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Current effect-directed analysis (EDA) strategies for the identification of toxic 

environmental pollutants are labor intensive and time consuming. This thesis focused 

on improving EDA through development of miniaturized bioassays for testing of high-

resolution fractionated samples to allow rapid detection by HRMS and faster 

identification of EDCs and mutagens in the aquatic environment. 

Development of miniaturized bioassays 

Miniaturized luminescent Ames test 
While various bioassays have been developed to assess mutagenicity1–5, the 

Salmonella Ames test remains the regulatory standard in toxicological assessment6. 

Its application in routine EDA, however, is limited due to labor intensive testing, high 

material consumption, and long incubation times. In Chapter 2 the development of a 

variation of the Ames test is described, which used bacterial luciferase, constitutively 

expressed from plasmid DNA, as a marker for revertant growth. Bacterial luciferase 

requires no external activation in contrast to firefly luciferase used in the luciferase 

reporter gene bioassays. Constitutively expressed bacterial luciferase, however, 

remained active in non-revertant cells. This resulted in background luminescence 

which potentially obscured some revertant luminescence. However, the amount of light 

produced and sensitivity of the luminometer allowed detection of reversion over the 

background. Reversion could be determined after 28 hours compared to 48 hours in 

the original assay. The miniaturized assay was able to detect mutagenicity of 

compounds and extracts exposed in 96-well plates and incubated in 384-well plates or 

in fractions exposed and incubated in 384-well plates. This reduced the use of 

laboratory consumables and allowed testing of high-resolution fractionated samples. 

While testing of samples and compounds in the (miniaturized) luminescent Ames test 

did not always follow dose-response relations (Chapter 2), peaks in the bioactivity 

chromatogram of fractionated samples followed the peak shape observed in the mass 

chromatogram (Chapter 5). This facilitated the linking of bioactivity to exact masses. 

Compared to the detection of mutagenicity in low-resolution fractionated samples7–10, 

peak shaped responses formed over multiple fractions facilitated linking bioactivity to 

HRMS data and exact masses. 
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Miniaturized reporter gene bioassays 
Reporter gene bioassays miniaturized to 384-well format were compatible with high-

resolution fractionated samples and high-throughput screening of unfractionated 

samples without loss of sensitivity (Chapters 3 and 4). Reporter gene bioassays could 

be readily miniaturized (Chapter 4), in addition the AR-EcoScreen was genetically 

modified to remove glucocorticoid sensitivity (Chapter 3). Use of the unmodified AR-

EcoScreen and GR-CALUX on fractions (Chapter 5) demonstrated increased AR 

activity in fractions where glucocorticoids are also present. Development of a GR KO 

mutant of the AR-EcoScreen allowed specific detection of AR agonism in 

environmental extracts (Chapter 4). Studies that used the unmodified AR-EcoScreen 

for testing of mixtures containing (synthetic) steroid hormones could therefore have 

overestimated the androgenic activity in samples11,12. An OECD guideline has been 

established for the AR-EcoScreen for testing of chemicals13. With the absence of 

glucocorticoid sensitivity, the GR KO mutant would be a better alternative androgen-

responsive bioassay for OECD standardization and a good candidate for adaptation 

for testing of environmental extracts. High-throughput characteristics of the 

miniaturized GR KO AR-EcoScreen and other reporter gene bioassays allowed 

simultaneous screening of a large number of unfractionated (environmental) samples 

or sample fractions on a 384-well plate. The use of less reagents and other laboratory 

consumables reduced bioassay costs. Throughput in the analysis of fractions was 

further increased by introducing parallel exposure with which eight hormone receptor 

endpoints could be exposed following a single fractionation. 

To allow identification of novel EDCs (e.g. transformation products, breakdown 

products and metabolites), a metabolic system was introduced in the reporter gene 

bioassays (Chapter 4). The rat liver S9 fraction, also used in the Ames test for the 

generation of metabolites, contains hepatic enzymes responsible for metabolism of 

both endogenous steroid hormones and xenobiotics. Compared to earlier studies, the 

biotransformation step was performed on fractions and single compounds in multi-well 

plates without further extraction or the addition of enzyme inhibitors after the metabolic 

step14,15. While enhanced activity was observed for single compounds flutamide and 

bisphenol-A, changes in the activity of sample fractions were limited to a reduction in 

their potency. This may be explained by the (partial) inactivation of steroid hormones 

present in the fractions. Residual activity from potent or abundant steroid hormones 
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still covered large parts of the bioactivity chromatogram after incubation which made it 

impossible to determine changes in potency after metabolization for co-eluting 

compounds with (weaker) ER or AR (ant)agonistic potencies. Metabolic activation may 

therefore be more suited for single compounds or highly concentrated extracts without 

potent agonists (i.e. (synthetic) steroid hormones) of the endpoint under investigation. 

