the influent, the final effluent of the WWTP and reactor effluents in the
Microtox assay, respectively. Data from each one-week composite sample analysed in three independent experiments
(n=6). Displayed is the luminescence inhibition [%) as mean + standard deviation. REF = relative enrichment factor.
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S3.5 Cytotoxicity screening (AREc32 assay)

To exclude that cytotoxic effects masking the oxidative stress response in the AREc32 assay,

cytotoxicity of the samples was assessed. Therefore, percentage difference in reduction

between treated and control cells was calculated according to the alamarBlue” assay technical

datasheet (Invitrogen, Carlsbad, CA, USA):

Reduction in cell density = 100 —

Where (Eox)A,
(Eox)A,

AMy

AR,

ANy

A2,

(Eox)A, Ay — (Eox)A, AR,

- ™2 410
(Eox)A, A, — (Fox)iAa, 100

molar extinction coefficient (E) of oxidized resazurin (blue) at 570 nm (80586)

= E of oxidized resazurin at 600 nm (117216)

absorbance of test well at 570 nm
absorbance of test well at 600 nm
absorbance of negative control at 600 nm

absorbance of negative control at 600 nm

When a sample value exceeds 10% reduction of cell density, the sample was defined as

cytotoxic and excluded from analysis.
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S3.5.1 Results of the cytotoxicity experiments
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Figure 4: Dose response curve for the reference substance [3.5-DCP] (A) and for the influent, the full-scale WWTP as
well as reactor effluents (B) and ECy-value expressed as relative enrichment factors [REF] (C).

S3.6 Dose-response curves of the one-week composite samples (AREc32 assay)
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Figure S5: Dose-response relationships of the influent, the final effluent of the WWTP and reactor effluents in the
ARECc32 assay, respectively. Data from each one-week composite sample analysed in three independent experiments
(n=6). Displayed is the induction ratio as mean =+ standard error. REF = relative enrichment factor.
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S4 In vivo experiments

S4.1 Algae calibration curve (Desmodesmus subspicatus)
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Figure S6: Algae calibration curve of D d bspicatus. Displayed is the regression line between the

cell number/mL and the fluorescence intensity of the corresponding sample. RFU = relative fluorescence unit.

S 4.2 Results of the acute toxicity tests with Daphnia magna
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Figure S7: Result for the two acute toxicity tests with Daphnia magna. Displayed are immobilized daphnids [%] as
mean = standard deviation (n=8).
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S 4.3 Additional results of the reproduction test with P. antipodarum
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Figure S8: Reproduction of P. antipodarum in the blank reactor experiment (A) and mortality (B), shell length (C) of
P. antipodarum exposed to reactor effluents and the final effluent of the wastewater treatment plant (WWTP).
Average difference in reproduction (A) is expressed as % compared to the control group (AC).
S 4.4 Additional results of the reproduction test with L. variegatus
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Figure S9: Reproduction (A) and biomass (B) of L. variegatus in the blank reactor experiment and reproduction (C) of
L. variegatus exposed to reactor effluents and the final effluent of the wastewater treatment plant (WWTP).
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S5 Chemical analysis
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Figure S10: Reduction of target compounds by the combination with an anaerobic post-treatment (R2+R3) or
anaerobic pre-treatment (R5D) compared to the AS reference (R1). % p < 0.05, % % p <0.01, % %% p <0.001; one-
way ANOVA with Tukey’s multiple comparison post hoc test for Gauss-distributed data and Kruskal-Wallis with
Dunn’s post hoc test for non-normally distributed data.
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HIGHLIGHTS

« 32 out of 38 antibiotics were removed >50% after 24 h by enzymatic treatment.
« Laccase in combination with syringaldehyde (SYR) effectively removed antibiotics.

« No significant reduction of antibiotics with laccase without any mediator.

« The addition of SYR to laccase resulted in a time-dependent increase of toxicity.
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In this study, the performance of immobilised laccase (Trametes versicolor) was investigated in combina-
tion with the mediator syringaldehyde (SYR) in removing a mixture of 38 antibiotics in an enzymatic
membrane reactor (EMR). Antibiotics were spiked in osmosed water at concentrations of 10 pg-L~" each.
Laccase without mediator did not reduce the load of antibiotics significantly. The addition of SYR
enhanced the removal: out of the 38 antibiotics, 32 were degraded by >50% after 24 h. In addition to
chemical analysis, the samples’ toxicity was evaluated in two bioassays (a growth inhibition assay and
the Microtox assay). Here, the addition of SYR resulted in a time-dependent increase of toxicity in both
bioassays. In cooperation with SYR, laccase effectively removes a broad range of antibiotics. However, this
enhanced degradation induces unspecific toxicity. If this issue is resolved, enzymatic treatment may be a
valuable addition to existing water treatment technologies.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Antibiotics are one of the most prescribed and used classes of
drugs in the world. They are mainly used in human and veterinary
medicine, with an estimated annual consumption of 100,000-
200,000 t (Wise, 2002). Antibiotics are chemotherapeutic agents
used to treat and prevent bacterial infections and have significantly

* Corresponding author.
E-mail address: dennis.becker@bio.uni-frankfurt.de (D. Becker).

http://dx.doi.org/10.1016/j.biortech.2016.08.004
0960-8524/© 2016 Elsevier Ltd. All rights reserved.

promoted higher health standards. They are also used in livestock
production, such as poultry farms and aquaculture to prevent dis-
eases and promote growth (Kiimmerer, 2009; Berglund, 2015). The
result of this wide application and a limited metabolism (excretion
up to 70% unchanged) is a steadily increasing release into the envi-
ronment with water, soil and sediments as major sinks
(Kiimmerer, 2009). Antibiotics were detected in surface waters as
early as in the 1970s. However, it was not until the 1990s that
through their widespread use and improved analytical technolo-
gies, their presence in the environment became an emerging con-
cern (Homem and Santos, 2011).
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One main concern is that antibiotics promote the development
and spread of resistant bacteria. Constant exposure to low concen-
tration of antibiotics can support the proliferation of resistant bac-
teria. This in turn can result in the transfer of resistance genes to
other bacterial species, including pathogenic strains (Batt and
Aga, 2005). Every year tens of thousands of deaths are caused by
antibiotic resistant bacteria and this trend is increasing (Sprenger
and Fukuda, 2016). Some of the antibiotics present in the environ-
ment are easily degraded (e.g. penicillins) whilst others are more
persistent, in particular tetracyclines and fluoroquinolones
(Larsson, 2014). In most environmental compartments the concen-
trations are in the ng to high pgL™' range, whereas at point
sources, like hospital effluents or production sites, concentrations
can reach the high mg.L~! range (Berglund, 2015; Aydin et al.,
2015).

These peak concentrations may adversely affect aquatic and
terrestrial wildlife (Homem and Santos, 2011; Park and Choi,
2008). Moreover, antibiotics do not act alone in complex compart-
ments like water. Commonly, mixtures of antibiotics in addition to
other substances are present in the environment, potentially
resulting in (over-)additive effects. For example, tetracycline and
sulfamethoxazole have a greater inhibitory effect when applied
as a mixture compared to the single substances (Aydin et al.,
2015).

Large amounts of antibiotics enter wastewater treatment plants
(WWTPs). Thus far, the removal of antibiotics and other micropol-
lutants from wastewater is based on physical (primary) and biolog-
ical treatment (secondary). Recently, advanced treatment (e.g.
oxidation, activated carbon) has been applied in a few selected
WWTPs. However, the majority of WWTPs do not remove antibi-
otics effectively (Batt and Aga, 2005). Consequently, a constant dis-
charge enters the surface waters, groundwater and can possibly
end up in the drinking water (Kiimmerer, 2009). Accordingly,
WWTPs are a source of antibiotics and antibiotic resistance genes
in the environment (Gros et al., 2014).

A promising alternative to existing treatment technologies is
the application of specific enzymes to remove these recalcitrant
compounds. One of these enzymes is laccase, an enzyme mainly
found in wood decaying (white rot) fungi. These fungi have a large
set of different enzymes to degrade lignin and hemicellulose in
wood. Lignin peroxidase, manganese peroxidase, and laccase are
most relevant in this process. The advantage of laccase is its ability
to reduce molecular oxygen accompanied by a one-electron oxida-
tion of reducing substrates (Piontek et al., 2002). In this way lac-
cases are able to degrade phenolic structures, diamines,
methoxy-substituted phenols and some inorganic compounds
(Piontek et al., 2002). Non-phenolic or more complex chemicals
that do not fit the active site are not degraded (Canas and
Camarero, 2010). However, laccase can catalyse the oxidation of
non-phenolic compounds in the presence of mediators
(Bourbonnais and Paice, 1990). One of the major mediators in lig-
nin (and in plants in general) is syringaldehyde (SYR, Canas and
Camarero, 2010). Because its redox potential is lower than that
of laccase and it contains two orthomethoxy substituents, SYR is
easily oxidised by laccase and SYR radicals will oxidise other com-
pounds. In this way the mediator is able to degrade non-phenolic
compounds, as well as large molecules, which are normally
unavailable for laccase treatment (Canas and Camarero, 2010).

