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GWRC in brief

In 2002, twelve leading research organisations established an international water research alliance: the Global Water
Research Coalition (GWRC). GWRC is a non-profit organisation that serves as a focal point for the global collaboration for
research planning and execution on water and wastewater related issues.

The Coalition focuses on water supply and wastewater issues and renewable water resources: the urban water cycle. The
function of the GWRC is to leverage funding and expertise among the participating research organisations, coordinate
research strategies, secure additional funding not available to single country research foundations, and actively manage a
centralised approach to global issues. GWRC offers its members the opportunity to leverage resources through
cooperative planning and implementation of research.

The GWRC Members are: Canadian Water Association (Canada), KWR - Water B.V. (Netherlands), PUB - Public Utilities
Board (Singapore), Stowa- Foundation for Applied Water Research (Netherlands), SUEZ - CIRSEE (France), TZW - Water
Technology Center (Germany), UK Water Industry Research (UK), Veolia Research and Innovation (VERI) (France), Water
Research Australia (Australia), Water Research Commission (South Africa), The Water Research Foundation (USA), and the
\Water Services Association of Australia.

The US Environmental Protection Agency has been a formal partner of the GWRC since 2003. The Global Water Research
Coalition is affiliated with the International Water Association (IWA).

GWRC members represents the interests and needs of 500 million consumers and have access to research programs with
a cumulative annual budget of more than €150 million. The research portfolio of the GWRC members spans the entire
urban water cycle and covers all aspects of resource management.
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Executive summary

In vitro bioassays are sensitive screening tools to detect complex mixtures of micropollutants in water samples, but

micropollutants are often present at low concentrations, particularly in drinking water and clean source water. Therefore,
there is a need to enrich samples prior to bioanalysis. This report summarizes commonly applied sampling strategies and
sample preparation options and proposes a decision-making tool to assist users to select appropriate sampling methods.

The sampling strategy will depend on the purpose and objective of the sampling campaign, as well as the sample context.
For example, if the purpose of a sampling campaign is to assess the product quality of a drinking water treatment plant,
with the objective of comparing the effect in the treated product water to an effect-based trigger value, then only the
product water needs to be collected. If we want to understand critical processes, it might be required to sample at
different stages of a treatment chain. The type and volume required will depend on the sample, with composite sampling
and smaller volumes recommended for wastewater influent and effluent. In contrast, grab sampling and larger sample
volumes are more suitable for drinking water and recycled water,

Once a water sample has been collected, a number of decisions regarding sample pre-treatment need to be made. For
example, samples should be processed within 48 hours of collection, while samples containing chlorine should be
quenched immediately after collection. While many studies filter samples prior to enrichment, the type of filter and the
filter pore size used varies widely in the literature. We recommend filtering water samples with a turbidity of 5
nephelometric turbidity units (NTU) or greater using glass fibre filters with a pore size between 0.7 to 1.5 um.

Common sample extraction methods include solid-phase extraction (SPE), passive sampling and liquid-liquid extraction,
with SPE the most frequently used method to enrich micropollutants prior to bioanalysis. Testing native or unenriched
water samples is not recommended as it is not possible to differentiate the effect of organic micropollutants from other
components in water. Different SPE sorbents have been used in the literature, with multilayer SPE containing different
sorbents to capture a wider range of micropollutants increasingly being applied. However, blank effects have previously
been detected, so it is important to select an extraction method with no blank effects as bioassays cannot differentiate
between effects from a water sample and effects from impurities from sample processing. Few studies have evaluated
effect recovery by SPE, with one study finding effect recovery to be within a factor of two of the optimal 100% recovery for
most bioassays.

As there are a number of decisions to be made regarding sample collection, pre-treatment and enrichment a decision-
making flow chart was developed to guide users through the key steps. Once the final sample pre-treatment and
processing methods have been selected, it is important to use the same approach for all samples that you want to
compare. It is important to note that the information used to support the sample processing decisions is often based on
user experience and chemical analysis protocols, with few studies investigating the impact of different sample processing
options on the biological effect. One of the least standardised, but very important, pre-treatment steps is sample filtration,
with further experimental work required to validate the approach proposed in this report.

Abbrevations: AhR: aryl hydrocarbon receptor; AR: androgen receptor; BEQ: bioanalytical equivalent concentration; DBP:
disinfection by-product; DF: dilution factor; DMSO: dimethyl sulfoxide; EEQ: 17B-estradiol equivalent concentration; EF:
enrichment factor; ER: estrogen receptor; EROD: ethoxyresorufin-O-deethylase; GR: glucocorticoid receptor; LLE: liquid-
liquid extraction; LVSPE: large volume solid-phase extraction; MTBE: methyl tert-butyl ether; NTU: nephelometric turbidity
units; POCIS: polar organic chemical integrative samplers; PPAR: peroxisome proliferator-activated receptor; PR:
progesterone receptor; PXR: pregnane X receptor; REF: relative enrichment factor; SPE: solid-phase extraction; SPM:
suspended particulate matter; TR: thyroid receptor; WET: whole-effluent toxicity; WWTP: wastewater treatment plant
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1 Introduction