Alternatively, biotransformation may be performed on extracts prior to chromatographic 

fractionation to separate the often more polar metabolites from their precursor 

compounds. 

HT-EDA on environmental extracts 

Complex environmental mixtures may contain a large number of potentially bioactive 

compounds. The analysis of high-resolution fractionated extracts with the miniaturized 

bioassays narrowed down the retention time in the mass spectrum corresponding to 

the bioactivity and lowered the number of masses to analyze as a result (Chapters 4 

and 5). The EDA-procedure itself has been further simplified by the use of well-plates 

for fraction collection. Simultaneous evaporation of eluent from up to 228 fractions 

allowed faster sample handling and shorter evaporation times. Performance of a single 

fractionation of one extract and exposure of up to eight different endpoints to the 

redissolved fractions further increased throughput. As a result, sample fractionation 

and bioassay testing are no longer the main bottleneck in EDA. The main challenge in 

EDA now remains the identification of bioactive compounds responsible for the 

observed bioactivity through non-targeted analysis. 

A non-targeted analysis approach was developed and used on the selected masses 

for identification of bioactive compounds (Fig. 1). A number of compounds active in the 

reporter gene bioassays could be identified and confirmed (Chapters 4 and 5). Pepper 

alkaloid piperine and UV filter oxybenzone were the most potent non-steroidal ER 

agonists identified in estrogenic fractions collected from wastewater and surface water 

passive sampler extracts (Chapter 4). The relative estrogenic potency of both 

compounds was approximately a million-fold lower compared to reference estrogen 

17β-estradiol. While oxybenzone is a known ubiquitous contaminant of water16, no 

reports on environmental concentrations of piperine were found. The presence of 

piperine may be explained by its presence in consumer products including food, 

supplements, care products or its use as pesticide. Biological activities of identified 
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compounds were tested on all endpoints regardless of the endpoint they were 

identified by. This revealed AR antagonistic potency of UV filter diethylamino 

hydroxybenzoyl hexyl benzoate (DHHB), flame retardant tris(2-butoxyethyl) phosphate 

(TBEP) and tricyclic antidepressant amitriptyline not reported in literature at the time of 

writing (Chapter 4). The testing of biological activity on all endpoints during biological 

confirmation increases the chance to detect additional bioactivity of (emerging) 

contaminants which would have remained unnoticed when confirmation was limited to 

the endpoint by which the compound was initially detected. Application of the 

miniaturized luminescent Ames test to surface water and wastewater extracts allowed 

detection and identification of mutagens in high-resolution fractionated samples 

(Chapter 5). Flame retardant DEG-BDCIPP was tentatively identified as mutagen in 

wastewater and anti-fouling agent benzotriazole (BTA), tested as mutagen in Chapter 

2, was identified and confirmed as mutagen in wastewater. 

 

Figure 1. Workflow of non-targeted analysis assisted identification of bioactive compounds 
developed in this study. 

Nevertheless, the majority of the observed hormonal bioactivity remained unidentified. 

Investigation of the bioactivity chromatogram itself provided a lead towards the 

chemical characteristics or identity of compounds in active fractions based on known 

compounds eluting at the same retention time. Potent (synthetic) steroid hormones, 
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the analyzed samples. By determining ‘normal’ activity at a specific sampling sites, 

water quality can be monitored based on the bioactivity chromatograms alone without 

further identification. A reference bioactivity chromatogram can be recorded and 

compared to new bioactivity chromatograms to determine abnormally high bioactivity 

or bioactivity in previously inactive fractions. Water intake can then be temporarily 

halted and/or identification can be performed on undetermined exact masses at the 

respective retention time(s). 