Laccases alone have been used successfully to remove pharma-
ceuticals (Prieto et al., 2011; Kim and Nicell, 2006; Lloret et al.,
2013), alone as well as in combination with a mediator (Margot
et al, 2015; Weng et al., 2013). However, previous studies have
mainly focused on the removal of one or several compounds, usu-
ally in high concentrations, so not representing realistic environ-
mental situations (Prieto et al.,, 2011; Kim and Nicell, 2006;
Lloret et al., 2013; Nguyen et al., 2016).

Llorca et al. (2015) and de Cazes et al. (2015) have already
demonstrated that laccase immobilised on a ceramic support is a
promising technology to remove single compounds in lab-scale
experiments. The aim of this study was to assess its performance
to remove a broad range of 38 antibiotics on a reactor scale. An
antibiotics mixture with environmental relevant concentrations
(10 pg-L~" each) was treated in an enzymatic membrane reactor
(EMR) with immobilised laccase in combination with and without
SYR as a mediator. SYR was used since the majority of the antibi-
otics utilised are non-phenolic. Furthermore, SYR is easily available
and effective, while being affordable for large-scale applications
(Lloret et al., 2010). In addition to target chemical analysis, bioas-
says were used to investigate whether the enzymatic treatment
generates active transformation products (TP), which still have
antibiotic activity or are toxic.

2. Materials and methods
2.1. Chemicals, enzymes and carrier materials

Standards of antibiotics (Table 1, Supporting Information) were
of high purity grade (>90%) and purchased from Sigma-Aldrich.
Commercial powder of laccase from Trametes versicolor (activ-
ity > 10 U-mg~!, Ref. 51639), gelatine, glutaraldehyde and ABTS
(= 98%, Ref. 11557) were also purchased from Sigma-Aldrich.
The multichannel membranes (TiO,) were purchased from Tami
Industries (25 cm in length, 7 channels, external diameter of
1 cm and hydraulic diameter of 0.2 cm).

2.2. Enzyme immobilisation

Laccase was immobilised on ceramic membranes according to a
three-step procedure described by de Cazes et al. (2015). First, the
wet ceramic supports were coated with a gelatine layer, which was
activated by glutaraldehyde. Finally, 10 g-L~! laccase solution was
allowed to react with free aldehyde groups of glutaraldehyde for
2 h. All solutions were prepared in a 50 mmol-L~! phosphate buffer
(pH 7) and after each step, the excess solution was removed by
rinsing the membrane four times with phosphate buffer. The active
membranes were then stored in a desiccator with P,0s until use.
Blank membranes were prepared by applying the same method
without enzymes.

2.3. Enzymatic membrane reactor (EMR)

The EMR was built with stainless steel and PTFE to minimize
adsorption of the antibiotics (for details on the design see de
Cazes et al, 2014). The temperature, transmembrane pressure,
fluid velocity and oxygen concentration were measured by several
sensors. The temperature was set through a heat exchanger.
Because the feeding tank was open, the oxygen concentration
showed saturation conditions and an addition of extra oxygen to
the water was not needed. After each run the pilot unit was
cleaned successively with 2% sodium hydroxide (80 °C), 2% nitric
acid (60 °C) and abundantly rinsed after each cleaning step with
osmosed water.

In the EMR, enzymatic membranes were hydrated by filtrating
osmosed water. This eliminates potential free laccases that might
not have been rinsed properly during the grafting steps. The
osmosed water was then replaced by 5 L antibiotics mixture. The
antibiotics mixture consisted of 38 antibiotics (10 ug-L™! each in
osmosed water, Table 1, Supporting Information) from six different
groups (4 tetracyclines, 10 fluoroquinolones, 4 quinolones, 6 peni-
cillins, 12 sulfonamides and 2 others (1 nitroimidazole antibiotic
and 1 dihydrofolate reductase inhibitor)). 10 or 1000 umol.L™!
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Table 1

Removal [%] of antibiotics after 24 h in the different treatments grouped according to their removal behavior. A = instable, B = highly removable, C = medium removable,

D = recalcitrant.

Blank Laccase Laccase + SYR;o Laccase + SYR; oo Group
Sulfonamides
1 Sulfamethoxazole 242 14.2 80.1 97.2 B
2 Sulfabenzamide 171 15.0 85.5 98.5 B
3 Sulfadiazine 11.2 103 733 99.7 B
4 Sulfadimethoxine 23.0 5.38 74.8 96.1 B
5 Sulfamerazine 20.5 -1.26 75.6 100 B
6 Sulfamethizole 18.2 8.54 89.4 96.4 B
7 Sulfamethoxypyridazine 24.2 211 74.6 99.0 B
8 Sulfanitran 10.7 5.93 42.5 49.5 D
9 Sulfapyridine 132 —6.82 60.7 100 B
10 Sulfathiazole 141 6.80 86.0 99.8 B
11 Sulfisomidin 18.0 21.9 83.7 97.7 B
12 Sulfisoxazole 27.3 12.3 97.0 100 B
Penicillins
13 Amoxicillin 74.7 96.6 88.8 94.7 A
14 Ampicillin 100 88.6 88.8 99.9 A
15 Penicillin G 13.8 9.56 42.5 93.9 B
16 Penicillin V 1.83 -15.7 42.7 70.6 C
17 Cloxacillin 7.02 —4.57 435 54.3 C
18 Oxacillin 17.7 -23.1 315 53.5 C
Fluoroquinolones
19 Ofloxacin 33.6 549 67.0 77.7 B
20 Ciprofloxacin 58.0 59.4 49.7 93.0 A
21 Enrofloxacin 1.39 50.1 47.6 76.6 B
22 Danofloxacin 51.1 59.6 83.7 75.8 A
23 Orbifloxacin 14.2 7.39 57.3 33.0 C
24 Marbofloxacin 58.8 56.1 52.6 731 A
25 Flumequine 0.40 —3.46 -9.86 41.7 D
26 Norfloxacin 60.9 58.1 77.6 82.4 A
27 Difloxacin —6.31 —4.82 52.9 48.8 C
28 Enoxacin -37.3 —24.2 76.3 89.7 B
Quinolones
29 Cinoxacin 4.57 123 67.2 14.6 C
30 Nalidixic acid 4.06 -1.13 13.2 69.1 C
31 Pipemidic acid -95.9 54.6 60.8 85.5 B
32 Oxolinic acid —4.2 —4.54 27.7 73.5 C
Tetracyclines
33 Tetracycline 27.0 26.0 85.2 69.7 B
34 Doxycycline 304 35.8 89.1 60.4 B
35 Chlorotetracycline 50.6 33.2 98.0 92.2 A
36 Oxytetracycline 76.2 48.4 88.7 79.9 A
Other
37 Metronidazole 2.40 7.09 259 9.42 D
38 Trimethoprim 9.07 26.6 6.36 66.8 C

SYR was added to the antibiotics mixture. The temperature was set
to 25 °C and the flow velocity to 0.07 m-s~'. Experiments were car-
ried out in tangential configuration. For this purpose, the opening
of the permeate valve was controlled in order to determine the
degradation rate at different permeate flow rates whereas perme-
ate and retentate were continuously recycled during 24 h. Per-
meate samples for SPE (20 mL for chemical analysis, 130 mL for
ecotoxicological analysis) were taken at 0, 2, 4, 8 and 24 h.

After use, the membranes were soaked in a sodium hypochlo-
rite solution (5% (v/v)) at 40 °C for 15 min. They were then washed
following a standard cleaning procedure as recommended by the
supplier, which involves basic and acidic washings. The ceramic
supports were reused for a new laccase immobilization only if their
initial permeability was recovered.

2.4. Sample preparation

Water samples were preconcentrated using solid phase extrac-
tion (SPE) following the protocol previously described by Gros et al.
(2013). Briefly, water samples were successively filtrated through
2.7 mm, 1.0 mm and 0.45 mm pore-size membranes (Millipore;

Billerica, MA, USA). The pH of the samples was adjusted to 3 by
adding 0.1 mol-L~! HCl and 4% EDTA. 50 mL sample were extracted
using HLB cartridges (60 mg, Waters Corp., Mildford, MA, USA),
previously conditioned with 5 mL MeOH and 5 mL HPLC grade
water. For antibiotics analysis, the cartridges were eluted with
6 mL methanol, followed by evaporation under a gentle nitrogen
stream and a subsequent reconstitution with 1 mL methanol:water
(50:50 v/v).

For ecotoxicological analysis (Microtox and growth inhibition
test) elution of samples was conducted with 8 mL dichlor-
methane:methanol (50:50) in amber glass vials and concentrated
to 1 mL under a constant nitrogen stream. This extract was trans-
ferred to a GC-vial with the addition of 65 pL dimethyl sulfoxide
(DMSO), concentrated further to a 65 pL extract and stored at
—20°C until use. With this procedure the samples were concen-
trated 2000-fold (from 130 mL to 65 pL).

2.5. Analytical methods

The reconstituted extracts were analysed by chromatographic
separation with an ultra-performance liquid chromatography
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(UPLC) system (Waters Corp.), equipped with a quaternary pump
system using an Acquity BEH T3 column (50 mm, 2.1 mm i.d.,
1.7 mm particle size). The UPLC system was coupled to a triple
quadrupole-linear ion trap mass spectrometer (Applied Biosys-
tems; Foster City, CA, USA) with a Turbo V ion spray source. Anal-
ysis was performed in positive ionization mode in a multiple
reaction monitoring (MRM) mode. Samples were measured once.
For an accurate quantification, recoveries and the concentrations
were calculated by internal calibration with isotope-labeled stan-
dards according to Gros et al. (2013).