There is increasing interest in applying effect-based methods (i.e,, in vitro bioassays and well plate-based in vivo assays) for
water quality monitoring (Brack et al., 2019). However, to ensure that bioassay results are meaningful, it is important to
select an appropriate sampling strategy and use suitable sample pre-treatment and processing methods. While bioassays
are sensitive screening tools to detect complex mixtures of organic micropollutants in water samples, micropollutants are
often present at low concentrations (e.g., nanogram per litre) in drinking water and clean source waters (e.g., Glassmeyer et
al., 2017, Troger et al., 2018), so water samples may need to be enriched up to 100 times in the assay before an effect can
be detected. In vitro assays typically target complex mixtures of organic micropollutants but not inorganics and metals,
which can be comprehensively analysed using chemical methods. Therefore, extraction methods also serve to separate
the organic micropollutants from the matrix, inorganics and metals in a water sample. The literature reviewed in WP3.2
Medium-to-high throughput bioanalytical tools and decision-making tool for selection of bioassays indicated that three
methods were used to enrich and isolate organic micropollutants from whole water samples: solid-phase extraction (SPE),
passive sampling and liquid-liquid extraction (LLE). This report will summarize commonly applied sampling strategies and
sample preparation options, including sample pre-treatment and extraction. The report focused on current methods,
though it should be noted that new sample pre-treatment and extraction methods are continuously being developed.
Finally, a decision-making tool will be developed to assist users with selecting appropriate sampling methods.

2 Sampling strategies

The sampling strategy will depend on the purpose, objectives and sample context (Figure 1). If the purpose of a sampling
campaign is to assess the product quality of a drinking water treatment plant, with the objective of comparing the effect in
the final water to an effect-based trigger value, then only the product water needs to be collected (with appropriate blank
and control samples). In contrast, both source water and product water are required if the purpose is to evaluate treatment
process efficiency. Samples can also be collected after intermediate steps throughout the treatment train, such as after
advanced oxidation or disinfection, if the purpose of the sampling campaign is to understand critical processes. Composite
samples are recommended for wastewater to capture the diurnal variation observed for some micropollutants (Nelson et
al., 2011; Petrie et al., 2017), with many studies collecting 24 h composite influent and effluent samples (e.g., Korner et al.,
2001; Bicchi et al.,, 2009; Macova et al., 2010; Reungoat et al., 2010; Jalova et al., 2013; Bain et al., 2014; Roberts et al., 2015).
Grab sampling is suitable for collecting drinking water or recycled water samples if little difference in quality over time is
demonstrated. Water samples should be collected in solvent-washed and or burnt-out (500°C, 2h) amber glass bottles
with caps that do not contain polymer liners, with the bottles stored on ice and in the dark until returning the samples
rapidly to the laboratory for further processing. Field and process blanks have to be included in any sampling strategy.
Denison et al. (2020) also recommended matrix-spiked samples for recovery experiments.
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Figure 1: Examples of different sampling campaign purposes for drinking water, wastewater and water reuse with the required
samples for each purpose indicated.

The required volume of water to be collected will depend on the expected level of chemical contamination and thus the
need for concentration, with less sample required for wastewater influent and a larger volume needed for drinking water.
Using the example of SPE, previous experience from the authors and the peer reviewed literature suggests that a common
200 mg/6 cc SPE cartridge can enrich 0.5 L of wastewater influent, 1 L of wastewater effluent or surface water and 2 L of
drinking water, recycled water or clean surface water. Double the volume can be applied to larger SPE sorbent masses
(e.g. 500 mg cartridges). Assuming the volumes applied to a 200 mg SPE cartridge and a final extract volume of 0.5 mL,
this equates to an enrichment factor (EF) of 1000 for wastewater influent, 2000 for wastewater effluent or surface water
and 4000 for drinking water, recycled water or clean surface water. Assuming a bioassay dilution factor (DF) of 100 (1%
solvent) to 1,000 (0.1% solvent), this results in a maximum relative enrichment factor (REF) of 1 to 10 for wastewater influent,
2 to 20 for wastewater effluent or surface water and 4 to 40 for drinking water, recycled water or clean surface water. The
number of assays that can be run from a single extract will depend on the number of repeats planned and how much
extract is dosed, but typically only small extract volumes (microlitres) are required for 96 and 384 -well plate assays
meaning that a number of different assays can often be run.

If higher REF are required, samples can be extracted on multiple SPE cartridges and combined into one final extract
(Escher et al,, 2014; Neale et al., 2017). An alternative approach is to use large volume SPE (LVSPE), which has been applied
to enrich between 6 L (influent) to 500 L (surface water) (Neale et al., 2015; Valitalo et al., 2017). LVSPE has been applied in a
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limited number of studies compared to SPE and has primarily been applied to surface water (e.g., Konig et al., 2017;
Tousova et al., 2017), but it is not expected to be relevant for drinking water. LVSPE allows onsite sampling, but also
requires more equipment than other sample extraction methods, limiting its more widespread use.

While the conventional SPE volumes are recommended based on years of experience from the literature, Simon et al.
(2019) explored the impact of sample volume on effect recovery, with 0.5 and 2 L of wastewater effluent and 1and 4 L of
surface water spiked with a mixture of four estrogenic compounds and 11 pesticides and enriched with SPE using LiChrolut
EN/RP-18 (300 mg sorbent). The extracts were analysed in assays indicative of estrogenic activity (ERa CALUX),
photosystem Il inhibition and algal growth (combined algae assay) and bacterial toxicity using Aliivibrio fischeri. The
average activity in the large volume extracts was between 79 to 104% of the activity in the lower volume extracts, showing
sample volume did not have a significant impact on recovery.