The low number of identified (novel) EDCs may be explained by (1) the inability to 

detect steroid hormones with MS despite a strong response in the bioassays, and (2) 

the ubiquitous activity of steroid hormones which conceal the activity of (weaker) non-

steroidal EDCs. Therefore, the presence of too many potent bioactive compounds 

reacting on the investigated endpoint present in an extract, and subsequently in its 

fractions, impedes identification. In contrast to measurements in EDC responsive 

bioassays, fractions measured in the luminescent Ames test contained a small number 

of well-separated mutagenicity peaks which corresponds with the limited number of 

mutagens identified in the aquatic environment17. Non-targeted analysis therefore 

allowed three out of five peaks to be (tentatively) identified (Chapter 5). Therefore, with 

respect to the identification of novel EDCs, focus on other sample sources or matrices 

that contribute to pollution of the aquatic environment but do not contain (synthetic) 

steroid hormones may reduce the co-elution of bioactive compounds sufficiently to 

simplify identification. Industrial wastewater effluent18,19 and runoff from urban areas20, 

plant agriculture21 or landfills22,23 are potential sources of non-steroidal EDCs which 

may contribute to pollution of surface water used for drinking water production and are 

less likely to be contaminated with (synthetic) steroid hormones. 

In some cases, masses were detected but could not be identified with the current 

identification approach using TOF- or QTOF-MS. This may be explained by (1) the 

absence of structural data in online databases, (2) the exclusion of the correct structure 

or inclusion of excessive numbers of structures during the selection process, (3) the 

insufficient fragmentation data, or (4) the investigated mass being a fragment, cluster 

or adduct of a structure. The currently described identification approach (Fig. 1) 

enabled the determination of chemically but not necessarily toxicologically 

characterized compounds. Identification of unknown structures, however, often 

resulted in large numbers of potential structures after the selection based on the 
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comparison between logD and the observed retention times during structure 

determination. Without additional characteristics, identification relies on the 

reconstruction of the structure from fragment data. Fragments are formed by collision-

induced dissociation (CID) in QTOF-MS and in-source fragmentation occurs to some 

extend in TOF-MS. However, matching fragments to a precursor compound was often 

difficult due to the large number of additional masses detected at the same retention 

time. This holds especially true for masses with low intensity peaks. Development of a 

method which accurately extracts fragments of each precursor compound based on 

overlapping mass peaks from the mass spectrum can aid identification of (unknown) 

compounds. Alternatively, fragments may be distilled from the masses which 

consistently co-elute with an investigated precursor compound in historical data. 

For the complete identification of (emerging) bioactive compounds, however, multiple 

approaches will be required. Different LC-HRMS methods will improve detection of 

different classes of chemicals. To improve detection of polar compounds, which are 

poorly retained on C18 columns, extracts can be separated on a hydrophilic interaction 

chromatography (HILIC) column. Separation of co-eluting compounds can be further 

improved through application of two-dimensional liquid chromatography (LC x LC)24. 

Atmospheric-pressure chemical ionization (APCI) or atmospheric pressure 

photoionization (APPI) can be used to detect compounds that a poorly ionized by ESI. 

Application of NMR25 or MS/MS26 may aid in the determination of unknown structures 

of novel mutagens and EDCs. Multiple LC-HRMS methods, however, will complicate 

the EDA process and should be reserved for masses that have been regularly 

associated with bioactivity but for which identification has been unsuccessful so far. A 

general method for the majority of compounds using ESI or APCI in positive and 

negative mode would allow the identification of the majority of emerging compounds. 

The efficient identification of compounds will then allow the HT-EDA approach to make 

the next step to the routine application of EDA in (drinking) water quality control. 

Outlook 
The HT-EDA approach described in this thesis enables high-resolution screening of 

(environmental) mixture fractions at multiple endpoints in parallel and allows 

identification of active compounds. Development of an EDA approach which unravels 

the identity of the major drivers of toxicity in one continuous process (e.g. within one 

week), however, requires additional features and optimization.  
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The developed miniaturized luminescent Ames test and the miniaturized reporter gene 

bioassays (Chapters 2, 3 and 4) allow measurement of bioactivity in up to 228 fractions 

simultaneously (Chapters 4 and 5). Further miniaturization of the assays to a 1536-

well format further increases the resolution and will facilitate the identification process. 