2.6. Growth inhibition assay

The antibiotic activity of the samples was evaluated by the bac-
terial growth inhibition assay using Bacillus subtilis strain ATCC
6633. The procedure described by Llorca et al. (2015) is based on
the protocol of Wiegand et al. (2008). B. subtilis was precultured
at 37 °C, under shaking (120 rpm), for 18 h in Mueller-Hinton Broth
(MHB) medium (from Sigma-Aldrich in ultra-pure water). The cul-
ture was diluted with MHB medium to an optical density at
595 nm (ODsgs) of 50 Formazine Attenuation Units (FAU). 190 pL
bacterial suspension was added to 10 pL sample diluted in phos-
phate buffer (NaH,PO4, NaHPO,4 and NaCl from Sigma Aldrich in
ultra-pure water, pH 7) in 96-well microtiter plates. The 2000-
fold concentrated extracts were 200-fold diluted in the phosphate
buffer, resulting in a maximum solvent concentration of 0.5%. B.
subtilis was exposed under constant shaking at 37 °C with ODsgs
measurements every 20 min over a time period of 400 min (Tecan
GENios Spectra FLUOR Plus Microplate Reader). All samples were
tested in four replicates and experiments were performed in trip-
licate (n=12). As positive control a mixture of the 38 antibiotics
in methanol with a final assay concentrations of 100 pg-L~' was
used. Phosphate buffer served as negative control, solvent controls
contained DMSO or methanol. When negative and solvent controls
did not differ significantly data were pooled.

2.7. Microtox assay (Aliivibrio fischerii)

To detect a potential formation of toxic by-products, the Micro-
tox assay or bioluminescence inhibition test was conducted with
the bacterium Aliivibrio fischeri (formerly Vibrio fischeri). The assay
was performed according to the standard operating procedure of
the International Organization for Standardization (ISO 11348-3,
2007), modified to a 96-well plate format as previously described
(Escher et al., 2008; Tang et al., 2013). In brief, controls (negative/-
solvent), reference compound (3,5-dichlorophenol) and SPE
extracts were serially diluted (1:2) in a saline buffer. 100 pL of each
sample were added to 50 pL of A. fischeri solution (not exceeding a
1% DMSO concentration). To detect inhibition, luminescence was
measured prior to sample addition and after 30 min incubation
using a microplate reader (Spark 10M, Tecan, Crailsheim,
Germany).

2.8. Data analysis

Data analysis was performed using GraphPad Prism v5.0
(GraphPad Software, Inc., San Diego, USA). P < 0.05 was considered
significant. The removal effectiveness for chemical analysis was
calculated based on Eq. (1) for residual concentration of antibiotic
classes:

R[%] = 100 x <%0> 1)

where C is the concentration after 2, 4, 8 or 24 h and C,g is the ini-
tial concentration of single antibiotics in the mixture. A negative

removal (i.e. Ci24 Was higher than Cy) was classified as 0% removal.
Single antibiotics were grouped in their corresponding antibiotic
class. Therefore the means of single antibiotics were combined in
each antibiotic class to better illustrate the removal and residual
concentration of each group.

In the growth inhibition test with B. subtilis the absorbance of
samples at 595 nm was corrected by the mean ODsgs of pure phos-
phate buffer. One-way ANOVA followed by Dunnett’s post-test was
used to compare the growth curves (non-linear regression using a
four-parameter logistic function) of the negative control and the
samples. Following this, the same analysis was used to compare
the area under the curve (AUC) of to with each time point. For
AUC evaluation the trapezoid rule was applied using GraphPad
Prism. Total relative growth was calculated relative to the negative
control (100%).

In the Microtox assay with A. fischeri after subtracting the blank
from the luminescence measurements, the luminescence inhibi-
tion on a percentage basis was determined by the following
equation:

luminescence inhibition (%] = <1 - (%o)) x 100 (2)
0

where t3g is the luminescence after 30 min incubation and ty the
starting luminescence. Based on these values a non-linear regres-
sion using a four-parameter logistic function was performed to cal-
culate ICsq values using GraphPad Prism. One-way ANOVA followed
by Dunnett’s post-test was used to compare the ICsq values.

3. Results and discussion
3.1. Process parameters

The permeability changed in the EMR during the experiments
by <6%. The pH of all samples was 6 at the beginning of each exper-
iment. The pH slightly increased over the 24 h period to 7 in the
blank, the laccase treatment and the laccase treatment with SYR
(10 umol-L™").  Treatment with high SYR concentration
(1000 pmol-L~") reduced the pH to 4 after 24 h (see SI Table S2).
At a lower pH a higher self-reaction of mediator radicals can occur.
This can result in a lower degradation and generate other or differ-
ent amounts of TPs. The pH optimum for most fungal laccases is
3.5-5 (Morozova et al., 2007), although, depending on the
enzyme-substrate interactions, this can differ. De Cazes et al.
(2014) observed that the pH optimum of laccase from T. versicolor
for degrading tetracycline was 6-7. Apart from changes in laccase
activity, the pH is able to alter the chemical reactions of a mediator
in coupling with laccases. Margot et al. (2015) detected that the
highest removal of sulfamethoxazole occurred at pH 5-6 with lac-
case (T. versicolor) and SYR. In this study the removal of antibiotic
compounds was more effective with the higher SYR concentration.
Thus, the pH reduction did not negatively affect the antibiotics’
removal.

3.2. Removal of antibiotics with the enzymatic membrane reactor

Compared to previous enzymatic degradation studies (Llorca
et al,, 2015; de Cazes et al., 2014) using the same type of enzyme,
a more realistic approach was taken to investigate whether laccase
is also able to degrade a broad spectrum of antibiotics present in a
mixture and at environmentally relevant concentrations (10 pg-L!
each). Generally, the enzymatic reaction rate decreases with lower
substrate concentrations (Nguyen et al., 2016) and the majority of
antibiotic compounds used were not of phenolic origin. Therefore,
SYR was used as a mediator to enhance the removal of antibiotics.
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In spiked osmosed water, the mean concentration of all 38
antibiotics was 11.93 +2.63 pg-L™! at t, (see SI Table S3). In the
blank reactor (i.e., EMR without enzyme) some antibiotics, partic-
ularly within the classes of tetracyclines and penicillins showed
high removal (>70%) after 24 h (Table 1). Compared to this, the lac-
case treatment did not significantly increase the antibiotics
removal (Fig. 1). The addition of a low concentration of SYR
(10 umol-L™!) enhanced the removal of antibiotics, whilst the
higher SYR concentration (1000 pmol-L~!) resulted in a faster
and more effective removal (Fig. 1).

An explanation for the degradation observed in the blank reac-
tor may be the adsorption of antibiotics to the surface of the reac-
tor and ceramic membranes, although this should be negligible as
all materials of the reactor were made of stainless steel and PTFE.
Experiments with tetracycline for instance, showed minimal
adsorption (5%) to the membranes or the reactor (de Cazes et al.,
2015). In addition, some antibiotics, such as penicillins and tetracy-
clines tend to be unstable in aqueous solutions (Llorca et al., 2014).
For example, tetracyclines form complexes with metal ions in
aqueous solutions and have high sorption behaviour to solid matri-
ces (Halling-Sorensen et al., 2002). Larsson (2014) reported that
penicillins are easily degradable whereas tetracyclines and fluoro-
quinolones are more persistent in the environment. For instance
the fast hydrolysis of the penicillin amoxicillin (Gozlan et al.,
2013) was also detected in the blank treatment. Therefore, when
evaluating the removal of antibiotics it is important to keep in
mind the varying stability of the compounds.

When comparing the blank sample with the laccase treatment
without mediator only slight differences were observed: the
removal of enrofloxacin, pipemidic acid, amoxicillin and trimetho-
prim was enhanced whereas the removal of chloro- and oxytetra-
cycline as well as some sulfonamides was lower (Table 1). For 11
antibiotics a negative removal was observed in the laccase treat-
ment, the blank, and once in the 10 umol-L~! SYR treatment
(Table 1). This phenomenon may be due to a quick sorption to
and a delayed desorption from the reactor material. Enrofloxacin
and pipemidic acid were the two antibiotics that were observed
to be removed most effectively by laccase treatment (removal

Blank Laccase

Laccase+SYRg,um
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enrofloxacin: 1 vs. 50% (blank vs. laccase); pipemidic acid: —96%
vs. 55%). Furthermore, amoxicillin was removed by around 97%
by laccase treatment compared to a removal of 75% in the blank.
Trimethoprim was degraded by 27% with laccase treatment and
only 9% without.

