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Abstract 

Bioaccumulation is defined as the enrichment of a compound in an organism relative to the 

surrounding water or its food, and is an important endpoint in chemical risk assessment. Under 

laboratory conditions, bioaccumulation is measured as bioconcentration factor (BCF) or 

biomagnification factor (BMF) in fish, which represents compound exposure via the respiratory 

(water) and dietary (food) pathway, respectively. Such tests are resource intense, costly and 

ethically questionable, due to the sacrifice of large numbers of fish. A potential in vitro 

alternative for the bioaccumulation assessment with fish are permanent fish cell lines. Cell 

tests have the advantage that the cells conserve many important processes for 

bioaccumulation in fish. Most prominent fish cell lines are the rainbow trout (Oncorhynchus 

mykiss) gill and liver-derived cell lines, RTL-W1 and RTgill-W1, which have successfully been 

used to predict the BCF of a neutral model compound in fish. However, application of fish cell 

lines for bioconcentration predictions has not yet been assessed for ionizable organic 

compounds (IOC). IOC are frequently detected in natural water bodies and aquatic organisms, 

yet, their assessment for environmental hazard assessment is not well covered in international 

regulation to date. Motivated to fill this knowledge gap, this thesis set out to assess the 

bioconcentration potential of IOC in RTL-W1 and RTgill-W1 cells, and predict IOC 

bioconcentration in fish. For this purpose, three cationic IOC and four anionic IOC, which are 

ionized at biologically relevant pH, were selected. 

Firstly, a method was developed which enabled the derivation of full mass balances of the 

tested IOC in the experimental set up with fish cell cultures. Bioconcentration assays were 

then conducted with non-toxic exposure concentrations, which were previously determined in 

acute cytotoxicity assays with RTgill-W1 cells. From measured compound concentrations in 

the medium and cells, in vitro BCF were determined and compared to in vivo BCF and BMF. 

In combination with in vitro biotransformation assays and partition coefficients to biological 

matrices, the derived in vitro BCF may serve as a line of evidence for conservative estimates 

of the bioconcentration potential of IOC in fish. This highlights the potential of this method as 

a future screening tool for environmental risk assessment. The pH-dependent octanol-water 

partitioning and membrane lipid-water partitioning best predicted the measured in vitro BCF 

for anionic and cationic IOC, respectively. 

The experimental mass balances and in vitro BCF were compared to different model 

approaches, to gain insights into the relevant cellular accumulation mechanisms and to 
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evaluate the applicability of a novel screening approach that uses the human volume of 

distribution, VD and the blood water partition coefficient, KBW. The model outcomes were that 

the test compounds’ affinity to membrane lipid and protein are most influential for compound 

accumulation. The prediction of bioconcentration in fish and cells using human VD and KBW 

showed to be a promising read across to screen the bioconcentration potential of IOC in fish, 

where availability of reliable KBW remains the main challenge. 

This thesis highlights key areas to aid in the efforts towards the replacement of animal 

experimentation in bioaccumulation assessments of organic compounds. Additionally, it 

emphasizes the value of in vitro assays for environmental risk assessment. 

 

Keywords 

RTL-W1, RTgill-W1, permanent fish cell lines, bioconcentration, biotransformation, ionizable 

organic compounds, HPLC HRMS/MS, in vitro mass balance modelling, phase partitioning 
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Zusammenfassung 

Bioakkumulation beschreibt die Anreicherung eines Stoffes in einem Organismus im Verhältnis 

zum umgebenden Wasser oder seiner Nahrung und ist ein wichtiger Endpunkt in der 

Umweltrisikobewertung. Unter Laborbedingungen wird die Bioakkumulation in Form des 

Biokonzentrationsfaktors (BCF) oder des Biomagnifikationsfaktors (BMF) in Fischen 

gemessen, welche die Anreicherung eines Stoffes über die Atemwege (BCF) bzw. die 

Nahrung (BMF) darstellen. Solche Tests sind materialaufwendig, kostspielig und ethisch 

fragwürdig, da eine große Anzahl von Fischen geopfert werden muss. Eine mögliche in vitro 

Alternative für die Bewertung der Bioakkumulation in Fischen sind permanente Fischzelllinien. 

Zelltests haben den Vorteil, dass in den Zellen viele wichtige Prozesse für die Bioakkumulation 

erhalten bleiben. Die bekanntesten Fischzelllinien sind die von der Regenbogenforelle 

(Oncorhynchus mykiss) stammenden Kiemen- und Leberzelllinien RTL-W1 und RTgill-W1, die 

erfolgreich zur Vorhersage des BCF eines neutralen Stoffes in Fischen verwendet wurden. Die 

Anwendung von Fischzelllinien für Biokonzentrationsvorhersagen wurde jedoch noch nicht für 

ionisierbare Stoffe (IS) bewertet. IS werden häufig in natürlichen Gewässern und aquatischen 

Organismen nachgewiesen, doch ihre Umweltrisikobewertung ist bisher in internationalen 

Vorschriften nicht ausreichend berücksichtigt. Um diese Wissenslücke zu schließen, wurde in 

dieser Arbeit das Biokonzentrationspotenzial von IS in RTL-W1- und RTgill-W1-Zellen 

untersucht und die Biokonzentration von IS in Fischen vorhergesagt. Zu diesem Zweck wurden 

drei kationische IS und vier anionische IS ausgewählt, welche bei biologisch relevanten pH-

Werten geladen vorliegen. 

Zunächst wurde eine Methode entwickelt, die die Ableitung von Massenbilanzen der 

getesteten IS im Versuchsaufbau mit Fischzellkulturen ermöglichte. Anschließend wurden 

Biokonzentrationsversuche mit nicht-toxischen Expositionskonzentrationen durchgeführt, die 

zuvor in akuten Zytotoxizitätstests mit RTgill-W1-Zellen bestimmt wurden. Aus den 

gemessenen Konzentrationen im Medium und den Zellen wurden die in vitro BCF bestimmt 

und mit den in vivo BCF und BMF verglichen. Daraus konnte geschlossen werden, dass die in 

vitro BCF als ein Endpunkt für die konservative Abschätzung der Bioakkumulation von IS in 

Fischen genutzt werden können, vor allem in Kombination mit in vitro Biotransformationstests 

und Verteilungskoeffizienten zu biologischen Matrices. Der pH-abhängige Octanol-Wasser- 

und Membranlipid-Wasser-Verteilungskoeffizient sagten die gemessenen in vitro BCF für 

anionische bzw. kationische IS am besten voraus. 
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Die Massenbilanzen und in vitro BCF wurden mit verschiedenen Modellansätzen verglichen, 

um Einblicke in die relevanten zellulären Akkumulationsmechanismen zu gewinnen und die 

Anwendbarkeit eines neuartigen Screening-Ansatzes zu bewerten, der das menschliche 

Verteilungsvolumen (VD) und Blut-Wasser Verteilungskoeffizienten, KBW, in Fisch verwendet. 

Die Modellergebnisse führten zu dem Ergebnis, dass die Affinität der getesteten IS zu 

Membranlipiden und -proteinen den größten Einfluss auf die Akkumulation der Stoffe hat. Die 

Vorhersage der Biokonzentration in Fischen und Zellen unter Verwendung des menschlichen 

VD und des KBW von Fischen erwies sich als vielversprechender Ansatz für das Screening des 

Biokonzentrationspotenzials von IS in Fischen, wobei die Verfügbarkeit von akkuraten KBW die 

grösste Herausforderung stellt. 

Diese Arbeit weist Schlüsselbereiche der Forschung aus, welche die Bemühungen um den 

Ersatz von Tierexperimenten in der Bioakkumulationsforschung weiter vorantreibt. Darüber 

hinaus unterstreicht sie den Wert von in vitro Tests für die Umweltrisikobewertung. 

Schlüsselwörter 

RTL-W1, RTgill-W1, permanente Fischzelllinien, Biokonzentration, Biotransformation, 

ionisierbare Stoffe, HPLC HRMS/MS, in vitro Massenbilanzmodellierung, Partitionierung 
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1. Introduction 

The present thesis focuses on 2D in vitro cell models and their applicability to support 

bioconcentration predictions in fish. It provides insight into the processes that govern 

accumulation in the in vitro models and discusses the potential to predict bioconcentration in 

fish using cell cultures. This research complements the application portfolio of in vitro models 

for chemical hazard assessment. In addition, it explores computational model approaches and 

evaluates read across methods to support bioaccumulation assessments. 

This introductory chapter provides the background on which the thesis research builds. It first 

concentrates on the phenomenon of bioaccumulation, the role of bioaccumulation in current 

chemical hazard assessment schemes and the resources it takes to follow these schemes 

using traditional animal tests. It then sheds light on computational and in vitro methods to 

predict bioconcentration, i.e. the uptake of chemicals from the water phase, without the need 

for animal experimentation, focusing on fish. Finally, mechanisms are explained that are 

thought to govern the bioconcentration of ionizable organic compounds, which are the specific 

focus in this thesis research. 

1.1. Bioaccumulation in the environment

Bioaccumulation describes the enrichment of any substance in a living organism. For example, 

organisms accumulate nutrients from their food to maintain their body integrity. Substances 

which are of no use to the organism are usually excreted from the body. However, especially 

for human-made substances, many organisms have no mechanisms in place to preempt an 

enrichment of this substance in their bodies. The enrichment may occurs because the 

organism cannot actively prevent the substance’s uptake and/or effectively eliminate it from its 

body 1. This is where bioaccumulation may pose a threat to the organism’s well-being. 

Human ingenuity brought enormous technological advancement and concurrent improvement 

of human life. Along with this development, humans synthesized a rapidly increasing number 

of chemical compounds for different applications. To date, about 204 million chemical 

compounds are known 2 of which 40 000 to 60 000 compounds are in commerce 3. However, 

along with the production, use and disposal of chemical compounds, many of them are 
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released to the environment, where they can have unintended effects on exposed organisms, 

whole populations or even ecosystems 4. 

After the Second World War, it was discovered that neutral organic compounds, in this case 

Dichlorodiphenyltrichloroethane (DDT), can enrich in organisms via the food web and lead to 

sharp population declines of raptors 5: DDT concentration in organisms increased along the 

food chain from phytoplankton up to raptors. Apex predators were mainly exposed to DDT via 

their prey and showed highest DDT concentrations in their body tissue compared to organisms 

in lower trophic levels 5. This discovery and many more studies formed the basic understanding 

that neutral hydrophobic compounds tend to accumulate in organisms, where they enrich in 

the lipid rich tissues. In line with this understanding, current international legislation regulates 

the prevention of bioaccumulation of potentially harmful substances as outlined in the following 

chapter. 

1.2. Bioaccumulation in chemical hazard assessment 

The bioaccumulation potential of an organic compound is a central piece of information in 

international legislation 6. In the European Union, regulation of industrial chemicals for their 

safe use and the protection of human and environmental health falls under the Registration, 

Evaluation, Authorization and Restriction of Chemicals – REACH. Under REACH, a compound 

needs to undergo bioaccumulation assessment if its production or import equals or exceeds 

100 t/year 7. Currently, the most commonly used organism for bioaccumulation assessment in 

the aquatic environment is fish, representing an ecologically and economically important 

organism group. 

Bioaccumulation is defined as the enrichment of an organic compound in an organism. It 

results when the compound uptake via respiratory, dermal and dietary pathways from the 

environment outcompetes the elimination of the compound from the organism 8. Under 

laboratory conditions, bioaccumulation can be measured as either the bioconcentration factor 

(BCF) or the biomagnification factor (BMF). The BCF results from exclusively aquatic exposure 

and respiratory and potentially dermal compound uptake. It is calculated as the ratio of the 

compound concentration in the organism over the compound concentration in the water at 

steady state. The BMF results from the dietary exposure of an organism and is calculated as 

the ratio of the compound concentration in the organism over the concentration in the food. 
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The BCF is commonly measured in standardized experiments, as defined in the OECD Test 

Guideline (TG) 305 9, where rainbow trout (Oncorhynchus mykiss) are among one of the most 

frequently used fish species. In such an experiment, fish are exposed to a chemical via the 

water for several weeks to measure the increase of the chemical in the fish over time. When 

the assumed maximum concentration in the fish was reached, the remaining animals are 

transferred to compound-free water and the decrease of the chemical load in the fish is 

measured. Beside the measured concentrations in fish, the kinetic uptake and elimination rates 

can be determined from the corresponding experimental phases to calculate a kinetic BCF 

from the ratio of uptake and elimination rate. On the one hand, such animal experiments have 

the advantage that all possible exposures and accumulation mechanisms are accounted for. 

On the other hand, these type of experiments are costly, resource intense and ethically 

questionable due to the sacrifice of animals. According to OECD TG 305 9, bioaccumulation 

assessment of a single compound requires at least 108 fish 10. Above all, it is unrealistic to test 

the high number of compounds potentially requiring bioaccumulation assessment in fish 

exposures 11, 12. Therefore, less resource-demanding, and ideally animal-free, alternatives to 

assess bioaccumulation are being sought. 