Therefore, the recommended sample volumes in the report should not have a negative impact on recovery, though it
should be noted that some chemicals, such as highly polar chemicals, may not be well recovered by conventional SPE and
ideally recovery experiments should be performed with spiked samples during method development and validation.

3 Sample pre-treatment options

Once an appropriate water sample has been collected, there are a several decisions to be made regarding sample pre-
treatment, including sample storage time and sample filtration. This section reviews common sample pre-treatment
options based on a review of the studies included in WP3.2, with a focus on SPE as the most common sample enrichment
option from WP3.2. However, it should be noted that the majority of examples have focused on estrogenic activity as it is
the most commonly studied endpoint (e.g., JaroSova et al., 2014; Konemann et al., 2018), with little information about the
impact of sample storage and pre-treatment on other relevant endpoints

3.1 Sample preservation and storage

Around 48 of 111 studies from WP3.2 that applied SPE adjusted the pH of the water sample to an acidic pH using
concentrated acid, such as hydrochloric acid or sulfuric acid. Six of the studies had no pH adjustment or adjusted to a
neutral pH, while the remainder of the studies did not provide any information about sample pH. An acidic pH can reduce
microbial activity in the sample, which could potentially cause micropollutant biodegradation or biotransformation.
Reducing the pH can also improve the extraction of weak acids, with improved recovery of a pharmaceutical cocktail in a
bioluminescence inhibition assay at pH 3 compared to pH 7 observed for three different SPE sorbents (Escher et al., 2005).
In contrast, Sauer et al. (2018) found no difference in androgenic or anti-androgenic activity in wastewater influent in
duplicate samples at pH 3 and pH 7.4, respectively. The samples were extracted using C18 SPE disks. In addition to pH
adjustment, a small number of samples have used copper(ll) sulfate pentahydrate (10 mg per litre) (Conley et al., 2017a) or
sodium azide (1 g per litre) (Mehinto et al., 2015) for sample preservation.

In the case of chlorinated samples, the chlorine residual should be quenched immediately after sampling. While chlorine
will not be extracted by SPE, quenching is important to prevent the formation of additional disinfection by-products (DBPs)
and to prevent the chlorine from potentially reacting with the SPE sorbent. Many studies use sodium thiosulphate to
guench the chlorine residual (Macova et al., 2011; Escher et al., 2014; Neale et al., 2020), though some use ascorbic acid
instead (Conley et al., 2017b). Typically, 3.5 mg/L of sodium thiosulphate quenches 1 mg/L free Cl. and 5 mg/L ascorbic
acid quenches 1 mg/L free Cl. (Farre et al., 2013). Hebert et al. (2018) found no difference in toxicity of glass bottled Evian
water controls with and without 20 mg/L sodium thiosulphate in assays indicative of the oxidative stress response, p53
response and NF-kB response. Similarly, sodium thiosulphate controls did not have any effects in assays indicative of
hormone receptor-mediated effects (Neale et al., 2020). Ascorbic acid also had no negative impact on hormone receptor
reporter gene assays.
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After collection, water samples are commonly stored for no longer than 48 h at 4°C before extraction (e.g., Aerni et al.,
2004, Cargouet et al.,, 2004; Fang et al., 2012; Daniels et al., 2018). Alternatively, some studies froze water samples to store
for a longer period prior to extraction (Konemann et al., 2018). JaroSova et al. (2014) investigated the impact of sample
storage time prior to extraction on estrogenic activity in wastewater effluent, with matching samples extracted 48 hours
and 45 days after collection (stored at 4°C prior to extraction). Of the seven samples, the estrogenic activity at least
doubled in two of the samples, but overall the difference in effect was small (e.g., 0.7 ng/L after 48 hours and 1.7 ng/L
after 45 days).

3.2 Sample filtration

Around 70% of the reviewed studies in WP3.2 that applied SPE filtered samples prior to SPE, with glass fibre filters most
commonly used. Glass fibre filters have previously shown to sorb only negligible amounts of estrogens, compared to
cellulose acetate and nylon filters, with the latter found to adsorb a significant fraction of estrogens from solution (Walker
and Watson, 2010). The filter pore size (i.e., the particle size retained with 98% efficacy) used in the literature varies widely
from 0.1 pm to 11 pm, with the majority of studies using filters with a pore size of 0.7 to 2 pm (Figure 2). Several studies did
not report the filter pore size, so these studies are not captured in Figure 2.

20

15

10

Number of studies

0.1 0.220.45 0.6 063 0.7 1.0 1.2 16 20 2.7 11
Filter pore size (um)

Figure 2: Overview of different filter pore sizes (um) used for sample filtration prior to SPE based on WP3.2 literature review.