Laccases are known to degrade mainly small to mid-sized mole-
cules with phenolic, methoxy-substituted phenolic or amine resi-
dues which are able to fit into the active site of the enzyme
(Piontek et al., 2002). Out of the 38 antibiotics used, three had a
methoxy group, six had at least one phenolic group and/or 18 an
amine group. Trimethoprim has two amine groups, as well as three
methoxy groups. Amoxicillin has a phenolic and an amine group,
which could be an explanation for the better removal with laccase.
Enrofloxacin and pipedemic acid have neither a phenol, nor an
amine group. However, the methyl or carboxyl group could be a
reason for their enhanced removal with laccase. Although the
tetracyclines used in this study have 5-6 phenolic groups, only a
medium removal by laccase treatment was observed. The same
was found for the sulphonamides. Here, removal was even lower,
although all compounds except sulfanitran have an amine group.

The use of SYR as a mediator increased the removal of antibi-
otics with four exceptions: ciprofloxacin, marbofloxacin, flume-
quine, trimethoprim. With a concentration of 10 pmol-L~! SYR
(SYRyp), 26 out of 38 antibiotics were removed by >50% after
24 h, compared to seven and eight antibiotics in the blank and lac-
case treatment. Tetracyclines were the group most efficiently
removed, exceeding 85% with SYR;, followed by sulfonamides
with removal rates >60%, except for sulfanitran (42% removal after
24 h). Removal of fluoroquinolones was moderate and mostly
around 50%. Within the penicillins only amoxicillin and ampicillin
were removed by up to 90%, all other penicillins were relatively
stable. Quinolones were insufficiently removed by laccase and
SYRyo (less than 30% after 24 h), except for pipemidic acid (60%
removal), as well as metronidazole and trimethoprim.

The removal of antibiotics with 1000 pmol-L™" SYR (SYR1000)
was even more efficient. 17 out of 38 antibiotics were removed
by >90% after 24 h. The highest removal rates were obtained for
sulfonamides (>97% removal after 2h), except for sulfanitran

Laccase+SYR 1gooum

Residual concentration [%]

Sulfonamides (n=12)

Penicillins (n=6)

Fluoroquinolones (n=10)

Quinolones (n=4)

Tetracyclines (n=4)

100

Others (n=2)

24 0 2 4 8 24 0o 2

4 8 24 0 2 4 8 24
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Fig. 1. Residual concentration of antibiotics clustered in six structural classes. Means of the individual antibiotics concentrations are pooled for each class.
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(27%). Amoxicillin, ampicillin and penicillin G were successfully
removed (>90% after 24 h), whilst lower removal was achieved
for the other penicillins. With the exception of cinoxacin (15%
removal), removal of quinolones was enhanced (>70% after 24 h).
This was also the case for fluoroquinolones, except for difloxacin
(49%), orbifloxacin (33%) and flumequine (42%). Surprisingly, tetra-
cyclines were less effectively removed with SYRggo (60-90% after
24 h) compared to the lower SYR concentration. The same applies
to metronidazole (9%). In contrast, removal of trimethoprim
increased with the higher SYR concentration.

Most of the previous studies investigating the removal of antibi-
otics by laccase applied higher antibiotic concentrations (up to
10,000-fold higher than in this study) and observed a moderate
removal of antibiotics by laccase. For example, de Cazes et al.
(2014) reported that immobilised and free laccase degraded 56%
and 30% of tetracycline (20 mg-L™!), respectively, in an EMR in
batch configuration after 24 h. Suda et al. (2012) observed removal
rates of 16% for tetracycline, 48% for chlorotetracycline, 34% for
doxycycline and 14% for oxytetracycline, in a batch experiment
with antibiotic concentration of 40-50 mg-L~!. In most cases the
removal of antibiotics was enabled or enhanced by the addition
of mediating compounds (Margot et al., 2015; Weng et al., 2013;
Suda et al., 2012; Rahmani et al., 2015). For example, Suda et al.
(2012) used 1-hydroxybenzotriazole (HBT) and achieved a faster
and more efficient antibiotic degradation compared to laccase
alone. Margot et al. (2015) obtained best removal rates of sul-
famethoxazole with the mediators acetosyringone and SYR (“al-
most complete removal in less than 1 h”). Laccase alone did not
remove sulfamethoxazole after 72 h of treatment. Similar findings
were obtained in this study, where only minor removal of sul-
famethoxazole (14% after 24 h) was observed with laccase alone,
compared to an almost complete removal (99% after 2 h) when
using SYR. This trend was seen in the majority of compounds in
this study. Furthermore, the removal was usually enhanced with
the higher SYR concentration. This is supported by other studies
(Weng et al., 2013; Lloret et al., 2010) although increasing media-
tor concentrations may result in saturation (Nguyen et al., 2016).
Mechanistically, after the oxidation of SYR, phenoxyl radicals
may act as electron shuttles between laccase and the antibiotics.
These radicals are able to overcome the steric hindrance and
thereby improve the removal of antibiotics (Nguyen et al., 2016).
In addition, with increasing mediator concentration these radicals
may also react with each other and consequently reach a plateau
(Margot et al., 2015). Therefore, the catalytic speed and the related
removal efficiency are always limited by the concentration and
proportion of enzyme, mediator and substrate.

In order to evaluate the removal capacity of the EMR, the antibi-
otics were classified into different categories. All antibiotics with a
degradation of >50% after 24 h in the blank reactor were classified
as instable in aqueous solutions and categorised into group A
(ampicillin, oxytetracycline, amoxicillin, norfloxacin, mar-
bofloxacin, ciprofloxacin, danofloxacin, chlortetracycline). Among
these, amoxicillin is the most prescribed antibiotic for human med-
icine in Germany, and it is additionally used in veterinary medi-
cine. Penicillins and tetracyclines are generally the most used
antibiotic classes in Europe (FOCPFS et al., 2014).

Antibiotics not belonging to group A were considered stable in
aqueous solutions. These antibiotics were further categorised into
three groups, highly removable (>75% removal, group B), medium
removable (50-75% removal, group C), and recalcitrant (<50%
removal, group D) with laccase/mediator treatment. Group B
included all sulfonamides except for sulfanitran, as well as peni-
cillin G, ofloxacin, enrofloxacin, enoxacin, pipemidic acid, tetracy-
cline, and doxycycline. In group C, penicillin V, cloxacillin,
oxacillin, orbifloxacin, difloxacin, cinoxacin, nalidixic acid, oxolinic
acid, and trimethoprim were medium removable. Sulfanitran,

flumequine, and metronidazole were removed less than 50% in
any of the given treatments, therefore they were considered as
recalcitrant (group D, Table 1).

Penicillins, such as cloxacillin and oxacillin, could play an
important role in the distribution of antibiotic resistance due to
their extensive use in human and veterinary medicine. The dissem-
ination of resistant bacterial strains is rising, for example Escheri-
chia coli resistance towards penicillins increased to 17% in 2010
(FOCPFS et al., 2014). Furthermore, the proportion of second-line
drugs (fluoroquinolones) used has increased in the last few years
in Europe (FOCPFS et al., 2014). Moreover, in China quinolones
and fluoroquinolones were found to be dominant in WWTP efflu-
ents (Gothwal and Shashidhar, 2015), whilst fluoroquinolone resis-
tance has already found to be around 30% in human E. coli (FOCPFS
et al., 2014). Trimethoprim can be correlated to sulfamethoxazole
since both compounds are usually administered in combination
(Michael et al., 2013). In this study the removal of sulfamethoxa-
zole with SYR00p Was successful with almost complete elimination
whilst only 67% of trimethoprim was removed after 24 h. Other
studies observed varying removal rates for trimethoprim from
13% to 100% (Michael et al., 2013). The Robert Koch Institute found
82% of an Enterococcus faecium Van-B type to be resistant against
trimethoprim/sulfamethoxazole. However, metronidazole, which
was recalcitrant in this study, is less likely to be found in urban
wastewater (Michael et al., 2013).

3.3. Ecotoxicological assessment

The enzymatic degradation of toxicity was evaluated with two
in vitro bioassays, the growth inhibition test with an antibiotic sen-
sitive B. subtilis strain and the Microtox assay with A. fischeri. The
Microtox assay was used to investigate general toxicity whereas
the growth inhibition test with B. subtilis was applied to specifi-
cally investigate the removal of antibiotic activity.

In both assays only minor differences were observed between
the samples from the blank and the laccase treatment. Generally,
neither the occurrence of toxicity nor an increase of antibiotic
activity was detected (Figs. 2 and 3). In the B. subtilis test a slight
decrease of antibiotic activity was observed when laccase was
applied alone. Surprisingly, the toxicity of the samples increased
with time in both bioassays when SYR was added, although no tox-
icity was observed when SYR was analysed alone. This was true for
both SYR concentrations and implies that laccase treatment in
combination with SYR as a mediator generates toxic transforma-
tion products (TPs). A similar observation has also been made by
others (Weng et al., 2013; Nguyen et al., 2016; Fillat et al., 2010).

In the growth inhibition test with B. subtilis all samples of each
treatment group differed significantly from the growth of the neg-
ative control (Fig. 2). This implies a constant antibiotic activity in
all treatment samples. In the samples from the blank reactor,
growth inhibition was not significantly different compared to to.
This demonstrates that the antibiotic activity without enzymatic
treatment is stable over time and contrasts the degradation of
instable antibiotics determined by chemical analysis. One explana-
tion might be that these instable compounds have only minor
antibiotic activity in the B. subtilis strain ATCC 6633.