1.3. In silico methods to predict bioconcentration in fish 

One alternative to animal experimentation are computational models which simulate the 

bioaccumulation of an organic compound in fish. The complexity of such models varies as well 

as the approach they take to simulate bioaccumulation. On one end of the spectrum are 

empirical models, termed linear free-energy relationships and quantitative structure activity 

relationships 13, 14. They relate physicochemical properties 13, 14 or molecular structures 13 of a 

compound to a measured BCF to predict bioaccumulation. Other models attempt to explain 

observed bioaccumulation by the compounds diffusion through membranes 15 and their affinity 

for constituents inside the organism, such as storage lipid, membrane lipid or different protein 

types 16, 17. On the other end of the spectrum are complex models, termed physiology-based 

toxicokinetic (PBTK) models. They base the bioaccumulation process on putative mechanisms 

and physiological processes 11, 18. In the most complex designs, the fish is compartmentalized 

into its organs and tissues, which are linked to each other via the blood stream, e.g. by means 

of differential equations and subsequent compound partitioning into the tissue, using linear 

free energy relationships. The resulting models can help to understand the fate of an organic 

compound in the simulated organism and predict endpoints such as the BCF. 
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The octanol-water partition coefficient, KOW, of the neutral compound, or the pH-dependent 

octanol-water partition coefficient, DOW, (pKa-dependent weighting of the partitioning of the 

neutral and charged compound fraction) have been used as chemical property for BCF 

prediction 14, 19. In this context, KOW and DOW are used as surrogates to describe the lipid affinity 

of a compound 19. The use of KOW or DOW assumes that the neutral fraction of the compound 

is mainly responsible for the bioaccumulation in organisms and that it enriches exclusively in 

storage lipid-rich tissues. Resulting overestimations of octanol-water partition based 

predictions can be refined to result in more realistic bioconcentration estimations by the 

inclusion of in vitro measured biotransformation rates (see Chapter 1.4). However, the 

assumption of octanol-water partition based bioaccumulation ignores that compounds, which 

are largely charged at environmental and physiological relevant pH (~7-8), may not follow this 

accumulation pattern and tend to result in erroneous BCF prediction 14, 20, 21. Consequently, 

several adaptions were suggested to better address the bioaccumulation of compounds that 

do not follow the KOW concept. Such adaptations comprise the inclusion of compound 

elimination via biotransformation in the organism (as it is done for neutral organic compounds 

as well) 22, active uptake and elimination processes 16(less relevant for neutral compounds) 

and the partitioning to other tissue constituents than storage lipid 17, 21. Among these 

processes, biotransformation is currently considered the most important to account for the 

differences in predicted versus measured BCF. Biotransformation is defined as the enzymatic 

conversion of an organic compound in an organism. This process leads to the formation of 

biotransformation products (BTPs) that are usually eliminated from the fish. As a result, 

models, which neglect this process, frequently overestimate the BCF 14, 18. Biotransformation 

rates of an organic compound in fish can be either estimated, albeit still with considerable 

uncertainties 22, or measured by in vitro test systems 23, 24. The in vitro measured 

biotransformation rates are scaled by In vitro-In vivo extrapolation (IVIVE) to whole-body 

biotransformation rates and incorporated into simple as well as the complex PBTK models to 

refine BCF predictions 18, 25, 26. 

1.4. In vitro methods to support bioconcentration predictions 

Most common in vitro methods to support in silico BCF prediction are liver S9-fractions24, 

microsomes 27 and primary hepatocytes 28, all of which are obtained from freshly isolated fish 

liver tissue. While the S9-fraction and microsomes are obtained by tissue homogenization and 

centrifugation 27, 28, the primary hepatocytes are obtained by dispersion of a liver sample and 
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may be used directly or after cryopreservation. Liver S9-fractions and cryopreserved 

hepatocytes were evaluated for the repeatability and reproducibility of measured 

biotransformation rate constants in an international ring trial 28. As a result, two OECD TG have 

been adopted 23, 24. However, these test systems still rely on the sacrifice of animals and batch-

to-batch variations may hamper reproducibility. In addition, liver S9-fractions and microsomes 

lack cellular structures, such as cell membranes, and instead comprise only a mixture of active 

biotransforming enzymes. 

1.5. Permanent fish cell lines as alternative to animal experimentation 

Permanent fish cell lines are alternative biological models that help to overcome the outlined 

deficits of other in vitro methods, since they represent intact cells and are a homogenous 

resource without the need to sacrifice more fish 29, 30, 31. Most prominent in the literature are 

three rainbow trout cell lines, namely the RTL-W1 29, the RTgill-W1 30 and the RTgutGC 31 cell 

line. All three cell lines were isolated from healthy rainbow trout tissues representing the liver 

(RTL-W1), gill (RTgill-W1) and gut (RTgutGC) and have been successfully cultured and 

cryopreserved over several years 29, 30, 31. Thanks to continuous research efforts, these cell 

lines have been tested in many applications and have great potential to inform environmental 

hazard assessment. The three cell lines express chemical efflux transporters 32 as well as a 

diverse range of biotransforming enzymes 29, 33, 34, 35 and appear to well biotransform neutral 

organic compounds 35. These properties were successfully exploited to measure 

biotransformation rates of a neutral model compound, benzo[a]pyrene, with the rates being 

used to predict the fish BCF in combination with a PBTK model 35. Other applications comprise 

the transfer of organic compounds, particles and metals across intact RTgutGC epithelia to 

inform the in vivo functionality of the fish intestine 36, 37, 38, 39 or the prediction of acute toxicity in 

fish 40, 41, 42. The latter research efforts resulted in the adaption of the OECD TG 249 43, which 

derives an in vitro effective concentration affecting 50 % of the exposed RTgill-W1 cells (EC50) 

via concentration-response curves. The EC50 was shown to correlate well with the lethal 

compound concentration killing 50 % of exposed fish (LC50) 40 in an acute exposure scenario 

and can therefore replace experimentation with fish for LC50 determination 44. It is noteworthy 

that these relationships were mainly established for neutral compounds and that a deliberate 

focus on charged compounds was lacking 40, 42. For cell-based assays beyond acute toxicity, 

it is recommended to establish concentration-response curves of a test compound to ensure 

appropriate selection of exposure concentrations for non-acute subsequent assays 45. Despite 



Introduction 

6 

 

these successful applications of rainbow trout cell lines, they were not deliberately tested in 

the context of bioaccumulation assessment of ionizable organic compounds (IOC), a topic, 

which gained increasing attention in the last years 46, 47. 

1.6. Ionizable organic compounds 

IOC can be either permanently charged or undergo pH- and pKa-dependent speciation into a 

neutral and a charged fraction (Figure 1.1) 21. This implies that IOC can be acids and bases. 

Zwitterions and amphoteric chemicals, which act as base or acid, are also IOC, but are not 

considered in the present work. The big group of IOC comprises many compounds of different 

functionality, such as pesticides, pharmaceuticals, surfactants and additives in personal care 

products 48. For example, a sample analysis of 1510 compounds out of ~143,000 preregistered 

industrial chemicals at the European Chemicals Agency in 2010, estimated that 27 % are 

acids, 14 % bases, and 8 % zwitterions or amphoteric 48. Another study examined 907 active 

pharmaceutical ingredients and found that the majority of them were ionizable (64 %) 49. 

Typically, ionizable structures in IOC are carboxylic acids, phenols, sulfonates and amines, 

while typical permanently charged structures without an exchangeable hydrogen are 

quaternary ammonium and phosphonium compounds 21 Figure 1.1. It is noteworthy that in 

certain compound groups, such as perfluoroalkyl acids, the functional carboxylic acid and 

sulfonate groups can have very low pKa values, which means that the charged species 

dominate over a wide pH range 21.  
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Figure 1.1: Most common ionizable chemical groups in IOC. Rx represent any organic structure, 
which may be associated with the respective functional group. Chemical structures created with 
Chemsketch 2021.1.2 (ACD/Labs) 50 

1.7. Bioaccumulation of ionizable organic compounds 

Due to their broad range of applications, IOC are released into the aquatic environment 51, 52, 

53, where they may bioaccumulate in aquatic organisms. As opposed to neutral compounds 

that mainly bioaccumulate in the lipid fraction of organisms, IOC can have several relevant 

sorption phases 21, 46 as depicted in (Figure 1.2). While the neutral fraction of an IOC may still 

sorbs to the neutral lipid fraction, the sorption of the charged fraction to lipids is usually deemed 

negligible 54, due to the low octanol affinity of the ionic species 55 56 57. Instead, the charged 

IOC fraction may sorb to proteins 58, 59, 60 and cell membranes 57, 61, 62, 63, 64, as these bear 

charges themselves. 

The sorption to cell membranes is caused by the structure of the building blocks of cell 

membranes, i.e. the phospholipids. Phospholipids consist of a hydrophobic aliphatic tail and a 

charged (often zwitterionic) head group, which arranges to a phospholipid bilayer in cell 

membranes with a hydrophobic core and a negatively charged outer layer. This gives cell 

membranes a high IOC absorption capacity, especially for compounds that have a similar 

molecular structure as phospholipids, such as ionic surfactants 63, 64, 65. Therefore, the pH-

dependent membrane lipid-water partitioning coefficient, DMLW, has been suggested as a 

screening parameter for the bioaccumulation potential of IOC 65. Current estimation methods, 
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experimentally as well as computational, exist and appear to provide reliable DMLW estimations, 

which can be used for BCF prediction 63, 66.  

To date, protein sorption is distinguished in sorption to structural protein 60 and serum albumin 

59, where the latter can be a very site-specific interaction 67 68 69 70. Protein sorption is dependent 

on the molecular structure and the surrounding pH, which influences protein conformation as 

well as the degree of ionization of the IOC. In terms of overall sorption capacity, the albumin 

fraction in organisms is thought be around 0.4 % while the structural protein fraction is much 

larger with 11 % 17. Although the importance of this phase for IOC bioaccumulation has been 

recognized for certain IOC groups 71, there are only a small number of methods to estimate 

the protein partition coefficients of IOC 59, 60. In addition, such estimation methods do have a 

limited applicability domain, which may result in considerable uncertainty of estimations for 

compounds, which are outside this applicability domain 59, 60, 72, 73. 

 

 

Figure 1.2: Principal partitioning processes relevant to IOC bioaccumulation. “R” represents a 
generic organic compound with a primary amine as an ionizable functional group. pH x and y can be 
identical or different, which, in combination with the compound’s pKa, determines the speciation of the 
compound to a neutral and a charged fraction. Those fractions have varying affinities to the diverse 
phases inside an organism. This figure was partly created with BioRender.com. 

The bioaccumulation of IOC is thought to be mainly driven by the passive uptake of the neutral 

fraction of an IOC at a given pH (Figure 1.2) 26, 46, 74. Passive uptake and elimination describes 

the permeation of a compound through a cell membrane driven by the concentration 
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difference. However, passive uptake and elimination of the charged IOC fraction is considered 

to be orders of magnitude smaller and therefore negligible 21, 46. Another way for the charged 

IOC fraction to cross the cell membrane is the active transport facilitated by cell membrane 

integrated transporter proteins, which belong to the ATP binding-cassette (ABC) transporter 

family 75 and the solute carrier family 76 77. To date, research efforts in fish were mainly focused 

on ABC transporters 78, which were shown to exist in the above discussed rainbow trout cell 

lines 32. Another pathway that organic compounds may take not depicted in Figure 1.2, is the 

paracellular pathway 79. It may become relevant when the above partitioning processes, which 

can be summarized under the transcellular pathway, is negligibly small for an organic 

compound39. 

1.8. Ionizable organic compounds in cell culture test systems 

Since the neutral and charged species of an IOC have intrinsic affinities for different matrices 

(see 1.6), the effect concentration applied in a cell-based in vitro assay is dependent on the 

sorption of the compound to plastic, medium constituents or the cells themselves. Another 

potential loss process is evaporation from the medium 72, 80, 81 (Figure 1.3). This means that an 

initial exposure concentration may be reduced as a result. Only the resulting freely dissolved 

aqueous concentration, Cfree, is assumed to be available for cellular uptake and exert an effect 

on the exposed cells (Figure 1.3). Moreover, Cfree was demonstrated to be more useful for in 

vitro to in vivo comparisons of effective concentrations such as the median effect 

concentration, EC50 80, 81.  

Proteins present in the exposure medium are assumed to act as reservoir to replenish Cfree, 

since the sorption to typical protein types in media may be reversible 82 83. The most common 

protein supplement for cell culture media is fetal bovine serum, which contains serum albumin 

as the main protein type 84. Anionic compounds are expected to interact at specific sites with 

albumin, while cationic compounds are limited to hydrophobic and nonspecific interactions 68, 

69, 85. In modelling studies, bovine serum albumin served as surrogate of the protein phase in 

organisms and the partitioning of organic compounds (neutral and IOC) to serum albumin has 

often been studied 59, 68, 69, 85, 86, 87, 88. 
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Figure 1.3: Compound distribution and loss processes in a cell-based in vitro assay. The principal 
assumption is that only Cfree is available for partitioning to the cells. Organic matter represents other 
proteins than serum protein but also smaller molecules, such as amino acids. For IOC, the described 
processes of compound distribution pertain to both, the neutral and the charged species. Note that inside 
the cell biotransformation (BT) of the test compound can occur and influence the mass balance. 

There are two principal approaches to determine Cfree 
72. One approach experimentally 

determines Cfree using solid-phase microextraction (SPME) fibers, which is assumed to directly 

correspond to Cfree 
80. The other approach applies in vitro mass balance models to predict Cfree 

in the exposure medium at chemical equilibrium 72, 89, 90. For neutral compounds, this approach 

may give acceptable predictions of Cfree 90, while for IOC greater variations in model 

performance were found 90. The main challenge for the model approaches is the limited 

availability of measured full mass balances from in vitro assays for model evaluation as well 

as uncertainties in the partition coefficient estimations 89, 90. However, for the purpose of full 

mass balance derivation of an in vitro system and detection of biotransformation activity, the 

medium concentration should be measured 35, 41. The medium concentration includes Cfree and 

all bound compound fractions in the medium.  
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1.9. Research objectives 

This introductory chapter (Chapter 1) summarizes the current knowledge on the replacement 

of animal experimentation in bioaccumulation assessments using permanent fish cell lines and 

the relevant knowledge on IOC bioaccumulation with associated experimental challenges. 

With my research I aim to complement our understanding of IOC bioaccumulation in 

permanent fish cell lines and the extrapolation to fish. The following chapters report on the 

bioaccumulation assessment of IOC in fish using the permanent fish cell lines, RTL-W1 and 

RTgill-W1. For this purpose, I selected seven IOC, based on availability of high quality in vivo 

data for reference and used them in cell exposure protocols to quantify cellular accumulations. 

I specifically addressed the following questions: 

 Can non-toxic concentrations of the tested IOC in RTgill-W1 and RTL-W1 be 

determined for bioaccumulation experiments and effective concentrations predict acute 

toxicity in fish? 

 Can cell-based bioconcentration predict the bioconcentration in fish and do differences 

exist for anionic and cationic IOC? 

 Do the exposed cells biotransform IOC and can biotransformation rates be determined 

for IVIVE? 

 Are the accumulation mechanisms in the cell cultures and in fish predictable with simple 

or/and complex in silico approaches?  