The European Union Water Framework Directive (WFD) recommends sample extraction methods that capture the whole-
water sample, which includes both the dissolved and suspended particulate phases (European Commission, 2009). The
suspended particulate matter (SPM) captured by sample filtration is often discarded, but several studies have shown
considerable biological activity associated with particulate matter (e.g., Legler et al., 2003; Hamers et al., 2015; Schulze et
al., 2015). For example, Dagnino et al. (2010) evaluated the estrogenic and aryl hydrocarbon receptor (AhR) activity in both
the dissolved and particulate phases from three wastewater treatment plants (W\WTPs), with both phases contributing to
the estrogenic and AhR load discharged from the plants. A higher fraction of AhR activity was found on suspended
particulate matter (Dagnino et al., 2010). Similarly, Wolz et al. (2008) found that SPM from the Neckar River induced AhR-
mediated activity in the ethoxyresorufin-O-deethylase (EROD) assay while the corresponding extracted water samples had
no effect. These studies suggest that it is important to consider SPM to gain a better understanding of the bioactivity, but
the decision to collect SPM will depend on the objectives of the sampling campaign and the studied endpoints, with SPM
likely to be important for non-specific toxicity, activation of AhR and binding to the peroxisome proliferator-activated
receptor (PPAR).
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If intending to capture the whole-water sample, the options are to not filter before SPE or to filter prior to SPE and extract
the captured SPM separately using solvents (Ademollo et al., 2012). Some studies only filtered samples that were expected
to block the SPE cartridge due to the high particle content, such as wastewater influent or river water (Xiao et al., 2016;
Gehrmann et al., 2018). Similarly, many studies evaluating drinking water do not apply a filtration step (e.g., Van Zijl et al.,
2017, Hebert et al., 2018; Valcarcel et al,, 2018). Further, Konemann et al. (2018) found no significant difference in
estrogenicity for filtered and unfiltered surface water samples. To provide guidance on whether to filter or not, US EPA
Method 1694 (Pharmaceuticals and Personal Care Products in Water,

Soil, Sediment, and Biosolids by HPLC/MS/MS) recommends that agueous samples containing visible particles should be
filtered prior to SPE (US EPA, 2007). Water samples with a turbidity of 5 nephelometric turbidity units (NTU, typically used
in the US)or similarly Formazin Nephelometric Units (FNU, typically used in Europe) will visually appear slightly milky or
cloudy, while crystal clear water usually has turbidity less than 1 NTU, with the turbidity only detected by instrumental
analysis (NHMRC & NRMMC, 2011). Consequently, water samples with a turbidity of 5 NTU or greater should be filtered
prior to SPE. In general, drinking water is typically below 1 NTU, recycled water can range from less than 1 NTU to around 2
NTU depending on treatment processes and secondary effluent is generally less than 2 NTU but can increase when
sludge is poorly settled (D Middleton, pers. comm). The turbidity of river water can vary greatly, while the turbidity of lakes
tends to be more stable. As an example, the turbidity of treated drinking water from Paris ranged from 0.02 to 0.04 NTU,
while the water feeding these plants ranged from 2 to 14.3 NTU (Neale et al., 2020). Further, the turbidity of Canadian
surface waters ranged from 0.5 to 50 NTU (Cantwell and Hofmann, 2011).

Based on low sorption capacity, glass fibre filters are recommended for filtration of samples with a turbidity of 5 NTU or
greater. As discussed above, a wide range of filter pore sizes are used within the literature, with glass fibre filters between
0.7 to 1.5 pm recommended for filtration prior to SPE for chemical analysis (International Organisation for Standardization,
1997; US EPA, 2007; Furlong et al., 2008).

3.3 Testing of native water samples

Few studies have run unenriched or native water sample in yeast reporter gene and mammalian reporter gene assays (e.g.,
Niss et al., 2018; Abbas et al., 2019; Brettschneider et al., 2019). This is equivalent to whole-effluent toxicity (WET) testing
and would incorporate the effect from different components in water including salts, metals and other inorganics, as well
as organic micropollutants. Consequently, the effect of organic micropollutants could not be differentiated from other
components in water. This approach is used for wastewater samples but is unlikely to be able to detect an effect in cleaner
water samples, such as highly treated wastewater, drinking water and surface water. As a minimum pre-treatment for
testing native water samples, water must be filtered as described above to remove any particles. For mammalian cell-
based bioassays it is also important to sterile filter the sample using a filter with a 0.22 um pore size (Niss et al., 2018).

As the current project is focused on the effect of organic micropollutant mixtures and applying bioassays to drinking water,
running native water samples in bioassays is less applicable and the following section will focus on commonly applied
sample extraction methods.

4 Sample extraction options

41  Solid-phase extraction

SPE is the most commonly used method to enrich micropollutants from water prior to bioanalysis, with 89% of reviewed
studies in WP3.2 applying SPE. SPE cartridges or disks contain a sorbent that retains the analytes of interest (e.g., organic
micropollutants), while other components present in water, such as metals, salts and other inorganics, pass through the
cartridge or disk, thus simplifying the matrix (Poole, 2003). The sorbed analytes can then be eluted with solvents, creating a
concentrated extract that can be run in bioassays. SPE has a number of advantages including good recovery of a wide
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range of contaminants and ability to be automated, though cartridges can clog with samples with a high particulate
content (Ademollo et al., 2012). Given the wide use of SPE, Section 6 will provide more information about SPE sorbents and
extraction procedures.