In the laccase treatment, bacterial growth was enhanced with
time (Fig. 2B). After 8 and 24 h B. subtilis grew significantly better
compared to ty indicating a decrease of antibiotic activity. This is
somewhat unexpected because compared to the blank samples,
only a few compounds were additionally removed by laccase
(3.2). Again, these antibiotics may be the ones inhibiting the
growth of the gram-positive bacterium B. subtilis most. Enrofloxa-
cin, trimethoprim and pipemidic acid act against gram-positive
and gram-negative bacteria, with the latter inhibiting B. subtilis
(Shimizu et al., 1975). Another reason could be that by the
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Fig. 2. Growth inhibition test with Bacillus subtilis with different enzymatic treatments. Growth curves represent the absorbance over time; the insets show the
corresponding area under the growth curves relative to the negative control. Significant differences were analysed with One-way ANOVA followed by Dunnett’s post-test.

hydrolysis of antibiotics in the blank metabolites were generated
that still inhibited bacterial growth. With additional laccase treat-
ment it is possible that TPs with lower antibiotic activity were
generated.

The laccase treatment with 10 pumol-L~! SYR resulted in negligi-
ble bacterial growth (Fig. 2C). Although a more effective removal of
antibiotics was detected in the chemical analysis, this removal did
not translate into an enhanced removal of antibiotic activity. The
growth curve of to constantly increased over time (although at a
low level), the curves of the other samples all had a bell-shaped
appearance, showing growth at the beginning up to a maximum
after 200 min then declining to zero. 100% mortality was observed
for B. subtilis after 6 h of exposure in all samples except to. This
increase of toxicity with time is a sign for the generation of toxic
TPs or the presence of residual mediator radicals. Using different
bioassays, other authors reported similar findings when using
SYR (Weng et al., 2013; Fillat et al., 2010). However, studies apply-
ing growth inhibition tests did not detect this phenomenon.
Rahmani et al. (2015) observed a decrease of growth inhibition
with four gram-negative and two gram-positive bacterial strains
when applying the same laccase but a different mediator (HBT)
to remove two sulfonamides. Suda et al. (2012) investigated the
removal of four tetracyclines under similar conditions and also
reported a decreased growth inhibition of B. subtilis and E. coli.
The toxicity observed in this study was probably due to the large
number of antibiotics in the mixture or specific compounds not

investigated previously. Furthermore, SYR may generate more
toxic by-products compared to HBT. A toxicity of SYR itself can
be excluded because concentrations up to 1 mol-L™" did not signif-
icantly inhibit the growth of B. subtilis (see Supporting Information,
Fig. S1).

For the laccase treatment in combination with 1000 pmol.L™"
SYR the highest and fastest antibiotics removal was observed in
the chemical analysis. In the B. subtilis test (Fig. 2D) the 2 h sample
enhanced the bacterial growth whereas the 4 h sample decreased
in growth and for the 8 h and 24 h samples no growth was
observed at all. The decrease of antibiotic activity after 2h
laccase-SYR treatment coincides with an efficient removal of
antibiotics determined in the chemical analysis (see SI Table S4).
The decline of bacterial growth in samples treated longer in the
EMR is again a clear indicator for the generation of toxic TPs.

In the Microtox assay samples from blank reactor and laccase
treatment did not induce significant toxicity up to a relative
enrichment factor of 20 (Supporting Information, Table S5). Here,
the maximum luminescence inhibition was 38%. Compared to that,
the treatments with both mediator concentrations (SYR;y, and
SYR1000) induced toxicity (Fig. 3). While at t, the SYR;o sample
did not show any toxicity, the higher mediator concentration
inhibited luminescence. To investigate whether SYR alone had
caused the luminescence inhibition in A. fischeri, an authentic stan-
dard was analysed in the Microtox assay. Here, the half maximal
inhibitory concentration (ICsp) of the mediator was 2.05 mmol-L~".
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Fig. 3. Luminescence inhibition of Microtox assay with the results of the Laccase + SYR;( treatment in A and the Laccase + SYR;goo treatment in B. Incorporated graphs show
the corresponding ICsp-values with significant differences with One-way ANOVA followed by Dunnett’s post-test.

With higher SYR concentrations the toxicity increased and the
strongest inhibition was detected for 20 mmol-L~! (see SI Fig. S4).
At concentrations below 1.25 mmol-L™! SYR did not inhibit the
luminescence. Comparing the two dose-response relationships of
SYR and the tp, the mediator alone caused a lower toxicity than
the one observed in the SYR;qggo treatment (ICsq = 1.43 mmol-L ™7,
see SI Fig. S4). Accordingly, concentrations in the SYR;( treatment
were too low to inhibit luminescence. Nguyen et al. (2016) also
observed luminescence inhibition of SYR with another bacterial
strain (Photobacterium leiognathi), which appears to be more sus-
ceptible to SYR (ICso=380 umol-L™"). Interestingly, they also
detected an effect of free laccase. In the current study, the laccase
was immobilised on a carrier membrane and no influence on the
luminescent bacteria was observed. An explanation for the toxicity
of SYR in A. fischeri is its antimicrobial activity, which was for
example described for the gram-positive Clostridium beijerinckii
(Richmond et al., 2012).

The toxicity of the samples increased with time in the laccase
+SYR;o treatment with a luminscence inhibition of >20% after

two hours (Fig. 3A). With an ICs of 4.92 relative enrichment factor
(REF) the 2 h sample seems most toxic followed by t4 (5.50 REF), tg
(6.51 REF) and ty4 (6.55 REF), but the slope of the tg and tp4 curves
is steeper compared to t, and t, which indicates a higher toxicity.
Because no luminescence inhibition was observed at to, the ICsos
were not compared statistically. In the laccase + SYR;qgp treatment,
toxicity also increased over time (Fig. 3B). The samples t, and ty4
showed a similar pattern with ICso values of 1.40 and 1.42 REF,
respectively. The strongest luminescence inhibition was observed
for the 24 h sample with an ICso of 0.82 REF. In comparison with
to all other time points exhibited significantly higher toxicity in
the Microtox assay. In both treatments the toxicity increased with
contact time, usually with highest toxicity after 24 h, a pattern also
observed in the growth inhibition test with B. subtilis.

As discussed above, one explanation for the increase in toxicity
is the generation of toxic by-products by the enzymatic treatment.
This might be due to the oxidation of aromatic structures, espe-
cially phenols to quinonoid products whose toxicity is often higher
than that of the parent compounds (Pillinger et al., 1994; Vaughan
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etal.,, 2010; Duran et al., 2002) especially the tetracyclines and qui-
nolones which are of aromatic origin can serve as starting products
for the more toxic by-products. Fillat et al. (2010) reported the
highest toxicity when using SYR as a mediator for the bleaching
of flax pulp.

Taken together, the enzymatic treatment using immobilised
laccase and a mediator is a promising tool to reduce the load of
antibiotic compounds in water. This enzymatic technology elimi-
nates the most relevant antibiotic compounds, such as penicillins,
tetracyclines and sulfonamides which are the most prescribed and
used antibiotic groups in Europe (FOCPFS et al., 2014). In compar-
ison to other advanced treatment technologies (e.g., sorption, oxi-
dation, photodegradation), which are summarised in Michael et al.
(2013), the laccase-mediator-system is similarly effective. The
major obstacle in applying enzymatic treatment for bioremedia-
tion at larger scale would be the cost of enzyme and mediator.
The use of a natural mediator such as SYR would facilitate the
scale-up of this technology thanks to potential cost reduction
(Lloret et al., 2010). Also Abejon et al. (2015) showed that with
immobilised enzymes on a membrane support, the scale-up and
the applicability would be feasible and also efficient. One major
limitation, however, is the generation of toxic transformation
products, which can only be detected when chemical is combined
with ecotoxicological analysis. As in the case of ozone-treatment
(Stalter et al., 2013), the implementation of a post-treatment
(e.g., a sand filter) may be feasible to remove the toxicity generated
in the process. If this issue is resolved, enzymatic treatment is
promising to treat wastewater at sites with high loads of antibi-
otics, for example hospitals and pharmaceutical production sites
(Michael et al., 2013).