My thesis research spans from experimental approaches with cell cultures and state-of-the art 

chemical quantification to the application of in silico methods to advance the use of in vitro 

alternatives for bioaccumulation assessment. The results of my research are presented in 

three chapters, which are briefly summarized in the following. In the last chapter, I draw general 

conclusions and discuss future research directions.  
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Chapter 2: Investigating the bioaccumulation potential of anionic organic compounds 

using a permanent rainbow trout liver cell line 

 

Figure 1.4: Graphical abstract for Chapter 2.  

Mass balances of in vitro test systems are indispensable for the detection of biotransformation 

activity by the exposed cells and to understand measured cellular accumulation of the test 

compound. With the established method, mass balances of RTL-W1 cells, exposed to non-

toxic exposure concentrations of four anionic compounds, were obtained and used to derive 

in vitro BCF. Those cell-based BCF were compared to in vivo BCF or BMF values and simple 

partition coefficient-based predictions. From the comparisons, it could be concluded that the 

established protocol can be used as conservative estimate to predict bioconcentration in fish 

as one line of evidence. Further, the mass balances gave insights into the fate of the four 

tested anionic compounds. A valuable side outcome was that the acute cytotoxicity assay with 

RTgill-W1 implied that it can predict acute toxicity of anionic organic compounds in fish. 

Chapter 3: Bioaccumulation of cationic surfactants in permanent fish cell lines 

 

Figure 1.5: Graphical abstract for Chapter 3.  

The established method to measure anionic compounds in fish cell cultures was extended to 

cationic surfactants in exposures with RTL-W1 and RTgill-W1. Specifically, the role of cell 
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surface bound compound was scrutinized. Observed cellular accumulations of the three tested 

cationic surfactants closely followed the compound’s affinity to membrane lipid and was well 

predictable by the DMLW. It could be demonstrated that measured in vitro BCF in both cell lines 

were dependent on the alkyl chain-length and independent of the exposed cell type. In vitro 

BCF of the non-permanently charged test compounds were well comparable to BCF measured 

in fish. 

Chapter 4: Model comparison to refine bioconcentration prediction of ionizable organic 

compounds 

 

Figure 1.6: Graphical abstract for Chapter 4.  

Computational models are useful to investigate and validate putative accumulation 

mechanisms inside an organism or cells. In this chapter, cell- based BCF and in vivo BCF were 

compared to two different model approaches: a typical in vitro mass balance model and a 

kinetic model, which combines kinetic membrane permeation with a mass balance inside the 

cell. The models’ assumptions for bioconcentration were evaluated and their relevance 

discussed in context with the experimental bioconcentration data. The comparison of the 

computational and experimental in vitro data revealed that a mass balance sufficed for the 

prediction of cellular compound accumulations and that kinetic considerations of charge-

dependent permeation in models can be neglected. Further, the models revealed that the 

influence of Cfree in the medium was dependent on the compound class. Important factors 

determining the experimental accumulations were the test compound affinity to membrane lipid 

and protein as well as the medium and cellular pH. Additionally, a novel approach to screen 

for bioconcentration potential in fish and cells using human volume of distribution and the blood 

water partition coefficient from fish was evaluated. Human and fish VD were largely similar for 

a set of IOC from the literature. The combination of the human VD with the blood water partition 

coefficient from fish for BCF prediction implied potential for screening the bioconcentration 

potential in fish. However, predictions of KBW require refinements to be more accurate and 

measured KBW values are not readily available. Therefore, this read across approach is limited 

by the use of accurate KBW.
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2.1. Abstract 

Permanent rainbow trout (Oncorhynchus mykiss) cell lines represent potential in vitro 

alternatives to experiments with fish. We here developed a method to assess the 

bioaccumulation potential of anionic organic compounds in fish, using the rainbow trout liver-

derived RTL-W1 cell line. Based on the availability of high quality in vivo bioconcentration 

(BCF) and biomagnification (BMF) data and the substances’ charge state at physiological pH, 

four anionic compounds were selected: pentachlorophenol (PCP), diclofenac (DCF), 

tecloftalam (TT) and benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid (BHPP). The fish 

cell line acute toxicity assay (OECD TG249), was used to derive effective concentrations 50% 

and non-toxic exposure concentrations to determine exposure concentrations for 

bioaccumulation experiments. Bioaccumulation experiments were performed over 48 h with a 

total of six time points, at which cell, medium and plastic fractions were sampled and measured 

using high resolution tandem mass spectrometry after online solid phase extraction. Observed 

cell internal concentrations were over-predicted by KOW-derived predictions while pH-

dependent octanol-water partitioning (DOW) and membrane lipid-water partitioning (DMLW) gave 

better predictions of cell internal concentrations. Measured medium and cell internal 

concentrations at steady state were used to calculate RTL-W1-based BCF, which were 

compared to DOW- or DMLW-based model approaches and in vivo data. With the exception of 

PCP, the cell-derived BCF best compared to DOW-based model predictions, which were higher 

than predictions based on DMLW. All methods predicted the in vivo BCF for diclofenac well. For 

PCP, the cell-derived BCF was lowest although all BCF predictions underestimated the in vivo 

BCF by ≥1 order of magnitude. The RTL-W1 cells, and all other prediction methods, largely 

overestimated in vivo BMF, which were available for PCP, TT and BHPP. We conclude that 

the RTL-W1 cell line can supplement BCF predictions for anionic compounds. For BMF 

estimations, however, in vitro-in vivo extrapolations need adaptation or a multiple cell line 

approach. 

2.2. Introduction  

Bioaccumulation is an important parameter for environmental risk assessment of organic 

compounds as the accumulated compounds potentially endanger environmental and human 

health. Bioaccumulation occurs as bioconcentration from the surrounding environment, 

expressed as bioconcentration factor (BCF), or as biomagnification from dietary uptake, 

expressed as biomagnification factor (BMF). Most commonly fish, and more specifically, 

rainbow trout (Oncorhynchus mykiss), are used for bioaccumulation assessments concerned 

with the aquatic environment 9. Such assessments are standardized according to OECD Test 
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Guideline (TG) 305, where enrichment and depuration of a compound are measured in week-

long exposures of over 100 fish in a resource-intensive and ethically questionable manner 9. 

One alternative method to assess bioaccumulation in fish are modelling approaches, which 

predict bioaccumulation with varying degrees of complexity and, most commonly, on the bases 

of the compound’s octanol-water partition coefficient, KOW 
18. The octanol phase is used as 

surrogate of the organisms’ lipid phase, which is assumed to drive the bioaccumulation of 

neutral compounds. However, such KOW ─ based models often overestimate bioaccumulation 

relative to the in vivo reference, since depuration processes, such as biotransformation, are 

not considered 14, 91. 

In vitro methods have been developed to obtain information about the capacity of fish liver to 

biotransform chemicals. OECD TG319a/b detail the use of freshly isolated and cryopreserved 

hepatocytes or of S9-fractions from fish to determine biotransformation rates 23, 24. Via In vitro 

- In vivo Extrapolations (IVIVE), these biotransformation rates aid in the refinement of 

bioaccumulation models 18, 23, 24. Yet, these in vitro methods still require the sacrifice of fish; as 

well, the activity of the hepatocytes and S9-fractions may vary depending on the health status 

and strain of the fish, the season of isolation and the isolation procedure itself. 

Another in vitro alternative, which avoids experimentation with fish altogether, are permanent 

fish cell lines 35, 41. Two approaches for the prediction of bioaccumulation in fish were tested 

with permanent fish cell lines to date using cell lines from rainbow trout, which stem from gill 

(RTgill-W1, 30), liver (RTL-W1, 29) and intestinal tissue (RTgutGC, 31). The simpler of the two 

approaches derives a BCF directly from measured cellular concentrations in an IVIVE 

procedure: the cellular concentration of a compound at steady state, expressed as per cell 

mass, divided by the exposure medium concentration 41. This was done using the RTgill-W1 

cell line in Stadnicka-Michalak et al. (2014), though the focus of that study was on extrapolation 

of internal effect concentrations and not a comparison to in vivo bioaccumulation. In the second 

approach, the measured in vitro biotransformation rate of the test compound serves as input 

parameter for physiology-based toxicokinetic (PBTK) models, enabling IVIVE and BCF 

prediction 92. This approach was successfully demonstrated for all three above mentioned 

rainbow trout cell lines for the polycyclic aromatic hydrocarbon, benzo[a]pyrene 35. 

Cell line-based approaches operate on a small scale, which has advantages in terms of test 

material needs and waste produced. Yet, the small scale makes quantifying test compounds 

in cell samples challenging due to the minute amounts added to these test systems. Stadnicka-

Michalak et al. (2014, 2018) addressed this challenge by using radiolabeled test compounds 

35, 41. More recently, fish cell-internal concentrations have also been determined in a mass 

balance-type approach for non-radiolabeled compounds 38, 39, 81, 93, 94. One of these studies 
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examined the formation of biotransformation products (BTP) in the RTgill-W1 and RTL-W1 cell 

lines upon test compound exposure and found a putative BTP, a hydroxy-metabolite in RTL-

W1 cells, which implies the activity of phase I biotransformation enzymes 94. Other studies, 

which examined the transfer of volatile and hydrophobic organic compounds across an 

RTgutGC epithelium, demonstrated biotransformation activity and suggested to use the test 

system for different cell lines and for the identification of BTPs of test compounds 38, 39. These 

advances in applications of fish cell lines and analytical methods provide impetus to expand 

these types of investigations to a wider chemical space.  

Ionizable organic compounds (IOC) are a group of chemicals for which the mechanisms and 

extent of bioaccumulation is little understood. IOC are distinct from neutral compounds by 

having a charged fraction, either permanently or depending on the pH of the surrounding 

milieu, which results in organic anions, cations or zwitterions. IOCs comprise a great number 

of chemical classes 48, 95 and are used as, for example, surfactants 96, 97, 98, pharmaceuticals 99 

and pesticides 100, with the concurrent release into the aquatic environment 51, 52, 53. The 

bioaccumulation of IOCs strongly depends on their molecular structure. For example, 

pharmaceuticals, such as the anionic diclofenac, express a low bioaccumulation in fish 

compared to neutral compounds despite a log KOW of > 4 101, 102. However, certain anionic 

surfactants, such as perfluoroalkyl substances and long chained alkyl sulfonates (alkyl chain 

≥ 14) 26, 103, 104, exert a high bioaccumulation in fish relative to other anionic compounds 105 106 

107. Anionic compounds that lack the typical surfactant-like structure but have a largely 

hydrophobic surface, such as pentachlorophenol, also show high bioaccumulation in fish 7, 108. 

Thus, it seems that the neutral and charged fraction of an IOC determine bioaccumulation 46. 

In accordance with this observation, the KOW was found to be an inappropriate descriptor for 

the bioaccumulation of IOCs that are mainly or permanently charged 14. The pH-dependent 

octanol-water distribution ratio, DOW (KOW corrected for the neutral and charged fraction at a 

specific pH), appeared more suitable for bioaccumulation prediction 14, 22. Recent investigations 

found that the compound’s pH-dependent membrane lipid-water distribution ratio, DMLW, 

describes the accumulation in fish for surfactants well, since the cell membranes appear to be 

the main sink for surfactants in fish 16, 17, 26, 61, 65, 66. Beside the cell membranes’ phospholipid, 

the interaction with proteins can pose another significant matrix for bioaccumulation 109 110 111 

58 54 as shown for perfluorooctanoic acid 71. Further, membrane integrated proteins, can play 

an important role in the uptake and efflux of IOC, which would otherwise permeate the cell 

membrane in negligible amounts 46. Comprising functional entities with phospholipids and 

proteins in place, it is reasonable to assume that fish cell lines possess all the relevant matrices 

to assess the bioaccumulation potential of IOC in fish. 
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We therefore set out in this study to assess the potential of the RTL-W1 fish cell line to predict 

the bioaccumulation of four purposefully selected anionic organic compounds in fish. The RTL-

W1 cell line was selected for testing because it represents the liver as primary organ for 

biotransformation and is among the best studied fish cell lines with regard to its 

biotransformation capabilities 29, 33, 34, 35. Indeed, the expression of cytochrome CYP1A, 

glutathione-S-transferase, sulfotransferase and UDP-glucuronosyltransferase have been 

confirmed in this cell line 29, 33, 34, 35. We hypothesized that the RTL-W1 cell line possesses the 

principal ability to accumulate and biotransform IOCs and that derived in vitro-based BCF are 

comparable to in vivo bioaccumulation. To test this hypothesis, we 1) determined non-toxic 

exposure concentrations for bioaccumulation experiments based on the established RTgill-W1 

cell viability assay following OECD TG249 43, 45; 2) established a method to measure cell-

internal concentrations of anionic organic compounds in RTL-W1 cell cultures over time for 

mass balance analysis; and 3) derived in vitro BCF from measured concentrations in cells and 

exposure medium and compared these with in vivo data and common BCF prediction methods. 

2.3. Methods 

2.3.1. Test Compound Selection 

Detailed information on the test compounds is documented in the supporting information (SI): 

CAS registry number, structural formula, vendor and purity in SI Table S2.1, and influence of 

pH on degree of ionization in SI Figure S2.1. Three criteria were applied to select the four test 

compounds. The first criterion was that high quality, in line with OECD TG305 9, 

bioaccumulation data in rainbow trout are available for reference. The second criterion was 

that the compounds are largely negatively charged at physiologically relevant pH (7-8) while 

the third criterion was environmental relevance. Based on these criteria, the selected anionic 

compounds were: benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid (BHPP), diclofenac 

(DCF), pentachlorophenol (PCP) and tecloftalam (TT). BHPP belongs to a group of ultraviolet 

stabilizers, which are most prominently used as additive in plastic polymers and car paints 112 

113. DCF is a well-known pharmaceutical used for its pain relieving and anti-inflammatory 

properties 114, 115. PCP is a pesticide disinfectant that was used in the past as a preservative in 

wood, leather, agricultural seeds and in paper mill systems 116, but has been listed in Annex A 

of the Stockholm Convention due to its high toxicity and environmental persistence since 2015 

117. TT is a pesticide used to control bacterial leaf blight (Xanthomonas oryzae) in rice 118 119. It 

is expected to end up in the aquatic environment, although this has not been addressed in the 

accessible scientific literature. In contrast, BHPP, DCF and PCP have been ubiquitously found 

in surface waters and in aquatic organisms 120 121 122 123 53. 
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For BHPP and TT, only BMF from rainbow trout exposure studies were available. A 

comparison of BCF and BMF is fundamentally difficult because of the different exposure 

matrices used for normalization (water concentration for BCF, concentration in prey/feed for 

BMF). Therefore, we transformed the BMF value to a tentative BCF, BCFBMF, calculated as the 

ratio of the measured elimination rate, 𝑘𝑒 (d-1), from the BMF study 107, over an estimated 

chemical uptake rate, 𝑘𝑢 (L kg-1 d-1) 9. Whole body measured 𝑘𝑒 values from the BMF study 

for BHPP and TT were 1.24 d-1 and 2.96 d-1 , respectively 107. For PCP, in vivo BCF and BMF 

were available and the BCFBMF (𝑘𝑒 = 1.79 d-1) was calculated to estimate the accuracy of the 

transformation method. Since the charged fraction of the studied IOC is dominant at neutral 

pH (7-8), the gill uptake is likely smaller compared to a neutral compound, assuming that active 

uptake of the charged faction is minor 124. For this reason, the approach from Armitage et al. 