4.2 Passive sampling

Under 10% of reviewed studies in WP3.2 applied passive sampling (e.g., Creusot et al., 2014; van der Oost et al., 2017;
Tousova et al., 2019), with most studies focusing on surface water. Passive samplers collect micropollutants from the water
environment over a longer period of time and allows chemical and bioassay analysis of very low concentrations of
chemicals. However, uncertainties regarding the volume of water sampled need to be considered and parameters such as
temperature and flow velocity can affect the uptake of chemicals into the sampler (Novak et al., 2018). Further, the
composition of the chemical mixture taken up into the sampler may differ from the chemical mixture in the water as
different chemicals will have different uptake rates into the passive sampler. A number of different types of passive
samplers have been applied in the literature, including silicone rubber, Empore disks and polar organic chemical
integrative samplers (POCIS), in order to target chemicals with different hydrophobicities. For example, increased
biological activity in Empore disk extracts was found compared to silicone rubber (Novak et al., 2018), while Hamers et al.
(2018) typically observed greater effect in Speedisk passive samples, which contain styrene divinylbenzene sorbent,
compared to silicone rubber. Based on the chemicals extracted by different passive samplers, De Baat et al. (2019) applied
non-polar silicone rubber extracts to assays indicative of activation of AhR, oxidative stress response and pregnane X
receptor (PXR), while polar POCIS extracts were tested in assays indicative of hormone receptor-mediated effects. All
studies included endpoints recommended in WP3.2 for water quality monitoring, namely activation of AhR, estrogenic
activity and oxidative stress response.

4.3 Liquid-liquid extraction

Less than 2% of reviewed studies in WP3.2 applied LLE (Van der Linden et al., 2008; Brand et al.,, 2013), with ethyl acetate
used to extract organic micropollutants from water samples. Three hundred millilitres of solvent were required per litre of
water, which is around 7.5 to 10 times more than required for SPE (6 cc/500 mg cartridge). Due to the high solvent use,
time consuming nature and lack of case studies, LLE is not recommended for sample enrichment of water samples, unless
the focus is on total extraction of water plus SPM to capture also particle-bound water pollutants. Note that this can also
be achieved with SPE by extracting the SPM retained on the filter.

4.4  Capturing volatile chemicals

Any solvent extraction, passive sampling and conventional SPE sample processing involves a blow down step, meaning
that volatile chemicals, such as many solvents and some DBPs (e.g., trihalomethanes), will not be retained in the final
extract. Further, mammalian cell-based assays are incubated at 37°C for often 16 to 24 h, also potentially resulting in the
loss of volatile chemicals, though some bioassays can be adapted to be run without a headspace to prevent the loss of
volatile chemicals (Stalter et al., 2013). Stalter et al. (2016) developed a purge and cold-trap method to capture and
concentrate volatile DBPs from drinking water. However, the method is tedious and requires extraction onsite or within a
very short period of time. Therefore, it is not recommended for routine monitoring, but instead for research purposes.
Importantly, volatile DBPs appear to only have a minor contribution to the overall effects (Stalter et al., 2016), which
suggests that we can capture the majority of DBP-associated toxicity with simpler common SPE methods.
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5 Solid-phase extraction (SPE)

As SPE is the most commonly applied extraction method, this section provides further information on SPE, including
different SPE sorbent options and common SPE procedure.

51  SPE sorbents

A wide range of sorbents have been used for SPE, with Oasis HLB (Waters) the most commonly used (4 8% of reviewed
studied in WP3.2 that applied SPE used Oasis HLB). Other common SPE sorbents include Chromabond HR-X (Macherey-
Nagel), StrataX (Phenomenex) and octadecyl silica C18. Most of the commonly used sorbents contain a copolymer mix,
such as poly(divinylbenzene-co-N-vinylpyrrolidone), with a hydrophilic monomer to capture polar chemicals and a
lipophilic monomer to capture hydrophobic chemicals. However, these sorbents tend to recover a lower fraction of
charged chemicals compared to neutral chemicals (Neale et al., 2018; Osorio et al., 2018). Consequently, some studies have
applied combinations of multiple sorbents, such as reverse-phase sorbents with ion-exchange materials, in order to
capture a wider range of micropollutants, including very polar chemicals and charged chemicals (Aerni et al., 2004;
Tousova et al., 2017; Osorio et al., 2018). Other studies have applied multilayer SPE with Oasis HLB and coconut charcoal to
improve the recovery of highly polar compounds (Escher et al., 2014; Leusch et al., 2014b). However, a multilayer SPE
cartridge with Oasis HLB, Strata-X-CW, Strata-X-AW and Isolute ENV+ (1:1:1.5) and Supelclean EnviCarb was found to show
blank effects after around 20 times enrichment (Neale et al,, 2018). Bioassays are not able to differentiate between effects
from a sample and effects due to impurities from sample processing, so it is important to select an extraction method with
no blank effects. In any case, it is important to always include processing controls with ultrapure water or glass bottled
water when enriching water samples to confirm that the observed effects are due to micropollutants in the sample and not
related to the SPE sorbent or solvents.