4. Conclusions

32 out of 38 antibiotics present in water at environmental rele-
vant concentrations were removed >50% after 24 h by an enzy-
matic membrane reactor based on immobilised laccase and using
syringaldehyde as a mediator. In contrast, no significant removal
was observed in experiments applying laccase without mediator.
However, laccase treatment with mediator induced non-specific
toxicity in two bioassays implying a generation of toxic transfor-
mation products or radicals. The enzymatic treatment performs
as well as other advanced wastewater treatment technologies in
removing antibiotics. If the issue of toxicity is resolved, realistic
applications could be point sources such as hospital or pharmaceu-
tical industry wastewaters.
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Table S1: List of the 38 antibiotics with molecular formulas and CAS numbers

Chemical group Compounds Molecular formula CAS number
Sulfonamides Sulfamethoxazole C1oH11N303S 723-46-6
Sulfabenzamide C13H12N205S 127-71-9
Sulfadiazine C1oH1oN40,S 68-35-9
Sulfadimethoxine C12H14N4O4S 122-11-2
Sulfamerazine C11H12N4O2S 127-79-7
Sulfamethizole CoH10N40,S; 144-82-1
Sulfamethoxypyridazine C41H1,N4O3S 80-35-3
Sulfanitran C14H13N305S 122-16-7
Sulfapyridine C11H11N30,S 144-83-2
Sulfathiazole CoHgN30,S, 72-14-0
Sulfisomidin C12H14N4O5S 515-64-0
Sulfisoxazole C14H13N303S 127-69-5
Penicillins Amoxicillin C16H19N305S 26787-78-0
Ampicillin C16H19N304S 69-53-4
Penicillin G C16H17N204S 61-33-6
Penicillin V C16H17N205S 87-08-1
Cloxacillin C19H15CIN3O5S 61-72-3
Oxacillin C19H18N305S 66-79-5
Fluoroquinolones  Ofloxacin C1gH20FN30,4 82419-36-1
Ciprofloxacin C47H4gN3FO3 85721-33-1
Enrofloxacin C19H20FN303 93106-60-6
Danofloxacin C1gH20FN303 112398-08-0
Orbifloxacin C19H20F3N303 113617-63-3
Marbofloxacin C17H19FN4O4 115550-35-1
Flumequine C4H12FNO3 42835-25-6
Norfloxacin C16H1sFN303 70458-96-7
Difloxacin 021H19F2N3O3 98106-17-3
Enoxacin C15H17FN4O3 74011-58-8
Quinolones Cinoxacin C42H1oN2O5 28657-80-9
Nalidixic acid C12H12N203 389-08-2
Pipemidic acid C14H17N503 51940-44-4
Oxolinic acid C13H14NOs 14698-29-4
Tetracyclines Tetracycline CooHo4NoOg 60-54-8
Doxycycline CooHo4NoOg 564-25-0
Chlorotetracycline C2oH53CIN,Og 57-62-5
Oxytetracycline Co2oH24N20g 79-57-2
Other Metronidazole CeHgN303 443-48-1
Trimethoprim C14H1gN4O3 738-70-5
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Table S2: pH-Values of treatments during the treatment time of 24 h.

Time [h] Blank Laccase Laccase+SYRqoum Laccase+SYRgooum
0 6.06 6.08 6.03 6

2 6.15 6.34 6.33 5.64

4 6.68 6.46 6.52 4.63

8 7.05 6.7 6.76 43

24 712 7.3 7.08 3.98

Table S3: Concentrations of antibiotics over time in blank and laccase treatment

Antibiotic compound Blank Laccase

[mg/L] to t ta ts to to t; ts ts tos
Sulfamethoxazole 138 109 108 101 105 | 127 110 105 111 109
Sulfabenzamide 118 980 960 950 960 [ 115 9,60 950 930 9.70
Sulfadiazine 880 840 790 800 7.80 | 940 840 820 840 8.40
Sulfadimethoxine 124 890 950 930 960 [ 120 109 104 107 113
Sulfamerazine 140 126 121 106 112 | 138 147 125 124 140
Sulfamethizole 128 100 940 102 105 | 152 135 119 127 139
Sulfamethoxypyridazine 115 109 940 970 870 | 120 109 940 109 117
Sulfanitran 110 960 104 990 990 | 10.8 105 106 990 10.1
Sulfapyridine 124 110 111 980 108 | 146 155 146 137 156
Sulfathiazole 122 114 106 113 105 | 116 11.9 109 120 108
Sulfisomidin 125 111 106 106 103 | 152 117 107 112 119
Sulfisoxazole 131 102 980 940 950 | 134 112 110 118 118
Amoxicillin 570 330 270 270 140 | 960 030 040 050 0.30
Ampicillin 114 380 430 080 0.00 | 116 510 490 220 130
Penicillin G 156 219 216 216 134 | 142 202 193 200 128
Penicillin V 154 246 228 243 151 | 151 237 215 222 175
Cloxacillin 175 170 168 163 163 | 149 160 150 155 155
Oxacillin 124 133 111 125 102 | 102 225 140 138 126
Ofloxacin 115 820 860 820 760 | 113 106 101 129 510
Ciprofloxacin 123 730 820 670 520 | 7.70 6.60 490 930 3.10
Enrofloxacin 140 137 135 124 138 | 118 102 118 860 590
Danofloxacin 145 106 910 870 7.0 | 101 810 730 970 4.10
Orbifloxacin 129 117 121 128 111 | 128 129 135 127 119
Marbofloxacin 180 169 180 211 740 | 146 129 126 148 6.40
Flumequine 109 107 108 106 109 | 100 990 980 990 103
Norfloxacin 132 700 610 740 520 | 930 720 640 107 3.90
Difloxacin 113 114 117 104 120 | 950 950 890 7.30 9.90
Enoxacin 107 830 125 115 147 | 920 920 151 720 114
Cinoxacin 129 128 128 127 124 | 120 116 114 111 105
Nalidixic acid 125 117 122 123 120 | 135 142 134 130 136
Pipemidic acid 610 570 670 720 119 | 770 630 570 840 3.50
Oxolinic acid 138 134 147 140 144 | 165 169 160 147 173
Tetracycline 189 157 149 138 138 | 148 135 124 810 11.0
Doxycycline 167 170 181 158 117 | 156 163 121 102 10.0
Chlorotetracycline 105 125 105 980 520 | 102 109 950 630 6.80
Oxytetracycline 113 132 121 700 270 | 118 105 940 560 6.10
Metronidazole 122 122 119 118 119 | 154 137 140 133 143
Trimethoprim 125 111 114 111 114 | 146 132 124 109 108
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Table S4: Concentrations of antibiotics over time in laccase treatment with syringaldehyde

Antibiotic compound Laccase+SYRqoum Laccase+SYRgo0um
[ug/L] to t; ts ts tos to t; ty ts tos
Sulfamethoxazole 150 440 450 350 3.00 | 117 020 010 010 0.30
Sulfabenzamide 920 200 19 18 130 | 111 010 010 010 0.20
Sulfadiazine 132 520 480 500 350 | 980 0.00 0.00 000 0.00
Sulfadimethoxine 13.0 480 460 400 330 | 123 030 020 020 050
Sulfamerazine 11.8 370 330 000 290 | 117 0.00 0.00 000 0.00
Sulfamethizole 112 180 170 140 120 | 137 030 020 030 050
Sulfamethoxypyridazine 960 4.00 310 310 250 | 136 0.10 0.00 0.10 0.10
Sulfanitran 950 930 810 670 550 | 129 940 890 9.00 6.50
Sulfapyridine 800 430 380 420 320 | 125 000 0.00 0.00 0.00
Sulfathiazole 127 330 300 250 1.80 | 135 0.00 0.00 000 0.00
Sulfisomidin 131 440 390 290 210 | 121 030 020 020 0.30
Sulfisoxazole 830 050 040 030 030 | 120 000 0.00 0.00 0.00
Amoxicillin 124 260 230 200 140 | 960 300 020 060 050
Ampicillin 152 320 280 240 170 | 135 290 470 160 0.00
Penicillin G 710 720 650 530 410 | 188 103 890 720 1.20
Penicillin V 840 760 710 590 480 | 217 145 148 131  6.40
Cloxacillin 910 940 910 7.00 510 | 166 127 118 107 7.60
Oxacillin 950 940 910 760 650 | 13.8 9.00 7.90 880 6.40
Ofloxacin 123 131 980 710 410 | 105 760 570 340 230
Ciprofloxacin 870 148 132 740 440 | 141 280 110 110  1.00
Enrofloxacin 140 159 140 930 730 | 960 750 550 320 220
Danofloxacin 110 780 800 340 180 | 125 810 560 150 3.00
Orbifloxacin 960 7.90 7.90 620 410 | 117 9.60 930 950 7.90
Marbofloxacin 145 157 137 990 690 | 970 820 630 350 260
Flumequine 730 770 810 800 800 | 109 890 910 9.00 6.40
Norfloxacin 840 970 105 320 1.90 | 17.7 104 540 4.00 3.10
Difloxacin 720 7.80 6.80 490 340 | 640 6.90 6.10 430 3.30
Enoxacin 860 116 105 420 200 | 123 6.00 210 230 1.30
Cinoxacin 137 570 540 590 450 | 107 107 108 104 9.1
Nalidixic acid 6.30 6.70 640 6.00 55 13.8 660 560 540 4.30
Pipemidic acid 390 500 540 240 150 | 102 270 170 150 1.50
Oxolinic acid 790 750 740 680 570 | 123 530 450 420 3.30
Tetracycline 118 440 430 330 170 | 113 290 410 560 3.40
Doxycycline 121 160 090 120 130 | 123 130 310 3.80 4.90
Chlorotetracycline 102 090 080 050 020 | 840 050 040 050 0.70
Oxytetracycline 101 520 600 350 110 | 950 510 570 510 1.90
Metronidazole 104 960 103 890 770 | 125 118 100 106 113
Trimethoprim 106 104 106 103 100 | 132 850 660 6.00 440
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Table S5: Samples at different time points with luminescence inhibition and ICs, in the Microtox

assay.
Sample Max. luminescence inhibition [%] ICs0 [RCF]
(+95% CI)