16 was chosen for chemical uptake rate calculation to account for the lowered uptake efficiency 

of the tested IOC: 

Equation 2.1  𝑘𝑢 =  ((𝑅𝑤 + 𝜇 𝑅𝑜 𝐾𝑂𝑊⁄ )−1  +  𝛽) ×
𝑉

𝑊
  

The left factor in Equation 2.1 represents the chemical absorption efficiency, where 𝑅𝑤 (1.85) 

and 𝑅𝑜 (155) are resistances through the aqueous and organic diffusion layer at and in the gill, 

respectively. The µ represents the pH-dependent dissociation of the tested IOC (for acids: 1 +

 10𝑝𝐻−𝑝𝐾𝑎), 𝐾𝑂𝑊 is the octanol-water partition coefficient of the neutral IOC species, 𝑉 the gill 

ventilation rate (L day-1) and 𝑊 the fish weight (kg). The 𝛽 describes the mass transfer of the 

charged IOC fraction across the organic gill layers and passive uptake via the paracellular 

transport. Since the mechanisms for 𝛽 are poorly characterized, we applied two different 

values to reflect the resulting uncertainty of this parameter (0.005 and 0.0005) on the BCF 

estimation (mean and standard deviations Table S2. 9). For a detailed discussion on the 

uncertainties of 𝛽, see 16. Required information from the BMF studies for 𝑘𝑢 calculation were 

the water temperature (11 °C), water pH (7.35), mean fish weight (5.42 g), and dissolved 

oxygen concentration (9.29 mg L--1) 107, while the required information on the tested IOC is 

shown in Table 2.1. The calculation of 𝑘𝑢 was conducted with the BIONIC model v3 available 

as spreadsheet 16, where all input data kept their default values, if not mentioned differently 

above. 

2.3.2. Preparation of stock solutions of test compounds 

The test compounds Table 2.1 were delivered via dimethyl sulfoxide (DMSO, CAS 67-68-5, 

Sigma Aldrich) stock solutions in concentrations that resulted in a DMSO concentration of 0.5% 

(v/v) in the final exposure medium of the fish cell line acute cytotoxicity assays (OECD TG249 

43), while it was 0.1% (v/v) for the bioaccumulation experiments (same as in OECD TG 319b 
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24). The same DMSO stock solution per test compound, stored at -20 °C in between 

experiments, was used for all biological replicates for each cytotoxicity or bioaccumulation 

experiment. The computation of the compound’s KOW values (of the neutral species) has been 

attempted with the software COSMOtherm but was not successful for some of the substances. 

Therefore, the KOW and DOW were taken from other estimation programs as detailed in Table 

2.1. 

Table 2.1: Overview of test compounds with usage and key physico-chemical properties. Partition 
coefficient estimations were taken from the same source to keep uncertainties comparable. 

Test 
compound 

Abbre
viation CAS 

Category/ 
Usage pKa

1 log Kow2 
log DOW 
(pH 7.4)3 

log 
DMLW

4 

Benzotriazol-
tert-butyl-
hydroxyl-
phenyl 
propanoic 
acid 

BHPP 84268-36-0 
UV stabilizer in 

plastics and 
paints 112, 113 

4.65 4.23 1.75 2.2 

Diclofenac DCF 15307-79-6 
Pharmaceutical 

114, 115 
4.18 4.04 1.37 1.4 

Pentachloro 
phenol 

PCP 87-86-5 
Pesticide 

Disinfectant 116, 117 
4.68 4.76 2.45 2.9 

Tecloftalam TT 76280-91-6 Pesticide 118, 119 1.07 5.48 3.13 2 

1: ACD/Labs prediction, 2: Mean of EPI Suite and ACD/Labs predictions, 3: ACD/Labs, 4: Prediction 
method in Armitage et al. 2013 16 

 

2.3.3. Cell culture 

RTL-W1 29 and RTgill-W1 cell lines 30 were routinely cultured in cell culture flasks with 150 cm2 

growth area (Techno Plastic Product AG) at 19 ± 1 °C in the dark at normal atmosphere in 

20 mL routine cell culture medium, i.e. Leibovitz’s medium (L-15, Invitrogen), supplemented 

with 5% (v/v) fetal bovine serum (FBS, Eurobio Scientific). When a cell culture reached 

approximately 95% confluency, the cells were diluted in a 1:1 (v/v) ratio to obtain two new cell 

culture flasks or seeded for an experiment. To detach the cells, the medium was removed, the 

cell layer rinsed twice with 1.4 mL Versene solution (Gibco™ Versene Solution, Thermo Fisher 

Scientific Inc.) and 0.7 mL trypsin (Pan Biotech) added. When the cell layer visibly detached 

from the plastic bottle, the trypsin reaction was stopped by the addition of routine cell culture 

medium, after which cells were brought into suspension. For the acute cytotoxicity assays with 

RTgill-W1 cells, cell passages 62 to 74 were used; for confirmation of non-toxic concentrations 

and the bioaccumulation experiments with RTL-W1 cells, cell passages were 80 to 94. 
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2.3.4. Determination of non-toxic exposure concentrations 

It was crucial to use non-toxic exposure concentrations of the test compounds in the 

bioaccumulation experiments to avoid that toxic effects mask the accumulation behavior of the 

exposed cells. RTL-W1 cells cannot easily be transferred to the test conditions of the 

standardized acute cytotoxicity assay, due to the absence of FBS in the exposure medium in 

this test 43. Therefore, acute cytotoxicity assays were conducted with RTgill-W1 cells according 

to OECD TG249, assuming an overall comparability in the acute cytotoxicity between rainbow 

trout cell lines, as it was demonstrated for RTgill-W1 vs. RTgutGC cells by Schug et al. (2020) 

In brief, RTgill-W1 cells were exposed in a 24 well plate format to a range of six exposure 

concentrations of a single test compound dissolved in DMSO 43 with a 48 h exposure duration. 

For the exposures, the protein-free type of Leibovitz’s medium, L-15/ex, was applied 43. At the 

start and termination of exposure (C0h and C48h), the exposure medium, was sampled for later 

chemical analysis (SI section S2.2, Table S2.2). After exposure, cell viability was quantified 

based on a set of three fluorescent indicator dyes. These were alamarBlueTM, 5-

carboxyfluorescein diacetate acetoxy methyl ester (CFDA-AM) and Neutral Red, indicating cell 

metabolic activity, cell membrane integrity and lysosomal membrane integrity, respectively 43. 

The raw fluorescent data were expressed as % of control and corrected for the actual 

measured exposure concentrations based on the geometric mean, which was calculated with 

C0h and C48h of the respective exposure concentrations of the biological replicates. These data 

were used to produce sigmoidal concentration-response curves of cell viability 43 and calculate 

the effective concentrations causing 50% decline of cell viability (EC50). Moreover, the non-

toxic concentrations were calculated in an online application 126, according to Stadnicka-

Michalak et al. (20), which applies an algorithm on the toxicity data to determine a reproducible 

and conservative estimate. 

The exposure concentrations for the bioaccumulation experiments were chosen based on 

three criteria: 1) the exposure concentration should be as low as possible and not exceed the 

non-toxic concentrations (see above); 2) to avoid enzyme inhibition in the exposed cells, the 

exposure concentration should be  1 µM 23, and 3) the chosen concentration should be at 

least 10 times above the method limit of quantification (LOQ). Final exposure concentrations 

for the bioaccumulation experiments were confirmed to be non-toxic upon exposure of RTL-

W1 cells over 72 h (SI section S2.2, Table S2.3, Figure S2.2), i.e. the longest time span 

foreseen for the bioaccumulation studies (see below). For this purpose, the same 

fluorescence-based cytotoxicity assay was applied as outlined above, but with 5% FBS 

supplementation of the exposure medium to sustain the viability and metabolic activity of the 

RTL-W1 cells. 
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2.3.5. Experimental procedure for bioaccumulation assessment 

The presented experimental procedure was inspired by previous studies that focused on IVIVE 

using rainbow trout cell lines to predict bioaccumulation in fish 41. Initially, two formats were 

considered, all using RTL-W1 cells: 24 well plates (1.9 cm2 growth area/well, Greiner Bio-One) 

holding 2.5×105 cells/well in a volume of 1 mL and cell culture flasks (25 cm2 growth area/flask, 

Techno Plastic Product AG) holding 3.3×106 cells/flask in a volume of 6 mL. Cell internal 

concentrations were better measurable in the flask format (SI section S2.3); it hence was 

decided to conduct the bioaccumulation experiments in the 25 cm2 cell culture flasks. 

2.3.6. Cell seeding and exposure start 

For each experimental run, ten 25 cm2 cell culture flasks were seeded with 3.3×106 RTL-W1 

cells per flask in a volume of 6 mL routine cell culture medium. This cell density ensured a 

confluent monolayer with minimal fluctuation of cell number during the experimental duration 

(SI section S2.4, Figure S2.3). Cells from routine culture at about 95% confluency were 

detached and suspended as described above for cell counting, using the electronic cell 

counting system CASY TCC (BIOVENDIS Products GmbH). A 10 µL sample of the cell 

suspension was diluted in 10 mL CASY solution and the cell number, viability and cell diameter 

measured in two technical replicates, aiming for no more than ± 10% variability to be valid. The 

seeding density was calculated and the cell suspension appropriately prepared in routine cell 

culture medium. Seeded cells were incubated for 48 h to 72 h under routine cell culture 

conditions (see above) to obtain the confluent monolayers for experimentation. The 

experiments were started by the removal of the cell culture medium and the addition of 3 mL 

of L-15 medium with test compound solved in DMSO and 5% FBS (v/v) to sustain the cells 29. 

2.3.7. Bioaccumulation experiments 

Figure 2.1 depicts the experimental set up and all subsequent sampling and extraction steps. 

Two flasks were sampled at each sampling time point, which were 0 h, 4 h, 8 h, 16 h, 24 h and 

48 h of exposure: the flask with exposed cells (A, Figure 2.1) and the cell-free negative control 

(B). At experimental onset and termination, the cell count control (C) and the process control 

(D) were sampled additionally. The process control contained cells but no test compound and 

was used to account for potential chemical background contamination, while the cell count 

control contained cells and test compound and was used to monitor changes in cell number. 

For the latter, cells were sampled and numbers determined with the CASY TCC as described 

above. Cell numbers of all bioaccumulation experiments are reported in the SI (section S2.5, 

Figure S2.4). Finally, the prepared exposure medium was stored at 19 °C during the 

experiment and sampled at the onset and termination of each experiment to monitor the test 
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compound’s stability. These samples served as reference to account for potential abiotic 

degradation of the test compounds. Each bioaccumulation experiment was done in two 

independent experiments per test compound with one sample per treatment and sampling time 

point (i.e. one cell culture flask). We considered two independent experiments sufficient, 

because neither opposing trends nor unreasonable variations in cell internal concentrations 

were observed in the two replicates (SI, section S2.5, Table S2.5 and S2.6). 

 

Figure 2.1: Work flow from exposure concentration determination to bioaccumulation 
experiments. In a first step, a suitable non-toxic exposure concentration was determined for each 
compound. Each bioaccumulation experiment had four different treatment types to (A) measure test 
compound accumulation in cells, (B) to monitor abiotic loss, such as sorption to plastic, (C) count the 
cell number over the experimental duration, and (D) monitor background contaminations of test 
compound during exposure and sampling. IS = Internal Standard 

Three fractions of the test system were considered relevant for sampling: the exposure 

medium, the cell monolayer and the plastic, i.e. test compound adsorbed to it (Figure 2.1). In 

contrast, since IOCs are not volatile in their charged state, the air-filled headspace was not 

considered. All samples were collected in 15 mL centrifuge tubes (91015, TPP Techno Plastic 

Products AG). To obtain the three fractions, the medium was sampled first. A volume of 1 mL 

was sampled for pH measurement by means of a small pH probe (microFET, Wellinq) to 

account for potential pH differences, which might affect the IOC ionization state. The remaining 

2 mL were then sampled for chemical quantification in the medium fraction. Next, the cell 

surface was rinsed for 30 seconds with 3 mL of test compound-free cell culture medium. 2 mL 



Investigating the bioaccumulation potential of anionic organic compounds using a permanent 
rainbow trout liver cell line 

24 

 

of this rinse solution were pooled with the initial 2 mL of exposure medium and the remaining 

rinse medium was discarded. Cells were harvested by the addition of 1 mL trypsin solution 

followed by incubation until the cell monolayer visibly detached and further dislodged by use 

of a cell scraper (Techno Plastic Products AG) to ensure complete capture of cells. The trypsin 

solution was sampled and an additional 1 mL of trypsin solution added to the flask to collect 

all remaining cells. This second trypsin application was combined with the first trypsin sample. 

The rinsing steps for exposure medium and cells were necessary to clearly distinguish the test 

compounds associated with each sample fraction and reduce carry over across the different 

sample matrices (SI section S2.6, Figure S2.5). At last, the test compound sorbed to plastic 

was sampled by the addition of 2 mL methanol, containing internal standard. The flask, now 

only containing methanol, was shaken on a plate shaker for 5 min at 200 rpm, after which the 

methanol was transferred to a 15 mL centrifuge tube and diluted with distilled water (CAS 

7732-18-5) in a 1:1 (v/v) ratio. The medium and cell samples were each diluted with methanol 

in a 1:1 ratio (v/v), to assure sufficient extraction of test compounds and aid protein 

precipitation. The applied trypsin and methanol solutions were sampled and extracted in the 

same manner and measured to account for background contaminations. 