In addition, a number of studies have compared the influence of different SPE sorbents on bioactivity. For example,
Rosenmai et al. (2018) applied both Oasis HLB (poly(divinylbenzene-co-N-vinylpyrrolidone) and Bond Elut ENV (modified
styrene divinylbenzene) sorbents to extract wastewater and drinking water samples, with no consistent difference in effect
observed. Abbas et al. (2019) compared three SPE sorbents, Oasis HLB, Telos C18/ENV and Supelco ENVI-Carb+, at pH 2.5
and pH 7 and found that Telos C18/ENV at pH 7 was the most effective for wastewater effluent and groundwater, though
considerable cytotoxicity was observed, which can mask the effect.

5.2  SPE procedure

Prior to extracting the water sample by SPE, it is necessary to condition the SPE cartridge or disk to wet and activate the
sorbent bed. Water miscible methanol, followed by ultrapure water is commonly used for conditioning (e.g., Bain et al.,
2014; Alygizakis et al., 2019; Lundqvist et al., 2019). However, if other less polar solvents are used for eluting the cartridge,
such dichloromethane or ethyl acetate, then these solvents must also be used for conditioning. After conditioning is
finished, the cartridge must not run dry and the water sample should be immediately percolated through the SPE
cartridge.

Once the sample is sorbed on the SPE sorbent, the cartridge must be completely dried in a vacuum or nitrogen stream.
This might take up to 2h. The dried cartridge can be sealed with parafilm and kept from light with aluminium foil and stored
at -20°C until elution (Tang et al, 2014). Other studies have stored dried SPE cartridges for up to 2 weeks at 4°C (Scott et al,
2014). Dried cartridges can also be sent to bioassay laboratories for elution, which is simpler and cheaper than sending
litres of unenriched water.

To elute a wider range of polar and nonpolar chemicals, multiple solvents are often used for elution, such as methanol and
1:1 hexane:acetone (e.g., Scott et al., 2014; Jia et al., 2015) or methanol and ethyl acetate (e.g., Houtman et al., 2018; Muller et
al., 2018). Other solvents used in the literature in different combinations include acetonitrile, dichloromethane and methyl
tert-butyl ether (MTBE). It should be noted that impurities in the solvents can potentially cause blank effects in the
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bioassays. Consequently, it is important to use high purity (e.g. HPLC grade) solvents for conditioning and elution and limit
the volume of solvent used. Based on 500 mg (6 cc) Oasis HLB SPE cartridge, 10 mL of each solvent is often used for
conditioning and 10 mL of each solvent is used for elution (Scott et al., 2014; Muller et al., 2018). Smaller solvent volumes
can be used with smaller SPE sorbent beds.

Several studies have compared the effect of conditioning and elution solvents on bioactivity. For example, Leusch et al.
(2014a) found no significant difference in the bioanalytical results when using 1:1 hexane:actone and methanol compared to
methanol alone for conditioning and elution. Further, Prochazkova et al. (2018) compared the effect of two different solvent
conditioning and elution combinations on estrogenic activity in surface extracts. The first method targeted estrogenic
compounds by conditioning and eluting with methanol, while the second method targeted less polar compounds and
used ethyl acetate, methanol and 20% 2-propanol for conditioning and ethyl acetate for elution. The different solvents
often resulted in different 17B-estradiol equivalent concentrations (EEQ) values for the matching samples, but no
systematic difference in estrogenicity was observed.

After elution, the elution solvent is blown to dryness under nitrogen gas. Rotatory evaporators are to be avoided due to
contamination issues (Y. Levy, personal communication) The dried residue or largely reduced volume is then resuspended
in a final solvent, such as methanol, dimethyl sulfoxide (DMSO) or ethanol. Murk et al. (2002) compared the effect of
storage conditions on the same extract dissolved in ethanol and DMSO in the ERa CALUX assay. Initially, there was no
difference in effect, but ethanol was found to evaporate quickly when stored at room temperature or 4°C and even
evaporated at -20°C within 6 weeks. In contrast, the DMSO stock did not significantly change in activity over the 6-week
period when stored at 4°C and -20°C. Alcohols have some advantage because they can be evaporated prior to the
experiments, avoiding any solvent in the actual bioassay. If volatile solvents are used for storing extracts, weight control of
the vials and stocking up on solvent volume if indicated, is time-consuming but recommended. See also Section 6 below
for further consideration on the elution and reconstitution solvent.

5.3 Effect recovery by SPE

The recovery of individual chemicals by SPE has been well studied (e.g., Schulze et al., 2017; Osorio et al., 2018), but less is
known about effect recovery for bioassays. Further, unlike chemical analysis where an internal standard can be added to
correct for chemical recovery by SPE, internal standards should not be used for bioanalysis as they may induce an effect in
the bioassay that cannot be distinguished from other micropollutants in the sample. There are a number of approaches
that have been applied in the literature to assess recovery, with most involving spiking a cocktail of chemicals into the
water matrix prior to SPE enrichment. As it can be difficult to measure the effect of the water alone, many studies compare
the effect in the extract, often expressed as a bioanalytical equivalent concentration from bioanalysis (BEQbioextract) to the
predicted effect based on the concentration of chemicals detected in the extract (BEQchem.extract) OF the nominal
concentration of spiked chemicals (BEQchemnominal) (€.g9., Leusch et al., 2010; Kunz et al., 2017). The BEQchem extract/ BEQubio,extract
and BEQchem nominal” BEQuioextract ratio can be used as proxy for effect recovery, with examples of studies that applied this
approach in
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Table 1. Further, Abbas et al. (2019) attempted to assess SPE recovery by comparing the effect of the native water and SPE
extracts in unspiked wastewater and groundwater. However, other components in the native water sample, such as salts,
metals and other inorganics, could also have an effect in the bioassay in addition to organic micropollutants, making
comparison difficult.