Control 10.2 (£ 1.02) -
Blank t=0 21.2 (+ 28.6) -
Blank t=2 22.2 (£ 27.5) -
Blank t=4 25.2 (£ 23.3) -
Blank t=8 27.0 (+ 27.6) -
Blank t=24 37.8 (£ 3.33) -
Laccase t=0 22.9 (£ 29.7) -
Laccase t=2 20.8 (+ 23.6) -
Laccase t=4 22.8 (£ 20.0) -
Laccase t=8 33.0 (£ 5.15) -
Laccase t=24 16.7 (+ 38.0) -
Laccase+SYRqo t=0 9.69 (£ 20.5) -
Laccase+SYRyg t=2 51.8 (+ 88.7) 4.92 (£ 0.94)
Laccase+SYRy, t=4 99.4 (+ 1.42) 5.50 (+ 1.58)
Laccase+SYRy, t=8 100 (+ 0.01) 6.51 (+ 0.36)
Laccase+SYRy, t=24 100 (+ 0.01) 6.55 (+ 0.34)
Laccase+SYRgg t=0 99.2 (+ 0.82) 3.58 (£ 0.18)
Laccase+SYRgg t=2 100 (+ 0.01) 1.40 (+ 0.08)
Laccase+SYRgqo t=4 100 (£ 0.00) 1.42 (£ 0.09)
Laccase+SYRgg t=8 100 (+ 0.00) 0.94 (+ 0.06)
Laccase+SYR g0 100 (+ 0.00) 0.82 (+ 0.09)
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Figure S1: Bacillus subtilis growth inhibition test with syringaldehyde in different concentrations.
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Figure S2: Bacillus subtilis growth inhibition test with antibiotic mixture (sum concentration) at

different concentration as positive control.
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Figure S3: Microtox assay with A. fischeri luminescence inhibition with positive control 3,5-
Dichlorphenol.
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Figure S4: Microtox assay with A. fischeri luminescence inhibition with syringaldehyde alone and in

combination with immobilised laccase.
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A.4 Zusammenfassung

In der EU sind tiber 100.000 Chemikalien registriert, wovon sich 70.000 im taglichen
Gebrauch befinden. Aufgrund des breiten Anwendungsspektrums dieser Chemikalien
konnen Riickstdnde verschiedenster Stoffgruppen (wie z.B. Arzneimittel, Pestizide,
Industriechemikalien) in der aquatischen Umwelt nachgewiesen werden. Die
Verunreinigung mit diesen Spurenstoffen wird als eine mdgliche Ursache fiir den
Riickgang der Biodiversitit in aquatischen Okosystemen diskutiert und gefihrdet
dariiber hinaus - insbesondere in dicht besiedelten Gebieten - die Trinkwasserqualitat.
Neben diffusen Quellen wie z.B. Eintrdgen aus der Landwirtschaft, stellt die
Abwassereinleitung einen bedeutenden Eintragspfad fiir anthropogene Spurenstoffe
dar. Da viele Substanzen im Zuge der herkdmmlichen Reinigungsstufen nur
unzureichend entfernt werden, leiten konventionelle Klaranlagen kontinuierlich eine
grofde Bandbreite an Spurenstoffen in die Oberflichengewdsser ein. Um diesen Eintrag
zu minimieren, wird die Aufriistung von Kldranlagen mit einer erweiterten technischen
Reinigungsstufe basierend entweder auf oxidativen oder adsorptiven Behandlungs-
verfahren diskutiert. In Pilotprojekten zeigte sich, dass sowohl durch eine Aufriistung
mit einer Ozonierung sowie einer Aktivkohlebehandlung ein breites Spektrum an
Spurenstoffen effektiv reduziert werden kann. Trotz der bedeutenden Fortschritte bei
der Abwasserreinigung, wird die Implementierung dieser technischen Verfahren
durchaus kritisch diskutiert, da sie einen erh6hten Ressourcen- und Energieverbrauch
mit sich bringen. Eine Weiterentwicklung der bestehenden biologischen
Behandlungsprozesse sowie die Erforschung alternativer Losungen sind daher aus
einer Okologischen und nachhaltigen Perspektive sinnvoll. Vor diesem Hintergrund
konzentriert sich die vorliegende Arbeit auf die Bewertung biologischer
Behandlungsprozesse zur verbesserten Spurenstoffentfernung. Die hierzu
durchgefiihrten Arbeiten waren Teil der europdischen Forschungsprojekte ATHENE
und ENDETECH.

Die Bewertung der Spurenstoffentfernung durch Abwasserbehandlungsverfahren
basiert haufig ausschliefilich auf der chemischen Analyse einer begrenzten Anzahl von
Indikatorsubstanzen. Dieser Ansatz deckt jedoch nicht unbedingt den toxikologisch

relevanten Teil (z. B. nicht priorisierte Chemikalien, unbekannte
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Transformationsprodukte) der komplexen Mischung von Spurenstoffen in einer
Abwasserprobe ab. Im Gegensatz zur chemischen Analytik sind (6ko-)toxikologische
Testverfahren in der Lage, die grofde Anzahl der nicht priorisierten Schadstoffe und
Transformationsprodukte sowie die Mischungstoxizitit einer Abwasserprobe
integrierend zu erfassen. Dies ist darauf zuriickzufiihren, dass biologische Testsysteme
auf alle im Gemisch vorliegenden Substanzen reagieren, sofern diese den jeweiligen
Endpunkt des Tests beeinflussen. In der vorliegenden Arbeit wurde deswegen eine
Effekt-basierte Bewertung der Behandlungsverfahren mit Hilfe unterschiedlicher (6ko-)
toxikologischer Testsysteme durchgefiihrt.

Das ATHENE Projekt zielte darauf ab, Abwasserbehandlungen zu entwickeln, die das
ganze Potential des biologischen Abbaus ausschopfen. Wahrend aerobe Bedingungen
fir die meisten Abbauprozesse von Vorteil sind, finden einige biologische
Abbaureaktionen wie z.B. reduktive Dehalogenierung, die Reduktion von
Nitroverbindungen oder Demethylierung von Methoxygruppen ausschliefdlich unter
strikt anaeroben Bedingungen statt. Basierend auf diesem Hintergrund koénnte die
Einbeziehung einer anaeroben Behandlungsstufe eine mogliche Option darstellen, den
Abbau von Spurenstoffen innerhalb der biologischen Abwasseraufbereitung zu steigern.
Mit dem Ziel, das Potential einer komplementiaren anaeroben Behandlungsstufe zu
erforschen, wurden Kombinationen aerober und anaerober Bioreaktoren im
Pilotmaf3stab direkt an einer Klaranlage implementiert. Basierend auf Vorversuchen
wurden zwei vielversprechende Kombinationen fiir eine umfangreiche Bewertung der
Abbauleistung ausgewahlt. Die erste Kombination war eine anaerobe Vorbehandlung
unter Eisen-reduzierenden Bedingungen mit einer nachgeschalteten aeroben
Behandlungsstufe und die zweite Kombination bestand aus einem konventionellen
Belebtschlammverfahren mit einer nachgeschalteten anaeroben Behandlungsstufe
unter Substrat-limitierenden Bedingungen.

Aus der sehr heterogenen Gruppe der Spurenstoffe liegt ein besonderes Augenmerk auf
hormonaktiven Substanzen (“endocrine disrupting chemicals“; EDCs), da diese Stoffe
schon in sehr geringen Konzentrationen schddliche Effekte in Mensch und Tier
hervorrufen kénnen. Daher wurde in der ersten Studie (A. 1) die Entfernung von EDCs
durch die Kombination von aeroben und anaeroben Behandlungsverfahren im

Vergleich zur konventionellen Abwasserreinigung niher untersucht. Hierzu wurden
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mittels hefebasierten Reportergen-Assays die Entfernung von (Anti-)Ostrogenitit,
(Anti-)Androgenitat, retinoid-dhnlicher sowie dioxin-dhnlicher Wirkung analysiert.

Die Ergebnisse der Zulaufproben zeigten, dass in ungeklartem Abwasser Substanzen
vorkommen, die eine Vielzahl endokriner Endpunkte beeinflussen. Vier von den sieben
untersuchten Wirkmechanismen wurden in den entsprechenden hefebasierten
Reportergen-Assays aktiviert, wobei anti-6strogene und anti-androgene Aktivititen die
starkste Wirkung aufwiesen. Wahrend vorangegangene Studien zur Entfernung von
EDCs sich hauptsichlich auf die Entfernung von Ostrogenitit bzw. Substanzen mit
bekannter ostrogener Wirkung konzentrierten, unterstreicht dieser Befund die
Notwendigkeit, zusatzliche endokrine Endpunkte - insbesondere antagonistische
Aktivitaten - zu untersuchen, um ein ganzheitliches Bild liber die Entfernung von EDCs
durch ein Abwasserbehandlungsverfahren zu erhalten. Die Untersuchung der
konventionellen Kldranlage sowie der Simulation des Belebtschlammverfahrens im
Pilotmafdstab zeigte, dass ein Grofdteil der beobachteten Effekte effektiv entfernt
werden konnte. Dennoch konnte in den Abfliissen eine hohe anti-androgene Aktivitat
sowie geringe ostrogene und dioxin-dhnliche Aktivititen nachgewiesen werden, die je
nach Verdinnung im Gewdasser noch umweltrelevant sein konnten. Beide
Kombinationen mit anaeroben Behandlungsstufen fiihrten zu einer zusatzlichen
Entfernung der endokrinen Aktivititen im Vergleich zum konventionellen
Belebtschlammverfahren. Hierbei erwies sich die Kombination mit einer
vorgeschalteten anaeroben Behandlungsstufe unter Eisen-reduzierenden Bedingungen
effektiver (signifikante Entfernung um 40-75%) als die Kombination mit einer
nachgeschalteten  anaeroben Behandlungsstufe unter Substrat-limitierenden
Bedingungen (17-40%).