For sample extraction and matrix removal, all samples were frozen for 20 min at -80 °C, and 

sonicated for 15 min at room temperature thereafter (Figure 2.1). Then, the samples were 

centrifuged for 10 min at 4347 m/s2 to precipitate the protein and cell debris. The supernatant 

was transferred into a new 15 mL centrifuge tube. The samples went through the extraction 

process twice to remove the matrix and were stored at -20 °C until chemical analysis. Mass 

balances were derived at each sample time point according to Equation 2.2:  

Equation 2.2   % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 =
𝑌𝑡

 ∑ 𝑌𝑡
  , 

where the compound amount in fraction 𝑌𝑡 (ng) was either taken from the exposure medium, 

the cells or the plastic and sum of total compound amount in test system,  ∑ 𝑌𝑡 (ng), both 

present at a sample time point 𝑡. Further, the total summed up amounts at each time point, 

∑ 𝑌𝑡, were compared to the initially added amount at the experimental start ∑ 𝑌0ℎ, to detect 

potentially occurring biotransformation activity or uncontrolled losses: 

Equation 2.3  % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 =
∑ 𝑌𝑡

 ∑ 𝑌0ℎ
 

2.3.8. Derivation of in vitro-based bioconcentration factors 

Using the mean cell number (C, Figure 2.1), the mean cell diameter, 𝑑 (16.6 µm), and the 

calculated absolute amount of test compound in the cell samples, 𝑐𝑒𝑙𝑙 𝑡, (SI, 
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section S2.5,Table S2.5), the internal cellular concentration, 𝐶𝑐𝑒𝑙𝑙, at steady state was 

determined, assuming that the cell volumes can be approximated as being spherical 35: 

Equation 2.4:   𝐶𝑐𝑒𝑙𝑙 [
𝑛𝑔

𝐿
] =

𝑐𝑒𝑙𝑙 𝑡 [𝑛𝑔]

𝑚𝑒𝑎𝑛 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 ×(
1

 6
 × 𝜋 × 𝑑 3) [𝐿] 

 

The in vitro BCF (RTL-W1 BCF, Equation 2.5) was calculated as the ratio of 𝐶𝑐𝑒𝑙𝑙 over the 

measured exposure medium concentration, 𝐶𝑚𝑒𝑑𝑖𝑢𝑚, per biological replicate and the mean of 

those was used for presentation (SI, section S2.7, Table S2.8): 

Equation 2.5:   𝑅𝑇𝐿 − 𝑊1 𝐵𝐶𝐹 =  
𝐶𝑐𝑒𝑙𝑙

𝐶𝑚𝑒𝑑𝑖𝑢𝑚
 

The obtained RTL-W1 BCF values were compared to other common prediction methods, 

including in vivo data (SI, section S2.7, Table S2.9), to assess the RTL-W1 cell’s suitability for 

bioaccumulation prediction. The prediction methods covered empirical regression-based 

models that use the compound’s DOW, (127, BCFDOW) or the compound’s DMLW (65, BCFDMLW). 

Further, a more refined prediction tool that applies the compound’s DOW in a one-compartment 

PBTK model was applied (18, PBTK with KOW/DOW). The BCFDOW and the BCFDMLW, together 

with the PBTK model predictions, are referred to as “numerical predictions” in the following. 

2.3.9. Chemical analysis 

For quantification, 1 mL of sample extract was added to 19 mL distilled water and enriched via 

online solid phase extraction prior to measurement using a high performance liquid 

chromatography - electrospray ionization - tandem high resolution mass spectrometry system 

(HPLC-ESI-HRMS/MS, QExactive or QExactive Plus, Thermo Fisher Scientific)128. The 

chromatographic separation on the column (XBridge C18, 3.5 µm, 2.1 x 50 mm) was achieved 

by a methanol/water gradient (SI section S2.8), both containing formic acid (0.5% (v/v)). In 

addition to the target screening of the test compounds, a suspect screening for known and 

suspected biotransformation products of the test compounds was performed and evaluated 

using Compound Discoverer 3.3 (Thermo Fisher Scientific). For further details on the analysis 

set-up, see SI section S2.8 to S2.9. 

Target screening for all test compounds was performed by taking full scan MS (resolution of 

70 000 at m/z 200) with subsequent data-dependent MS2 acquisition (resolution of 17 500, 

isolation window of 1 m/z) in positive mode for BHPP and DCF, while TT and PCP were 

measured in negative mode. Quantification was done by standard calibration in ultrapure water 

(with equivalent percentage of methanol as in sample) using internal standards. The Software 

Tracefinder 4.1 (Thermo Fisher Scientific) was used to analyze the obtained MS data. The 

limits of quantification were determined by the peak shape with at least five mass scans 
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forming the peak and a signal to noise ratio greater than ten. Isotope labeled homologs were 

only available for DCF (DCF-D4) and PCP (PCP-13C6) and used as internal standards. For 

BHPP and TT, the best fitting internal standard was mefenamic acid-D4, as it showed closest 

retention time and structural similarity to the test compounds. For samples, in which a detection 

of test compound was possible but below LOQ, half of the LOQ (0.5 ∗ 𝐿𝑂𝑄 (ng/L)) was used to 

approximate the test compound amount. To correct for potential matrix effects and compound 

losses during the extraction process (Figure 2.1), a known amount of each test compound was 

spiked into exposure medium, harvested cell solution and pure methanol from the plastic 

fraction, (relative recovery, SI, section S2.8, Table S2.11). These samples went through the 

same extraction process as outlined above (section 2.3.7) and the recovery was determined 

(SI, section S2.9, Table S2.12). Table S2.11 in the SI (section S2.8) contains the method LOQ 

for the different matrices as well as the final exposure concentrations per compound, the 

matrix-dependent relative recoveries and the comparison of measured and nominal exposure 

concentrations in the bioaccumulation experiments. 

2.3.10. Data analysis and visualization 

Obtained sample concentrations were further analyzed and visualized using the programming 

language R 129 and the packages openxlsx, tidyr, dplyr, ggplot and patchwork 130 131 132 133 134. 

Software Graphpad Prism 9.4.0 (GraphPad Software, US) and Biorender (BioRender.com, 

Toronto) were also used for visualization.  

2.4. Results and Discussion 

2.4.1. General observations 

The goal of this study was to assess the potential of a fish liver cell line, RTL-W1, to predict 

the bioaccumulation potential of anionic organic compounds in rainbow trout. This required 

careful method set-up, including determination of non-toxic exposure concentrations and 

chemical quantification for mass balance analysis. The results were finally put into the context 

of bioaccumulation predictions in fish. 

2.4.2. Impact of chemicals on cell viability 

All test compounds were toxic to RTgill-W1 cells, following the OECD TG249 acute toxicity 

assay procedure, with the only variation being a 48 h rather than 24 h exposure duration to 

account for the prolonged exposures for bioaccumulation assessment. Cell toxicity data were 

corrected for the geometric mean (C0h/C48h) of measured compound concentrations (Figure 

2.1, SI section S2.2, Table S2.2). PCP was the most toxic test compound with its EC50 of 
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72 µg/L (60 ─ 90 µg/L, 95% confidence interval) being about 100-fold lower relative to the other 

test compound’s EC50 values (Table 2.2). Cell metabolic activity, as measured by alamarBlue, 

and lysosomal membrane integrity, assessed by Neutral Red, responded more sensitively to 

compound exposure than cell membrane integrity based on CFDA-AM. This order in sensitivity 

is commonly observed 42. 

 

Figure 2.2: Acute cytotoxicity of the test compounds to RTgill-W1 cell cultures over 48h 
exposure. alamarBlue = indicates for cell metabolic activity, CFDA-AM for cell membrane integrity and 
Neutral Red for lysosomal membrane integrity., Errors bars = standard deviation. For more information, 
consult Table S2.2 and SI section S2.2. n = number of independent replicates. 

The EC50 values from the most sensitive RTgill-W1 acute cytotoxicity assay, i.e. cell metabolic 

activity in all cases, were compared with available in vivo LC50 values and found to be in good 

agreement (Table 2.2) 40, 42, 43, 125, 135. The difference for DCF is largest if the EC50 is compared 

to the LC50 in juvenile zebrafish, being 166 mg/L 136 compared to 10.4 mg/L in RTgill-W1, 

indicating that the cell line is more sensitive to DCF exposure than the juvenile stage in fish, 

which was observed elsewhere for non-polar chemicals 40, 42. A similar observation can be 

made for the PCP EC50 relative to LC50 from species other than rainbow trout: on average, LC50 

were 0.19 mg/L in bluegill (Lepomis macrochirus) to 0.87 mg/L in guppy (Poecilia reticulata) 

compared to EC50 of 0.072 mg/L in RTgill-W1. The LC50 for rainbow trout with 0.14 mg/L, 

however, was only 2-fold higher than the RTgill-W1-based EC50. Species differences in 

sensitivity may be the reason for the observed discrepancies between in vivo and RTgill-W1-

based values 42, 91, 137. 
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Table 2.2: Results of acute cytotoxicity assay with RTgill-W1 cells. EC50 = Concentration causing 
50% reduction in cell viability, CI = confidence interval, LC50 = Concentration causing 50% mortality in 
tested fish batch, SD = standard deviation, BHPP = benzotriazol-tert-butyl-hydroxyl-phenyl propanoic 
acid, DCF = diclofenac, PCP = pentachlorophenol, TT = tecloftalam. 

Test 
Compound 

EC50 of cell 
metabolic 

activity (mg/L 
[95% CI]) 

LC50 (mg/L, in 
vivo) Reference 

BHPP 7.4 [2.9 - 14.5] not available - 

DCF 10.4 [8.4-13.4] 6.9 ± 1.2*, 

166** 

*mean of 72h 138 and 144h exposure 136 in 
zebra fish embryo, **in juvenile zebra fish 

(96h exposure) 136 

PCP 0.072 [0.06-
0.09] 

0.14 ± 0.03, 

0.19 ± 0.05, 

0.28 ± 0.12 , 

0.87 ± 0.45 

mean (± SD) in various stages of rainbow 
trout, bluegill, fat head minnow and guppy 
respectively at 96h exposure (SI section 

S2.10,Table S2.13 for references) 

TT 10.7 [8.9 - 13.0] 30 in common carp 139 

 

For PCP, literature EC50 values were available for comparison from identical RTgill-W1 acute 

cytotoxicity assays. The studies reported EC50 values of 10 µg/L (10 ─ 20 µg/L 95% confidence 

interval) 40 and 163 µg/L ± 46 µg/L (mean of interlaboratory study ± standard deviation) 42 after 

24 h exposure. Our EC50, with 72 µg/L (61 ─ 92 µg/L 95% confidence interval) after 48 h 

exposure, lies in between this range despite the extended exposure duration. This fits the 

observation that toxicity generally develops well within 24 h 43 and therefore supports the notion 

that exposure durations >24 h appear to often have a negligible influence on cytotoxicity in the 

RTgill-W1 cell line. This is the first report on the acute cytotoxicity of test compounds in RTgill-

W1 with a deliberate focus on the compound’s charge. Although only four anionic compounds 

were tested here, the results add to the growing evidence that the acute cytotoxicity assay with 

RTgill-W1 cells also predicts acute fish toxicity of negatively charged compounds 40, 42, 125, 135. 

The concentration-response curves were used to derive the non-toxic exposure concentrations 

45, which served as one base to set the exposure concentrations for bioaccumulation 

assessment (section 2.3.4 and SI section S2.2). The such chosen exposure concentrations 

(Figure 2.3) were confirmed to be non-toxic in the RTL-W1 cell line under the exposure 

conditions applied for bioaccumulation assessment, i.e. monolayer exposure in the presence 

of 5% FBS, over a period of  72 h (SI, section S2.2). These final exposure concentrations 

were therefore then used to run the bioaccumulation experiments. 
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2.4.3. Bioaccumulation experiments 

2.4.3.1. Mass balances and biotransformation activity 

Based on the optimization of cell sampling and analytical procedures, all test compounds were 

recoverable from all sampled test compartments, i.e. medium, cells and plastic (Figure 2.3). 

Comparison between cell-containing flasks and cell-free flasks (negative control; B, Figure 2.1) 

allowed to differentiate compound amounts truly taken up by the cells (SI, section S2.5, Table 

S2.5 and S2.6). The calculated steady state of accumulated compound in the cells was 

reached within 14 h (BHPP, PCP and TT) to 24 h (DCF) of experimental duration (for 

calculation see SI section S2.11). Up to 4 ± 0.7% of BHPP, 1.2 ± 0.9% of TT, 0.34 ± 0.03% of 

PCP and 0.24 ± 0.15% DCF of the initially added compound mass accumulated in the RTL-

W1 cells at steady state (Figure 2.3). The by far largest amounts of test compound, ≥ 93%, 

were found in the medium, while amounts sorbed to plastic were only minor and well below 

1% or < LOQ (Figure 2.3). The mass balances indicate little influence of compound loss due 

to biotransformation in the cells: total amounts were on average over all time points around 

94 ± 15% for BHPP (mean ± standard deviation), 72 ± 29% for TT, 106 ± 11% for DCF and 

99 ± 2% for PCP (SI section S2.5, Table S5, S6 and section S2.12, Table S2.16). In an attempt 

to improve quantification of chemical distribution and test concentration dependency of 

bioaccumulation, DCF exposure was explored at different concentrations tested in the same 

way. These experiments demonstrated an independence of bioaccumulation from the initial 

exposure concentration and showed that exposure concentrations of 200 µg/L and 400 µg/L 

were better quantifiable in the cell samples than the initially chosen exposure concentration of 

20 µg/L (Figure 2.3 and SI section S2.13, Figure S2.6). The pH decreased from 7.4 to 7.0 over 

the experimental duration irrespective of the compound exposure (SI section S2.14, Figure 

S2.7), i.e. solely due to the presence of cells. This change in pH only marginally changed the 

large charged fraction of the test compounds (SI, section S2.1, Figure S2.1) but changed the 

neutral fraction of BHPP, DCF and PCP by approximately 2.5-fold. Under the assumption that 

the neutral fraction at least partly drives the bioconcentration, an influence of the observed pH 

changes on test compound accumulation cannot entirely be ruled out.  
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Figure 2.3: Distribution of the compounds in the test system during bioaccumulation 
experiments. Note that for diclofenac the average of three biological replicates with three different 
exposure concentrations is depicted. In the second replicate of tecloftalam, the time point 72 h was 
sampled rather than the 16 h time point. Exposure concentrations given as µg/L and as µM in brackets. 
SD = Standard Deviation, n = number of biological replicates. 