To truly evaluate effect recovery by SPE, it is necessary to consider the effect of the spiked mixture alone, the effect of the
extracted sample and the effect of the unspiked water alone. Neale et al. (2018) evaluated the effect recovery of a mixture
of 579 micropollutants spiked into pristine surface water using a suite of bioassays indicative of xenobiotic metabolism,
hormone receptor-mediated effects and adaptive stress responses. LVSPE with HR-X sorbent was used. Effect recovery
was calculated using the effect of the spiked water (BEQbioextract (Water + mix) minus the effect of the unspiked water
(BEQuioextract (Water) divided by the effect of the mixture stock solution (BEQuic (mix)). Effect recovery ranged from 35% for
the activation of the estrogen receptor (ER) assay to 236% for the oxidative stress response assay, with one extreme value
of 1300% for activation of PXR. This was expected to be due to the small and variable effect of BEQuic (Mix). Effect recovery
was within a factor of two of the optimal 100% recovery for most assays, which suggests that LVSPE is suitable for
capturing the majority of active chemicals.

As a quality control, one can also spike a sample with labelled surrogates and measure the recovery of these analytes,
which is recommended when the matrix changes a lot. It has to be assured that the spike does not cause any effect in the
bioassay or a separate recovery sample must be enriched.
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Table 1: Studies that have determined the BEQvioextract//BEQchem extract and the BEQbio extract/ BE Qchemnominat ratio to assess chemical
SPE recovery expressed as effect in a water matrix (taken from Neale et al. (2018)).

Study E;gf‘b‘::rﬁ" &V:ttﬁ; Sp"“:;’:ﬁtf;"":al Bioassay Endpoint BEQuioextract/ BEQehemestract
Eight estrogenic Activation of
compounds (17B- VES ER 0.3-0.79
Ground estradiol, ER CALUX Activation of 098
water, raw es.trone, . ER.
Leuschet . wastewater, estriol, 170 MELN Activation of 0.46
asis HLB ethinylestradiol, ER
al. (2010) treated “t-octvloh [ Activation of
wastewater, ~47t-octyiphenol, KBluc 1.64
river water  4-nonylphenol, ER
bisphenol A, Cell
bﬁﬁtzgglzltjetg/l E-SCREEN proliferation 0.68-0.97
PRS- 0.44
ERcALUx  Activationof (BEQuo 2.2 ng/L;
BEQchem 5 Ng/L)
. Activation of 0.05
39 chemicals, AR CALUX AR (BEQuio 8.2 ng”/L;
including BEQchem 177 ng/L)
Kolkman Surface hormones, Activation of 106
etal Oasis MCX Water pesticides, GR CALUX CR (BEQpio 110 ng/L;
(2013) pharmaceuticals BEQchem 104 ng/L)
and industrial Activation of 0.02
compounds PR CALUX PR (BEQwio 0.91 ng/L;
BEQchem 53 ﬂg/l_)
- 0.38
TRB CALUX ACt'VT""FE'O” of (BEQwio 19 Ng/L;
B BEQchem 50 ng/L)
. Spiked
Study E)s(gjocet'rﬁn :X:ttﬁ; Chgmical Bioassay Endpoint BEQwio,extract/ BEQchem,nominal
Mixture
Four estrogenic
compounds (178- Recombinant
Thorpe et C18 estradiol, yeast Activation of
al. (2006) Wastewater estrone, 17a- estrogen ER 11310124
ethinylestradiol, screen
nonylphenol)
Six herbicides
Neale (atrazine, diuron, oh 0.01
and . Treated fluometuron, . (BEQwio 2.03 pg/L;
Escher Oasis HLB wastewater hexazinone, Combined phgto;y;tem BEQchem 2.24 pg/L)
(2014) simazine. algae assay [l inhibition
terbutryn)
1.38 (high mix)
(BEQuio 4.4 ng/L;
. . BEQchem 32 n /l_)
Four estrogenic YES ACtIVEtF\I)Oﬂ of °
compounds (17B- 0.76 (low mix)
Kunz et LiChrolut Ultrapure estradiol, (BEQwbin 0.24 Nng/L;
al. (2017) EN-RP18 water estrone, 17a- BEQchem 0.32 Ng/L)
ethinylestradiol
bisphenol A) o 0.96 (high mix)
" ERa CALUY ~ Activationof (BEQuio 1.3 ng/L;
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. Spiked
Study E;grabcet:]otn \h):llaattﬁxr CS;TUI::I. Bioassay EndPOint BEQbio,extract/ BEQchem,nominal

0.98 (low mix)
(BEQwio 0.13 Ng/L;
BEQchem 0.13 Nng/L)

0.32 (high mix)
(BEQuio 1.8 Nng/L;

Activation of BEQchem 5.6 ng/L)

T47D-KBluc ER

9.59 (low mix)
BEOchem 056 ng/l_)

0.27 (high mix)
(BEQwio 0.4 ng/L;
BEQchem 13 ﬂg/L)
Activation of
ER 0.34 (low mix)
(BEQuic 0.04 ng/L;
BEQchem 0.13 ng/L)