Hinsichtlich der Heterogenitat von Spurenstoffen sowie der unzahligen potentiellen
Wirkmechanismen kann die Bewertung von Abwasserbehandlungsverfahren nicht
ausschliefdlich auf der Entfernung von endokrinen und dioxin-dhnlichen Aktivititen
beruhen. Daher wurde in einer zweiten Studie (A. 2) die Entfernung der unspezifischen
Toxizitdt (Microtox-Assay) und der oxidativen Stressantwort als Marker fiir reaktive
Toxizitdit (AREc32-Assay) untersucht. Ziel war, Spurenstoffe abzudecken, die tiber
nicht-spezifische (z. B. nicht rezeptorvermittelte) Wirkmechanismen agieren. Dariiber
hinaus wurde mittels vier standardisierter Testsysteme die Abwassertoxizitat in vivo

analysiert. Hierzu kamen zwei Testsysteme im Labormafistab (Daphnia magna,
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Desmodesmus  subspicatus) sowie zwei chronische Reproduktionstests im
Durchflusssystem (Potamopyrgus antipodarum, Lumbriculus variegatus) direkt an der
Pilotanlage zum Einsatz. Anschliefend wurden die Ergebnisse der Effekt-basierten
Versuche mit chemischen Messdaten iliber die Entfernung von 31 ausgewdhlten
organischen Spurenstoffen (Indikatorsubstanzen) sowie zehn Metaboliten verglichen.
Die konventionelle Kldranlage sowie die Simulation des Belebtschlammverfahrens im
Pilotmaf3stab entfernte effektiv die unspezifische Toxizitat des Abwassers (>85%). Die
oxidative Stressantwort wurde dagegen nur teilweise entfernt (>61%), was darauf
hindeutet, dass Substanzen, die oxidativen Stress verursachen (z.B. elektrophile
Chemikalien), durch konventionelle Klaranlagen nicht effektiv entfernt werden. Beide
Kombinationen mit anaeroben Behandlungsstufen fiihrten zu einer zusatzlichen
Entfernung der nicht-spezifischen Toxizitdit im Vergleich zum konventionellen
Belebtschlammverfahren. Hierbei erwies sich die Kombination mit einer
vorangegangen anaeroben Behandlung unter Eisen-reduzierenden Bedingungen, die
eine zusatzliche Entfernungsleistung um 46-60% zeigte, erneut effektiver als die
Kombination mit einer nachgeschalteten anaeroben Behandlungsstufe unter Substrat-
limitierenden Bedingungen (27-43%). Aufder einer reduzierten Biomasse in allen
untersuchten Abfliissen im Reproduktionstest mit L. variegatus wurden keine toxischen
Effekte auf die wuntersuchten Modellorganismen nach Exposition gegeniiber
konventionell gereinigtem Abwasser beobachtet. Dementsprechend konnte mit den
ausgewahlten In-vivo-Testsystemen die weitere Verbesserung der Wasserqualitat
durch die Kombinationen mit anaeroben Behandlungsstufen nicht bewertet werden.
Die chemische Analyse zeigte, dass die Entfernung einiger Spurenstoffe (z.B. Diatrizoat,
Venlafaxin, Tramadol, Diclofenac) durch die Kombination mit einer anaeroben
Behandlungsstufe gesteigert werden kann. Bezogen auf die Gesamtheit aller
untersuchten Spurenstoffe war die zusatzliche Entfernungsleistung mit 14-17%
Steigerung im Vergleich zum konventionellen Belebtschlammverfahren allerdings
relativ gering.

Zusammenfassend lassen sich aus den Arbeiten, die im Rahmen des ATHENE-Projekts
durchgefiihrt wurden, folgende Schlussfolgerungen ziehen: Wahrend die zusatzliche
Entfernung von Indikatorsubstanzen relativ gering ausfiel, zeigten die Effekt-basierten
Messungen mit In-vitro-Testverfahren, dass die Einbeziehung einer anaeroben

Behandlungsstufe die Entfernung von endokrinen Aktivititen sowie nicht-spezifischer
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Toxizitdt signifikant steigern kann. Im Vergleich zu technischen Verfahren (z.B.
Ozonierung) ist die Kombination mit einer vorangeschalteten anaeroben
Behandlungsstufe unter Eisen-reduzierenden Bedingungen in der Entfernung von
Ostrogenitit und unspezifischer Toxizitit vergleichsweise effektiv, wihrend die
Entfernung von Anti-Androgenitat sowie dioxin-dhnlicher Aktivitdt geringer ausfallt.
Anhand dieser Ergebnisse lasst sich zeigen, dass eine Optimierung der biologischen
Abwasseraufbereitung zu einer deutlich verbesserten Entfernung von toxisch
relevanten Substanzen fiihrt. Diese Kapazitat eines Abwasserbehandlungsverfahrens
kann nur durch die im Rahmen dieser Arbeit durchgefiihrten Effekt-basierten
Messungen aufgedeckt werden.

Das ENDETECH Projekt zielte darauf ab, eine biotechnologische Losung zur Entfernung
von persistenten Arzneimitteln aus Abwassern, die eine hohe Fracht von Spurenstoffen
enthalten (z.B. Krankhausabwaésser), zu entwickeln. Das Enzym Laccase aus der
holzbewohnenden Pilzart Trametes versicolor wurde hierzu fiir die Anwendung in
Bioreaktoren auf Keramikmembranen immobilisiert. In einer Proof-of-Principle-Studie
(A. 3) wurde die Entfernung einer Mischung von 38 Antibiotika durch die
enzymatischen Membranbioreaktoren ohne oder in Anwesenheit des natiirlichen
Mediators Syringaldehyde (SYR) analysiert. Hierzu wurden die chemischen Messdaten
zur Entfernung der ausgewadhlten Antibiotika mit zwei In-vitro-Testsystemen
kombiniert. Um die verbleibende Antibiotika-Aktivitat in den Abfliissen der
Bioreaktoren zu detektieren, wurden Wachstumsinhibitionstests mit einem gegeniiber
Antibiotika sensitiven Stamm von Bacillus subtilis durchgefiihrt. Dariiber hinaus wurde
die unspezifische Toxizitdt der Abfliisse mittels Microtox-Assays aufgenommen, um eine
potentielle Formation toxischer Abbauprodukte zu erfassen.

Die Behandlung mit Laccase ohne die Zugabe von SYR fiihrte zu keiner signifikanten
Entfernung der ausgewahlten Antibiotika. Dagegen ergab die Behandlung mit Laccase in
Kombination mit einer SYR-Konzentration von 10 pmol/L eine deutliche Reduktion der
Antibiotika. 26 der 38 ausgewahlten Antibiotika wurden nach 24 h Behandlung zu tiber
50% entfernt. Die Steigerung der SYR-Konzentration auf 1000 pmol/L flihrte zu einem
zusatzlich verbesserten Abbau der ausgewdhlten Antibiotika. 32 der 38 ausgewahlten
Antibiotika wurden zu iiber 50% entfernt, wobei 17 Antibiotika fast vollstiandig entfernt
wurden (>90%). Im Gegensatz dazu zeigten die Effekt-basierten Messungen, dass es im

Zuge der Kombination mit dem Mediator SYR zu einer zeitabhdngigen Formation von
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unspezifischer Toxizitdit kommt. Wahrend SYR alleine keinen Effekt auf B. subtilis hatte,
fiihrte die Behandlung mit Laccase in Kombination mit SYR zu einer starken
Wachstumsinhibition von bis zu 100%. Dieses Ergebnis konnte parallel auch in den
Microtox-Assays bestatigt werden. Sowohl die Kombination mit der geringen als auch
der hohe SYR-Konzentration fiihrte zu einem signifikanten zeitabhdngigen Anstieg der
unspezifischen Toxizitdt in den Abfliissen der Bioreaktoren.

Zusammenfassend lasst sich folgende Schlussfolgerung ziehen: Immobilisierte Laccase
in Kombination mit dem natiirlichen Mediator SYR entfernte erfolgreich ein breites
Spektrum von Antibiotika in Abwasser-relevanten Konzentrationen und stellt daher
eine vielversprechende Technologie fiir die Behandlung von belasteten Abwassern (z. B.
Krankenhausabwassern) dar. Jedoch zeigten die Effekt-basierten Messungen einen
signifikanten Anstieg der unspezifischen Toxizitat im Zuge der Kombination mit dem
Mediator SYR. Deswegen sind weitere Untersuchungen noétig, um die Formation der
unspezifischen Toxizitdt zu minimieren, bevor der Einsatz dieser Technologie in

Erwagung gezogen werden kann.
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