Stadnicka-Michalak et al. (2014) conducted similar experiments in 24 well plates with RTgill-

W1 cells and observed comparable accumulation, i.e. from 0.5 to 2.5% of added mass, of 8 

neutral compounds (3 partly charged) with low to moderate KOW from 0.57 to 4.05 41. One 

exception was PCP, for which an apparent higher accumulation was found in the RTgill-W1 

cells, about 6% of added mass 41, compared to 0.4% in the present study. This difference might 

stem from the different analytical methods. Stadnicka-Michalak et al. (20) used radiolabeled 

compounds and liquid scintillation counting without HPLC for sample measurement, while here 

unlabeled compounds were used in an HPLC-HRMS/MS method. The liquid scintillation 

counting method without HPLC separation does not differentiate between parent compound 

and its biotransformation products so that the fraction measured in the cells reflects the sum 

of those. Interestingly, tetrachlorohydroquinone (THQ), a PCP biotransformation product, was 

found in low amounts in the exposure medium of PCP-exposed RTL-W1 cells 93, which has 
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been confirmed in only one in vivo study with striped bass to date 140. In our measurements, 

this biotransformation product could not be detected. A possible reason is that Pietsch et al. 

(20) applied high (and toxic) PCP-exposure concentrations, which may have facilitated a 

sufficiently high and detectable production of THQ.  

Another reason for the different amounts of accumulated PCP in Stadnicka-Michalak et al.’s 

work (20) and the present study may be differing biotransformation capabilities of RTgill-W1 

and RTL-W1 cells. For example, biotransformation of benzo[a]pyrene was faster in the RTL-

W1 compared to the RTgill-W1 cell line 35. Yet, the presented mass balances in the current 

study neither indicate a measurable loss attributable to biotransformation activity (SI section 

S2.12, Table S2.16), nor were biotransformation products detected (SI, section S2.15). 

Further, the criteria for biotransformation activity of the test guidelines for in vitro 

biotransformation were not met with the exception of a significant slope in the case of PCP (23, 

SI section 2.16, Table S2.18). This latter finding can be seen as an indication that RTL-W1 

perform PCP biotransformation, albeit at a low extent, in line with the finding by Pietsch et al. 

(20) and the proposal by Stadnicka-Michalak et al. (20) for RTgill-W1. Amounts of formed PCP 

biotransformation products in the RTL-W1 cells may have been too low to be detectable by the 

applied analytical method. Another reason for the failure to observe biotransformation activity 

and formed biotransformation products in our experiments may be the uncertainty of the 

quantification of test compound and the resulting variation in the mass balance. This could 

mask small biotransformation activity, as discussed above for PCP (SI section S2.12, Table 

S2.16). 

While the removal of xenobiotics in fish via biotransformation, or rather general elimination, 

has been extensively studied knowledge on the responsible biotransformation enzymes in fish 

and their cell lines is limited 46. The phase I enzymes CYP1A and CYP3A 141, 142 were shown 

to be expressed in fish and DCF exposure in rainbow trout was demonstrated to induce 

cytochrome CYP1A1 gene expression 142. On a genetic bases, several subfamilies of the 

cytochrome 450 family were found in rainbow trout (1A, 3A, 2K and 2N), along with Flavin- 

containing monooxygenases, nitroreductase, alcohol and aldehyde dehydrogenases, 

peroxidases and uridine diphosphate glucuronosyltransferase 141. RTL-W1 cells are known to 

have an inducible activity of CYP1A1 29, 35 and basal activities of 17β-HSD (dehydrogenation), 

5α-reductase, UDP-glucuronosyltransferase isoforms, phenol sulfotransferase isoforms 34 and 

glutathione-S-transferase 33. Thus, RTL-W1 cells express enzymes that are involved in phase 

I (addition of functional group) and II (conjugation) of biotransformation. 

DCF and PCP are known to biotransform in rainbow trout 143 116 108 144 121 145 146 147 142 148 149, 

while there is no information available on the biotransformation of BHPP and TT in fish. PCP 
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was found to be biotransformed in rainbow trout to dechlorinated congeners 146 and its 

glucuronide and sulfate conjugates 116, 143, 144, 145, 147, while DCF was biotransformed to 

hydroxylated DCF isomers and a variety of their conjugate isoforms, such as glucuronide, 

sulfate and glutathione conjugates 148, 149, 150, 151. However, in vitro clearance of DCF in different 

assays, which used rainbow trout liver tissue, was relatively low (but significantly different from 

controls)151, 152, 153 and we could not detect the formation of DCF BTPs in RTL-W1 cells. Both, 

the low DCF clearance previously documented in vitro and our observations, confirm the 

general difficulty to detect BTPs in in vitro systems. However, it appears that the formation of 

BTPs by the RTL-W1 cells might not be relevant to predict in vivo bioaccumulation as 

discussed below (section 2.4.4). 

2.4.3.2. Prediction of cell internal concentrations 

 When considering the differences of the test compounds’ KOW and DOW, the compounds’ pH-

dependent speciation probably played a role in the observed accumulation in RTL-W1 cells . 

A simple partitioning exercise, which assumes an accumulation into RTL-W1 cells according 

to the compounds’ KOW, DOW or DMLW, and the cells’ approximated fractional volume of lipid 

and membrane lipid, was conducted to gain an insight into the partitioning of the test 

compounds (Figure 2.4, SI section S2.17). 

 

Figure 2.4: Comparison of observed and partition coefficient-based accumulation in RTL-W1 
cells. Under the assumption of 4% (v/v) lipid and 1% membrane lipid content in RTL-W1 cells, the test 
compound’s KOW, DOW or DMLW were applied to predict test compound accumulation in RTL-W1 cells. 
The RTL-W1 BCF values showed little variation among all replicates per test compound (SI section 
S2.7, Table S2.8). For more information see SI section S2.17. BHPP = benzotriazol-tert-butyl-hydroxyl-
phenyl propanoic acid, TT = tecloftalam, PCP = pentachlorophenol, DCF = diclofenac. 
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This exercise revealed that the KOW consistently overestimates the accumulation in RTL-W1 

cells by about two orders of magnitudes. In contrast, the DOW and DMLW-based predictions are 

mostly within one order of magnitude of the observed accumulation in RTL-W1 cells (SI section 

S2.17, Table S2.20). It stands out that the DOW and DMLW predictions lie close to each other for 

all compounds, between 0.2 to 0.7 log units, expect for TT. For PCP and DCF, the partition-

based prediction appears to suffice to predict the accumulation in RTL-W1 cells, since 

observed and predicted values were within one order of magnitude. For BHPP, however, the 

predicted values were about one order of magnitude lower than what was observed in the cells 

while the observed value lay between the DOW and DMLW predictions for TT. 

The discrepancies between observed and predicted accumulation may be caused by two 

reasons. First, the applied input values ─ partition coefficients and volumetric fractions in cells 

─ are approximations, which could be refined if measured values or refined estimation methods 

became available. For TT for example, DOW values range between -0.76 to 3.13 depending on 

which estimation software is applied, which results in very different cellular TT accumulations. 

However, an extensive discussion on the uncertainties of parameter estimations is beyond the 

focus of the present study. The volumetric cell fraction is calculated from experimental cell 

counts (section 2.3.8 and SI section S2.17) and reflects variations in handling that may 

influence the partition predictions in terms of cell mass. Second, facilitated transmembrane flux 

of charged compounds via transport proteins in membranes could modulate the observed 

accumulation in RTL-W1 cells relative to the partition-based predictions 75 154 155 156 46. There 

is evidence, that RTL-W1 cells do possess such transporter proteins, either because they were 

studied in the cell line or in rainbow trout and other fish 32 157 78 158. It can be assumed that 

some of the test compounds are substrates of such transporters in the RTL-W1 cells, 

contributing to the accumulation behavior. For example, organic anion transporting 

polypeptides may be responsible for xenobiotic uptake 157 158, while some members of the ATP 

binding cassette transporter family may contribute to xenobiotic efflux 32 78. 

Another influencing factor, applying to all compounds studied here, is their charge. The neutral 

as much as the ionized fraction of an IOC may permeate the phospholipid bilayer of the cell 

membrane although the charged species diffuses considerably slower through the cell 

membrane compared to the neutral species 14, 159. The permeation of the ionized species 

depends on favorable interactions between the test compound’s charge and electrostatic 

charges of the phospholipid bilayer, steric effects, as well as pH gradients across membranes 

14, 26, 160. As summarized in Fu et al. (2009), acidic organic compounds, which are largely 

charged at pH 7, show a low BCF, due to their repulsion caused by the negative electrical 

potential of a cell 14, 160. On the opposite, strong basic compounds (positively charged, pKa >7) 

accumulate in cells, because of the attraction from the negative cell potential 14. Further, Fu et 
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al. (2009) report that a higher BCF for anionic organic compounds along increasing pKa values 

from 3 to 6 14 is caused by the ion trap effect. The ion trap mechanism was shown to be present 

in rainbow trout cell lines 161 162 and is relevant for bioconcentration in fish 163. On a cellular 

level, it occurs especially when the neutral species permeate the lysosomal membrane and, 

due to pH differences between cytoplasm (pH ~7) and inside the intralysosomal space (pH 

~5), dissociates inside the lysosome. However, a correlation of pKa and BCF was not found in 

the present study, although the pKa values fall within the range where ion trapping may be 

observed (Table 2.1). Testing of compounds with a broader range of pKa values in RTL-W1 

cell exposures would give more insight into the relevance of this effect for IOC uptake into 

RTL-W1 cells. 

It is possible that the charged fraction of test compound sorbed to the cell surface, specifically 

to positively charged head groups of some phospholipid species 26, 74 or proteins. However, 

under the consideration that the overall cell surface charge is negative, the sorption of anionic 

compounds to the external cell surface is likely small. Rather, we predict that the association 

of cationic compounds with the cell membrane would be more relevant, due to opposing 

charges of the cell membrane and the compound 63. A validated mechanism, which describes 

the compound-dependent sorption to cell surfaces, has not been developed to date. Therefore, 

cell surface sorption could not be considered in the presented partition exercise.  

Dedicated experiments and model approaches are needed to scrutinize the effect and 

contribution of each phenomenon to the overall observed accumulation in RTL-W1 cells 164 37 

38 165 166. In the larger context of IOCs, it would be interesting to test a set of anionic organic 

compounds with similar molecular structures that resemble the structure of the cell 

membranes’ phospholipids, such as surfactants 26, or cationic organic compounds, which bear 

positive charges 167. 

2.4.4. Comparison of in vitro and in vivo bioaccumulation 

Figure 2.5 compares the RTL-W1 BCF to the available in vivo bioaccumulation data and 

several common numerical predictions that focus on the chemical accumulation predictions in 

fish. Overall, the use of RTL-W1 cells to directly predict the bioaccumulation in fish performs 

in a similar manner as the numerical BCF predictions. With the exception of PCP, this is 

particularly true for DOW-based BCFs (PBTK DOW and BCFDOW), which are higher and more 

consistent with RTL-W1-derived BCF than BCF predicted based on DMLW. This finding again 

supports the notion that uptake of chemicals into living cells involves a multitude of interactions, 

as discussed above. It moreover is apparent that the RTL-W1 BCF, along with the numerical 

BCF predictions, cannot account for in vivo BMFs, which were all <-1 log BMF (Table S2. 9). 
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Indeed, the comparison of the RTL-W1 BCFs with in vivo BCF or BCFBMF deviates considerably 

and needs to be discussed as per test compound with the caveat that no in vivo BCF 

information exists for TT and BHPP. 

 

Figure 2.5: Comparison of different prediction methods for bioaccumulation in fish. The RTL-W1 
BCF values showed little variation among all replicates per test compound (SI section S2.7, Table S2.8) 
and thus are not shown. All in vivo values (Fish/Liver BCFfish/liver/BCFBMF) were taken from rainbow trout 

(SI section S2.7, Table S2.9). *𝑙𝑜𝑔 𝐵𝐶𝐹𝐷𝑀𝐿𝑊 = log 𝐷𝑀𝐿𝑊 − 1.9 , **𝑙𝑜𝑔 𝐵𝐶𝐹𝐷𝑂𝑊 = 0.85 × log  𝐷𝑂𝑊 − 0.7, 
log RTL-W1 BCF = derived cell-based in vitro BCF, PBTK model DOW: Nichols et al. 2013 18 using DOW 
instead of KOW and neglection of biotransformation, BCF = Bioconcentration factor in whole fish, BCFBMF 
= Bioconcentration factor obtained from BMF conversion, see 2.3.1 and Table S2. 9. BCFliver = BCF 
based on sampled liver tissue 102, na = not available, *Droge et al. (2021) 65 **EU Commission Technical 
Guidance Document (2004) 127 

DCF is the only test compound, where all accumulation predictions and the in vivo BCF studies 

lie within an order of magnitude from each other (Figure 2.5). It is notable that the RTL-W1 

BCF agrees well with the in vivo BCF values in whole fish and liver. This indicates that the 

RTL-W1 cells contain the relevant accumulation mechanisms that govern the DCF 

accumulation in the whole fish. 

For PCP, the RTL-W1 BCF is at least half an order of magnitude lower than the numerical 

predictions of BCFs and more than two orders of magnitude lower than the in vivo BCF. The 

difference to the numerical predictions may be caused by the suggested, although albeit small, 

biotransformation of PCP in the RTL-W1 cells, which reduces the RTL-W1 BCF relative to the 

numerical predictions that do not consider biotransformation or elimination in general. 

Apparently, neither RTL-W1 bioaccumulation nor numerical predictions reflect well what was 

measured in the one in vivo study using rainbow trout. BCFs of PCP in fish species other than 

rainbow trout indicate varying accumulations with values ranging from log BCF of 0.7 to 3.7, 

with a geometric mean of log BCF of 2.1 (median at 2.3) (SI section S2.18, Table S2.21). 
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For both, DCF and PCP, the lack of BTP identification appears to be irrelevant for the in vivo 

bioaccumulation prediction. Our RTL-W1 BCF for DCF compares well with the in vivo BCF 

despite the absence of detecting BTPs, while for PCP, the in vivo BCF was much higher than 

the RTL-W1 BCF, which appears to be independent of potential BTP formation. 