While increased fractionation resolution reduces the amount of compound in each 

fraction, reduced exposure volumes in miniaturized bioassays maintain sufficient 

compound concentrations for detection (Chapters 4 and 5). An increase in fractionation 

resolution without miniaturization, however, will result in lower concentrations in each 

exposure as compounds become divided over more wells which reduces the chance 

to detect bioactivity. Further miniaturization is limited by the strength of the reporter 

and sensitivity of the luminometer. Wells on a 1536-well plate provide a 5-fold smaller 

surface and a 13-fold smaller working volume compared to 384-well plates which 

requires reporters to generate a sufficiently strong signal to allow detection of a 

response. The sensitive reporter gene bioassays are regarded as the most suitable 

candidate for further downscaling. The reduced number of bacteria in the Ames test in 

such a miniaturized format, however, may reduce the chance to produce a revertant 

and thereby a response due to the random nature of mutagenesis. The limited number 

of peaks observed in the fractions tested in the luminescent Ames test, however, 

results in sufficient separation between active compounds. Therefore, a further 

increase in fractionation resolution is not required for the Ames test. 

Detection of exact masses by the mass spectrometer was limited by the ionization of 

compounds. The soft ionization technique ESI in positive and negative mode was used 

to limit compound fragmentation and to improve the detection of exact masses from 

intact compounds (Chapters 4 and 5). This, however, limits the number of chemical 

classes that can be detected simultaneously. Alternative (endpoint or compound class 

specific) chromatographic conditions and modes of ionization (e.g. APCI or APPI) may 

be investigated to allow or improve the detection of previously unionized compounds. 

Analysis under different conditions, however, changes the retention times of 

compounds. This will also require additional bioassay testing. Selection of exact 

masses that remain associated with active fractions despite changing retention times, 

however, can reduce the number of masses selected for identification and accelerate 

the identification process. 
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Testing eight different endpoints after the single fractionation of one extract provides 

large amounts of valuable data but is laborious (Chapters 4 and 5). Testing of 

additional endpoints or samples analyzed under different chromatographic conditions 

further increases this workload. This may limit the number of samples that can be 

subjected to further investigation by EDA. The ability to perform extensive EDA, 

however, is necessary to allow analysis of the most relevant endpoints in drinking water 

production. Second, the confirmation of identified compounds on multiple endpoints 

increases the chance to discover bioactivity of emerging compounds that would not 

have been revealed when only tested for the endpoint that the compound was identified 

by. To support extensive bioassay testing, the workload during the performing of 

bioassays must be reduced. Development of an automated liquid handling setup could 

greatly increase throughput of bioassay testing in EDA. This would allow faster 

preparation of well-plates with seeded cells and automate transfer of resuspended 

fractions over multiple assays for parallel exposure. The development of a tiered 

sample selection process may be investigated to reduce the number of samples 

subjected to EDA. Such a selection process would start by first screening 

unfractionated samples for bioactivity (Chapter 5) and can be directed by trigger 

values, which serve as a threshold above which toxicity levels measured in bioassays 

represent a potential health risk, for each endpoint. Next, active samples would be 

fractionated while the ESI mass chromatogram is recorded in parallel. The bioactivity 

chromatogram can be compared to historical data from the same or similar locations. 

Sample extracts with abnormal activity (e.g. activity at different retention times or a 

large increase in activity), can then be subjected to further in-depth identification 

procedures. When identification would be unsuccessful, other ionization techniques 

can be used. Finally, after sufficient data is collected over a longer period, a database 

with historical MS and bioassay data may be developed. Responses in fractions from 

new samples could then be compared to the database and be further investigated 

when emerging masses would be detected. 

After the gain in throughput acquired by the implementation of miniaturized bioassays 

and high resolution fractionation, identification through non-targeted HRMS is currently 

the main bottleneck in EDA. The - mainly manual - identification approach described 

in Chapters 4 and 5 allowed selection of relevant masses and identification of a limited 

number of bioactive compounds but was very labor-intensive and not suitable for use 
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in regular (water) laboratories. The identification method may be further improved by 

(1) using historical data to eliminate masses commonly found in the same inactive 

fraction, (2) developing an approach to pair fragment masses to their precursor 

compound mass and predict the structure and (3) select active masses based on their 

association with activity in the same fraction in multiple samples. Incorporation of the 

identification method into data evaluation software allows automation of the 

identification process which is an important goal in the development of a rapid 

identification approach in HT-EDA, but also in general non-targeted analysis. The HT-

EDA approach, with its modular nature, may then be used in the analysis of various 

sample types for various endpoints. Future use in environmental screening, 

toxicological screening but also food analysis, drug discovery and related fields will 

provide rapid detection and identification of (novel) bioactive compounds. 
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