MELN

0.54 (high mix)
(BEQwbio 2.1 Ng/L;
Activation of BEQehem 38 ng/L)
ERa ER

GeneBLAzer 0.64 (low mix)
(BEQwio 0.24 ng/L;

BEQchem 038 ng/l_)

6 Dosing into bioassays

After elution, the sample extract can be dosed directly into the bioassay or solvent exchanged to a less toxic solvent by
blowing down the elution solvent and resuspending in a final solvent, such as DMSO or methanol. This is also relevant for
passive sampling and LLE extracts. Methanol and DMSO are the most commonly used solvents for bioassay dosing. DMSO
is able to dissolve a wider range of compounds than methanol, but it is non-volatile, meaning that the extract cannot be
further enriched by blowing down. In contrast, methanol is volatile, meaning it can be blown down further to increase the
enrichment factor. DMSO is also more toxic than methanol, with a final DMSO concentration of 0.1% recommended in the
bioassay. In contrast, up to 1% of methanol can be added to some mammalian reporter gene assays (Leusch et al., 2017).
This equates to a DF in the assay of 1,000 for DMSO extracts compared to 100 for methanolic extracts, meaning extracts in
DMSO need to be enriched 10 times more than methanolic extracts to give the same REF.

Further, the REF can be increased by exchanging the methanolic extract with cell culture media. This is achieved by
adding a volume of methanol to a glass vial (i.e. 2 mL HPLC vial), blowing down to dryness and resuspending in cell culture
media, which can be directly transferred to the cells. This increases the REF in the assay without inducing any solvent
effects. This approach has been applied recently to drinking water extracts to help detect effects in relatively clean
samples (Hebert et al., 2018; Neale et al., 2020). It must be assured that the sample is well dissolved in the bioassay
medium. This is rarely a problem for water extracts but may occur if extracts from suspended solids are tested. It is also
important to include solvent controls in the assay to ensure that the solvent itself is not inducing a response in the assay.
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7 Decision-making tool

As discussed above, there are a number of decisions to be made regarding sample collection, pre-treatment and
enrichment. Consequently, a decision-making flow chart (Figure 3) has been developed to guide users through some of
the key decisions, with further information about each step provided in the report. Once the final sample pre-treatment
and processing methods have been selected, it is important to use the same approach for all samples that you want to
compare. It is not possible to truly compare changes over time or differences between sites if different sample pre-
treatment and processing methods are used as this can affect the chemical mixture in the final extract. Further, where
possible, the same bioassay and chemical analysis pre-treatment and sample processing methods should be used to
allow greater comparability between the results.

As outlined above, the information used to support sample pre-treatment and processing decisions is often based on user
experience, with few studies investigating the impact of different sample processing options on the biological effect. The
majority of these studies focus on estrogenic activity, with little known about other endpoints. Further, some of the advice
is based on chemical analysis protocols, rather than being specific for bioassays. One of the least standardised, but very
important, pre-treatment steps is sample filtration. A wide range of filter pore sizes are used in the literature, which will
affect the amount of SPM retained on the SPE cartridge. However, to our knowledge, the decision regarding which filter
size to select or whether to filter or not is not based on scientific studies, but rather user experience. In the current study,
we suggest a uniform approach of filtering samples with a turbidity of greater than 5 NTU using glass fibre filters, though
further experimental work is required to validate this approach.

| Wastewater? || WWTP effluent® ” Recycled water® || Surface water? || Drinking waterc
v [ 1 12 v v 2
| 24 h composite sample | | Grab sample
1 12

A4 A 4

Direct Time-
dosing* weighted
average

passive
No pH sampling

adjustment

Adjust to pH 3 to reduce
degradation® (also if stored) and
enhance extraction of acids

Chlorine Solvent
residual? extract
No Yes
Quench free Cl, with sodium
WWTP: Wastewater treatment plant thiosulphate or ascorbic acidf
Solid-phase extraction (SPE)
Large-volume Solid-phase extraction (LVSPE) X
. . Storage time
Passive sampling 548 h?
Liquid-liquid extraction (LLE) N “" Yes
y o
Native water sample
a0.5 L per 200 mg or 1 L per 500 mg SPE cartridget | Store at 4°C | | Store at -20°C |
51 L per 200 mg or 2 L per 500 mg SPE cartridget
c2 L per 200 mg or 4 L per 500 mg SPE cartridget
41-2 L per 200 mg or 2-4 L per 500 mg SPE cartridget
€Sodium azide can also be added for preservation
Glass fibre filter with pore size 0.7 to 1.5 pm No Yes Option to blow
recommended down further or
N Ny solvent exchange
*not recommended F”t:!;r‘::_:tg:?ss chl"tir:;j’g?ﬁ with medium
tbased on Qasis HLB, StrataX, Chromabond HR-X P Yes
cartridges v
13.5 mg/L sodium thiosulphate or 5 mg/L ascorbic SPE (0.5-2L)or LVSPE (>10L) | | Select SPE sorbent and Solvent Volatile Bioassay
acid to quench 1 mg/L free Cl, orLLE conditioning and elution solvents extract solvent? dosing
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Figure 3: Sample pre-treatment and processing decision-making flow chart.
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