Biotransformation activities vary in in vitro as well as in in vivo experiments 13, 101, 102 and depend 

on tissue type as well as prior and ongoing exposure of test animals. These aspects require 

consideration when discussing the role of BTPs in BCF determinations. 

In general all BCFBMF values were lower than the numerical prediction methods, the RTL-W1 

BCF and the in vivo BCF (Figure 2.5). In the case of PCP and TT log BCFBMF were 0.2 and -

0.07 respectively and were within one order of magnitude of the in vitro BCF (0.37 and 0.81 

respectively). However, the BCFBMF may bear high uncertainties. We applied here the only 

established estimation method for 𝑘𝑢 of IOC. It was derived from a method that bases 𝑘𝑢 

prediction on a combination of KOW, fish weight and resistances of relatively hydrophobic 

compounds 16. The limited number of compounds used for defining the resistances in the 

aqueous and organic layers (see Equation 2.1) suggest that the true compound-specific 

resistances may differ. Further, the original KOW/fish weight-based method for 𝑘𝑢 was found to 

be as imprecise as other estimation methods 168. For example, the application of two different 

𝑘𝑢 models and subsequent BCFBMF derivation (see 2.3.1) resulted in a log BCFBMF ~3.3 for 

BHPP 169 170, which is more than three orders of magnitudes higher than the value in Figure 

2.5. Our chosen 𝑘𝑢 model does consider IOC specific accumulation mechanisms, such as 

species-dependent resistance in the organic layer (𝑅𝑜). But certain processes, such as the 

passive uptake of the charged IOC species are poorly quantified (i.e. the parameter β see 

2.3.1) and should be refined if measured values (such as passive uptake of charged species) 

become available. The measured in vivo BCF of PCP relative to the corresponding BCFBMF 

reflects the uncertainty that is associated with the 𝑘𝑢 estimation. Therefore, the observation 

that the in vitro BCF is either accurate or overestimates the in vivo BCF needs careful 

consideration of the limitations, if estimated BCFBMF are used as reference. Biomagnification 

strongly depends on the xenobiotic entry via the intestines and associated residence times and 

depuration mechanisms, which contrast the entry via the gill 163. A combination of cell lines 

may instead aid in BMF predictions in the future, such as a first exposure of the rainbow trout 

intestinal cell line, RTgutGC, followed by exposure of the RTL-W1 liver cell line. 

2.5. Conclusions and outlook 

We here developed a procedure using a permanent fish cell line, RTL-W1, to enable the 

measurement of intracellular amounts of IOC for bioaccumulation assessment in fish. This 

complements the set of assays that use fish cell lines for diverse endpoints in risk assessment, 
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such as the measurement of biotransformation rate constants for IVIVE, prediction of acute 

cytotoxicity in fish and the study of trans-epithelial transport. The results imply that our 

developed method is suitable to test diverse groups of chemicals, including anionic 

compounds. In the future, it would be relevant to study other structures of anionic organic 

compounds as well as cationic organic compounds to further evaluate the role of chemical 

structure and charge on bioaccumulation mechanisms that base on the structure and charge 

of the compound. The measured cell internal concentrations could also be used in a PBTK-

based model approach to back-calculate to the exposure concentration and derive a BCF. 

From a regulatory perspective, both the RTL-W1-based as well as the numerical 

bioaccumulation predictions indicate that the bioaccumulation of the test compounds does not 

surpass regulatory thresholds (log BMF >1, log BCF > 3.3) 7. Despite the inability to observe 

biotransformation in RTL-W1 cells for the test compounds investigated here, they may be an 

experimental alternative to experimentation with fish if combined with other lines of evidence, 

such as in vitro biotransformation assays and/or the estimation/measurement of sorption 

affinities to different phases (i.e. membrane lipid etc.). The latter are based on surrogates of 

cellular membranes, particularly phospholipids, whereas the cells retain accumulation 

mechanisms that may not be reflected well by the compounds’ DOW or DMLW. Fish cell lines 

should therefore be further explored as part of gathering weight of evidence and in tiered 

testing strategies where bioaccumulation assessments in fish remain as a last resort. 
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3.1. Abstract 

Cationic surfactants are used in many industrial processes and in consumer products with 

concurrent release into the aquatic environment, where they have the potential to accumulate 

in aquatic organisms to regulatory relevant thresholds. Here, we aimed to better understand 

the bioconcentration behavior of this class of compounds and set out to assess the 

accumulation of three selected cationic surfactants, namely N,N-dimethyldecylamine (T10), N-

methyldodecylamine (S12) and N,N,N-trimethyltetradecylammonium (Q14), in the cells of a 

fish liver (RTL-W1) and gill (RTgill-W1) cell line. We conducted full mass balances for 

bioaccumulation tests with the cell cultures, in which the medium, the cell surface, the cells 

themselves and the plastic compartment were sampled and quantified for each surfactant by 

HPLC MS/MS. Accumulation in/to cells correlated with the surfactants’ alkyl chain lengths and 

their membrane lipid-water partitioning coefficient, DMLW. Cell-derived bioconcentration factors 

(BCF) of T10 and S12 were close to in vivo BCF, while for Q14 the cell-derived BCF were 

~log2 higher than the in vivo BCF. As a proof of concept, rainbow trout cell lines appear to be 

a suitable conservative in vitro screening method for the bioaccumulation assessment of 

cationic surfactants, since in vitro BCF were similar or higher than in vivo BCF. 

3.2. Introduction 

Ionizable organic compounds (IOC) are a large group of compounds with diverse structures, 

which are charged under environmental conditions. About 41 to 49 % of industrial chemicals 

preregistered at the European Chemicals Agency and substances already registered under 

the REACH legislation are IOC, which comprise anionic, cationic, amphoteric or permanently 

charged compounds 48, 95. They are produced in high numbers because of their manifold 

applications. Cationic surfactants, for example, are being used as biocides and surfactants in 

consumer products, personal care products and numerous industrial processes 96, 98, 171, 172. 

Most common cationic surfactants consist of one hydrophobic alkyl chain, which is linked to a 

positively charged amine or ammonium head group. Kierkegaard et al. 167 found 29 cationic 

surfactants among the registered dossiers within REACH with substantial production volumes 

≥ 1000 tonnes/year, which necessitates an assessment of their bioaccumulative potential 

according to international guidance documents 7. Traditionally, these bioaccumulation tests 

are done in experimentation with fish following OECD Test Guideline (TG) 305 9, leading to 

the determination of either a biomagnification factor (BMF, dietary exposure) or 

bioconcentration factor (BCF, aqueous exposure). The latter is more relevant for IOC 

bioaccumulation in fish, as IOC are expected to be mainly present in the water phase 46. 

Therefore, the term bioaccumulation is used synonymous for bioconcentration henceforth. The 

animal tests are resource intense and ethically questionable due to the sacrifice of fish. 
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Moreover, due to their strong tendency to sorb to surfaces, cationic surfactants, just like anionic 

surfactants, prove experimentally difficult to assess 172, 173. 

Only recently, several ionic surfactants were systematically tested for their bioaccumulation 

potential in rainbow trout (Oncorhynchus mykiss) to derive BCF 26, 74, 167. The measured BCF 

of the cationic surfactants ranged from 2.2 to 8200 L kg wet weight -1 167. Seven out of twelve 

tested surfactants exceeded regulatory thresholds for classification as bioaccumulative (>2000 

L kg-1)167. The bioaccumulation of the surfactants was found to be influenced by electrostatic 

interactions, causing them to sorb to surfaces, as well as their affinity to cell membranes, 

described by the pH-dependent membrane lipid-water distribution coefficient, DMLW 26, 63, 74, 167. 

The underlying bioaccumulation mechanism is thought to base on the structural similarity of 

the tested surfactants and phospholipids, which results in energetically favorable intercalations 

of ionic surfactants in cell membranes 65, 174. Therefore, the octanol-water partition coefficient, 

KOW, and the coefficient corrected for speciation at the pH of interest, DOW, have been 

considered inadequate to estimate the bioaccumulation of ionic surfactants in fish 63, which 

also pertains to IOC in general 14. 

Along with the bioaccumulation assessment, several cationic surfactants were tested for their 

biotransformation potential in hepatic S9-fractions of rainbow trout 25, 175. Measured 

biotransformation products (BTP) were mainly demethylations of the amine group (N-

demethylation) and the responsible enzymes were thought to belong to the CYP family 25. 

Despite a considerable biotransformation activity of the amines in the S9 assay, and detection 

of some demethylation products of amines but not of the ammonium compounds (in vivo and 

in S9), the role of biotransformation in the bioaccumulation assessment in fish could not be 

clearly determined 74, 167. Besides the S9 assays, the bioaccumulation assessment of ionic 

surfactants using in vitro cell systems as a new approach methodology has thus far found little 

attention 26, 81. While the S9 assay represents the proteome available for biotransformation, 

intact cells, such as of permanent fish cell lines, combine a membrane boundary with 

biotransforming enzymes, which is a more realistic exposure scenario compared to the S9 

assay. 

Permanent fish cell lines represent an alternative to support the bioaccumulation prediction of 

IOC in fish. As opposed to experimentation with fish, permanent fish cell lines enable more 

controlled exposures, highly standardized compound testing and a mechanistic understanding 

of uptake and toxicity 42, 94, 125, 176. The rainbow trout cell lines, RTgill-W1 (gill, 30), RTL-W1 (liver, 

29) and RTgutGC (intestines, 31) were successfully used to predict the bioaccumulation of the 

neutral organic compound, benzo[a]pyrene, in rainbow trout 35. Recently, we used RTL-W1 
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cells to predict the bioaccumulation of anionic organic compounds in fish 176 and concluded 

that RTL-W1 cells can be used to predict in vivo bioconcentration. 

In the present study, we applied a fish cell line protocol for the in vitro bioaccumulation 

assessment of cationic surfactants and assess the predictability of bioconcentration in fish. 

The selected cell lines were RTgill-W1 and RTL-W1. The RTgill-W1 cell line represents an 

important environment-organism interface for compound uptake from water while the RTL-W1 

cell line represents the best-studied tissue for xenobiotic clearance in fish, i.e. the liver. As 

smallest units of life, we assume the cells to contain the structures and processes necessary 

for chemical uptake: the cell membrane as the presumably most relevant sorption matrix for 

surfactants, including possible static interactions with the overall negatively charged outer cell 

surface, and biotransformation enzymes inside the cell. We therefore hypothesized that the 

tested cationic surfactants will accumulate in the cells in quantifiable amounts and that derived 

in vitro BCFs are likely to follow the test compounds’ DMLW. We conducted the bioaccumulation 

tests with previously determined non-toxic exposure concentrations with both cell lines and 

derived mass balances for the experiments. Further, we investigated if the surfactants could 

desorb from the cells in two ways: 1) by the application of a rinse of the cells with 

ethylenediaminetetraacetic acid (EDTA) solution and 2) in a depuration-type experiment that 

contained a re-equilibration phase in test compound-free medium. Finally, we compared in 

vitro-based BCFs with the respective in vivo BCF from rainbow trout 167 and BCFs derived from 

DMLW (DMLW BCF). 

3.3. Methods 

3.3.1. Test compound selection 

The three test compounds were selected in line with four criteria. The first criterion was that a 

large fraction of the test compound had to be positively charged at environmentally relevant 

pH (7-8) with smaller fractions of the neutral species. The second criterion was the availability 

of high quality BCF, following OECD TG305 9. Third, the selected compounds should have 

structural similarities but subtle differences, which may influence their bioaccumulation 

behavior. As last criterion, the test compounds should be of environmental relevance. 

In line with these criteria, the three test compounds selected for testing were: N-

methyldodecylamine (S12), N,N-dimethyldecylamine (T10) and N,N,N-

trimethyltetradecylammonium (Q14). Detailed information about the test compounds can be 

found in Table 3.1 and Section S3.1 (Purity, vendor, CAS registry number) in the supporting 

information (SI). These three test compounds have an alkyl chain of different lengths with a 

nitrogen head. Each of the test compounds bears a different number of methyl substituents at 
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the nitrogen, which makes the test compounds a secondary amine (S12, one methyl 

substituent), a tertiary amine (T10 two methyl substituents) and a permanently charged 

quaternary ammonium ion (Q14, three methyl substituents). 

Table 3.1: Relevant structural and physico-chemical properties of the test compounds. Please be 
aware that the depicted alkyl chains would be linear under experimental conditions. 

Structure 

(charged species) Compound 
Acro-
nym Formula pKa

1 
Log 

DMLW
2 

Log 
DOW

3 
(pH 7) 

Log 
KOW

3 

 

 

 

N,N-
dimethyldecyl-
amine  

T10 C12H27N 9.79 3.65 2.53 6.13 

 

 

 

N-methyldodecyl-
amine  S12 C13H29N 10.78 5.16 4.77 6.57 

 

 

N,N,N-

trimethyltetra-
decyl ammonium  

Q14 C17H38N n/a 5.54 n/a n/a 

 1Taken from ACD/Labs, 2average of three methods 63, 3calculated using COSMOtherm version 2022 
and Henderson-Hasselbalch equation for DOW, n/a = not available 

3.3.2. Routine cell culture 

RTgill-W1 30 and RTL-W1 29 cells were cultured in cell culture flasks (150 cm2 growth area, 

Techno Plastic Product AG) at 19 ± 1 °C in the dark and atmospheric pressure in 20 mL of cell 

culture medium, which consisted of Leibovitz’s medium (L-15, Invitrogen) and a 5 % (v/v) fetal 

bovine serum (FBS) supplement (termed from here on L-15/FBS). Cell cultures with an 

approximately 95 % confluency were used for seeding of an experiment (see below). For acute 

cytotoxicity assays with RTgill-W1 cells, cell passages 67 to 70 were used; for confirmation of 

non-toxic concentrations and bioaccumulation experiments, passages 73 to 85 of the RTgill-

W1 cell line and 79 to 88 of the RTL-W1 cell line were used. 

3.3.3. Determination of non-toxic exposure concentrations 

A detailed description of the procedure for determination of non-toxic exposure concentrations 

is available in Balk et al. 176. In brief, fluorescence-based acute cytotoxicity assays, in line with 

OECD TG249 43, were conducted with RTgill-W1 cells over 24 h to obtain concentration-

response curves for each test compound. These assays apply the fluorescent dyes 

alamarBlueTM, 5-carboxyfluorescein diacetate acetoxy methyl ester (CFDA-AM) and Neutral 

Red, which indicate metabolic activity, cell membrane integrity and lysosomal membrane 

integrity, respectively 43. RTL-W1 cells do not sustain the conditions of this assay, but we 
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assumed that the observed cytotoxicity in RTgill-W1 is representative also for RTL-W1. The 

concentration-response curves were corrected for measured exposure concentrations and 

served to calculate effective concentrations of 50 % reduction in cell viability (EC50) and non-

toxic exposure concentrations (SI section S3.9 and S3.10) 45. The exposure concentrations of 

the test compounds were determined in line with three criteria: 1) The chosen exposure 

concentration should be as low as possible and not cause toxicity in exposed cell cultures; 2) 

it should be ≤1 µM to avoid enzyme inhibition in the exposed cells and 3) it should be at least 

10 times above the method limit of quantification (LOQ). The chosen exposure concentrations 

were confirmed as non-toxic in exposures of RTgill-W1 and RTL-W1 cells over 72 h (SI section 

S3.10) by the application of the fluorescence-based cytotoxicity assays. The only difference in 

the exposure of the two cell lines to assess cytotoxicity was the supplementation of the 

exposure medium of RTL-W1 cells with 5 % (v/v) FBS to sustain the liver cells for the assay 

duration. 

3.3.4. Cell densities and seeding of RTgill-W1 and RTL-W1 for 

bioaccumulation experiments 

In our previous work, a procedure for bioaccumulation assessment of minute amounts of 

organic compounds in RTL-W1 cells has been established in cell culture flasks 176. Optimal 

seeding densities were determined to obtain confluent monolayers within 2 days. For RTL-W1 

and RTgill-W1 cells in the cell culture flasks (25 cm2 growth area, Techno Plastic Product AG), 

this number was 3.3×106 cells/flask and 4.6×106 cells/flask, respectively, each in 6 mL of cell 

culture medium. Both seeding densities showed minimal fluctuations in cell number over the 

experimental duration (SI section S3.8 and 176). The cell suspensions were prepared based on 

cell counts using the electronic cell counting system CASY TCC (BIOVENDIS Products GmbH, 

see 176). Before starting a bioaccumulation experiment, the seeded cell cultures were incubated 

for 48 h to 72 h under routine culture conditions to reach confluency.  

3.3.5. Bioaccumulation experiments 

The detailed description of the bioaccumulation experiments can be found in the SI section 

S3.2 and in Balk et al 176. To start an experiment, the routine cell culture medium was removed 

from a flask and replaced with 3 mL of the L-15/FBS exposure medium. Exposed cells and 

cell-free negative control flasks were sampled at 0 h, 4 h, 8 h, 24 h, 48 h and 72 h, whilst a cell 

count control and a test compound-free control were sampled at experimental onset and 

termination. Every 24 h, the medium pH was measured using a small pH probe (microFET, 

Wellinq) or indicator strips (Macherey-Nagel). At each sampling time point, medium, cell 

surface, the cells themselves and the plastic were sampled. Unlike in our previous experiments 
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176, we sampled the cell surface by rinsing with 400 µL Versene solution for 30 seconds. 

Versene contains the cell dissociation agent ethylenediaminetetraacetic acid (EDTA), which 

chelates with divalent metal ions 177, due to its four carboxylic acid groups with strong 

dissociation constants (pKa 0.26 to 2.76 178). Thus, any test compound loosely associated with 

the cell surface would have been sampled with the EDTA upon the rinse with Versene. 

Between sampling of different fractions, we introduced washing steps to minimize carryover of 

test compound. For test compound extraction and protein precipitation, samples were cooled 

to -80 °C, centrifuged and subsequently sonicated in a water bath 176. 

Initial trial measurements showed considerable background contamination of all test 

compounds in the materials used for experimentation, as well as the material used for chemical 

analysis. Therefore, all glassware used for experimentation and sample measurement was 

heated to 500 °C for 150 min to destruct any organic contaminants. Reusable plastic 

containers were rinsed twice with acetone and subsequently once with methanol and left to 

dry.  

3.3.6. Bioaccumulation experiments with re-equilibration 

In an attempt to assess association of test compound with the exposed cells, a re- equilibration 

phase was introduced in experiments with Q14, where the exposure medium was exchanged 

after 24 h with 3 mL of test compound-free medium. This time point was selected because a 

trial experiment with RTgill-W1 cells at 100 µg L-1 exposure concentration showed that the test 

compound distribution reached steady state well within 24 h and the acute cytotoxicity assays 

indicated no cytotoxicity at this concentration (SI section S3.10). However, in acute cytotoxicity 

assays over 72 h in the absence of FBS, RTgill-W1 cells indicated cytotoxicity at this 

concentration (SI section S3.10). Therefore, we used a lower exposure concentration of 

20 µg/L in experiments including a re- equilibration phase with RTL-W1 cells. Nevertheless, 

we included the initial trial experiment with 100 µg/L of Q14 in RTgill-W1 in our discussions, 

since the supplemented FBS in the exposure medium likely protected the cells from toxic 

effects, as indicated by the stable cell counts in the trial experiment (0 h : 6.9x106 cells/flask, 

72 h: 7.2x 106 cells/flask, SI section S3.8). During the exposure phase, the experimental onset 

(0 h) and end of the exposure phase (24 h) were sampled, while the re- equilibration phase 

was sampled more often (1 h, 3 h, 6 h, 24 h post medium exchange). The sampling of all 

compartments was done as described above. 

3.3.7. Mass balances and in vitro bioconcentration factors 

The calculations are detailed in the SI section S3.3. In brief, at each time point x, the test 

compound distribution (%) in the bioaccumulation experiments was calculated as the sample 
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type of interest over the total amount of the sample types (medium, cells, etc.) at time point x. 

The in vitro BCF was calculated as the quotient of the cell concentration and the medium 

concentration at apparent steady state (incl. all times points ≥24 h), while the DMLW-based BCF 

was derived using the approximated cellular phospholipid volume fraction (0.01) 179 and the 

test compound’s DMLW. 

3.3.8. Chemical analysis 

For compound quantification, a high performance liquid chromatography electrospray 

ionization tandem high resolution mass spectrometry system was used (HPLC-ESI-HRMS/MS, 

QExactive, QExactive Plus or Exploris, Thermo Fisher Scientific). After injection of 25 μl of 

sample, separation was achieved using an XBridge C18 column (3.5 µm, 2.1 x 50 mm) and a 

methanol/water gradient, both containing formic acid (0.1% (v/v)) and 1 mM ammonium 

acetate. Commercial ultrapure water was used as eluent for chemical analysis to avoid 

contamination from the Millipore water production unit. The samples were measured in plastic 

auto sampler vials (8004-WM-PP, infochroma ag) to minimize potential adsorption to the glass 

vial walls. For more details on the chemical analysis, see SI section S3.4. In addition, especially 

where biotransformation activity was indicated by the calculated mass balances and OECD 

TG319 criteria, a suspect screening was conducted with Compound Discoverer v3.3 (Thermo 

Fisher Scientific Inc.) for biotransformation products (SI section S3.5). The peak shape with at 

least five mass scans comprising one peak and a signal to noise ratio greater than ten were 

used to set the limit of quantification (LOQ). Tetradecyl-d29-trimethylammonium was used as 

internal standard for Q14. For S12 and T10, no isotope labelled homologs were available. 

Therefore, decyl-d21-trimethylammonium was selected as internal standard based on its 

comparable retention time and structural similarity. For peak detections below the LOQ, half 

of the LOQ (0.5*LOQ (ng L-1)) was used to calculate the test compound amount. This 

assumption only became relevant for one re-equilibration experiment with Q14, where the 

exposure medium samples of the last two time points were <LOQ. Resulting uncertainties are 

discussed below in section 3.4.2. A relative recovery was calculated for each sample matrix 

by spiking a known amount of test compound in exposure medium, harvested cell solution, 

Versene and pure methanol from the plastic fraction (SI section S3.6). Quantified sample 

concentrations of test compound without isotope-matching internal standards were corrected 

with the relative recovery. 
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3.3.9. Data analysis  

Processed data were analyzed and visualized using the programming language R 129, the R 

packages openxlsx, tidyr, dplyr, ggplot and patchwork 130 131 132 133 134, GraphPad Prism 9.4.0 

(GraphPad Software) and Chemsketch 2021.1.2 (ACD/Labs) 50. 

3.4. Results and Discussion 

3.4.1. Cytotoxicity elicited by test compounds 

EC50 values were derived for all test chemicals in acute cytotoxicity assays with RTgill-W1 over 

24 h (Table 3.2). Measured exposure concentrations at 0 h and 24 h of exposure in the 

medium and respective concentration-response curves can be found in the SI section S3.9. 

The fluorescence response of alamarBlueTM (measuring metabolic activity) was the most 

sensitive, with the sequence of toxicity from highest to lowest being Q14  S12  T10 (Table 

3.2). It stands out that the EC50 values derived from measured medium concentrations are 

consistently lower than the EC50 based on nominal concentrations, which we attribute to a 

reduced availability of test compounds over the duration of the assay, mainly due to sorption 

processes. 

Due to the poor characterization of the in vivo studies and the limited number of available LC50 

values (Table 3.2), only a partial comparison of the LC50 and our cell-derived in vitro EC50 could 

be made. For T10, the EC50 was ~16-fold higher than the LC50 in fish. Other tertiary amines 

with longer alkyl chains exhibited LC50 that ranged from 0.62 mg L-1 (mix of 12 to 14 alkyl 

chained tertiary amines) to 0.26 mg L-1 (16 alkyl chained tertiary amine), indicating that the 

LC50 was dependent on alkyl chain length 180. A similar finding of chain-length dependent 

toxicity (EC50) was found for quaternary ammonium surfactants in cytotoxicity assays with 

RTgill-W1 181. Our EC50 of Q14 (0.08 mg L-1) was well within the range of EC50 of similarly 

structured quaternary ammonium surfactants, such as benzyldimethyltetradecylammonium 

(EC50: 0.02 mg L-1 in RTgill-W1) 181 and hexadecyltrimethylammonium (EC50: 0.83 mg L-1 in 

PLHC-1C cell line) 182. The comparison is limited, however, by the few tested compounds in 

the cytotoxicity assay as well as the limited availability of in vivo data in fish (Table 3.2). OECD 

TG249 is based on a correlation of the EC50 after 24 h exposure of RTgill-W1 cells with the 

LC50 after 96 h of the acute toxicity assessment in fish (OECD TG203, Table 3.2). Table 3.2For 

T10, it was unclear whether exposure concentrations were documented as measured or 

nominal 180. For Q14, the documented in vivo exposure concentration was nominal and 

measured over only 24 h, which implies that the actual LC50 was likely lower.  
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Table 3.2: EC50 values of acute cytotoxicity assays performed with RTgill-W1 cells. Determination 
based on alamarBlueTM fluorescence responses. The fluorescence responses of all dyes and test 
compounds can be found in SI section S3.9, Table S3.8. 95% CI = 95% confidence interval, S12 = N-
methyldodecylamine, T10 = N,N-dimethyldecylamine, Q14 = N,N,N-trimethyltetradecylammonium 

Test compound 
Nominal EC50 [95% CI] 

(mg L-1) 
Measured EC50 [95% CI] 

(mg L-1) LC50 (mg L-1) 

S12 2.3 [2.2 - 2.4] 1.3 [1.2 - 1.4] not available 

T10 39.9 [37 - 49] 18.1 [16.8 - 19.5] 1.13 1 

Q14 0.5 [0.48 - 0.52] 0.08 [0.08 - 0.1] 1.92 2 

1 acute fish toxicity 96 h in unknown fish species in line with OECD TG203. More information on 
exposure conditions and whether concentrations were measured was not accessible 180, 2 24 h acute 
toxicity in rainbow trout in line with OECD TG203 (1993) under static exposure conditions, nominal 
concentrations reported 183 

The obtained concentration-response curves were used to derive non-toxic exposure 

concentrations 45, which were applied for the determination of exposure concentrations for later 

use in the bioaccumulation experiments. Additionally, the determined exposure concentrations 

were used in acute cytotoxicity assays with RTgill-W1 and RTL-W1 and a cell-free control, 

which confirmed that the exposure concentrations were non-toxic over the time periods up to 

72 h (SI section S3.10).  

3.4.2. Bioaccumulation experiments 

The test compounds showed a drastic redistribution from the exposure medium to the cells 

over the experimental duration (Figure 3.1, SI section S3.12). On average, 31±2 % of T10, 

83±2 % of S12 and 92±3 % of Q14 of the initial compound mass was found associated with 

the cells within 24 h. The RTL-W1 and RTgill-W1 cell lines accumulated similar amounts of the 

cationic surfactants in the cell fraction (within 10 %, SI section S3.12), indicating that the 

accumulation mechanism in both cell lines is similar. The observed accumulations appear to 

depend on the alkyl chain length of the test compound: the longer the alkyl chain, the higher 

the accumulation in the cells of the test system. The same trend was found for an in vivo study 

on the bioaccumulation of cationic surfactants in rainbow trout 167. 

Another study, which derived mass balances of experiments with RTgill-W1 cells exposed to 

a cationic quaternary ammonium compound, benzyldimethyldodecyl-ammonium (nominal 

150 µg L-1 exposure), measured ~35 % of test compound in the cells 81. This is in agreement 

with our reported accumulation range between 31 % to 92 % of total compound. Other studies 
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that tested anionic and neutral compounds with RTL-W1 cells show contrasting accumulations 

35, 41, 176. For example, anionic organic compounds of diverse molecular structure accumulated 

to a maximum of 4 ± 0.7 % in RTL-W1 cells 176. A neutral compound, benzo[a]pyrene, was 

rapidly biotransformed, thus showed little accumulation in RTL-W1 cells 35. Similar low 

accumulations were also found for other neutral compounds with a wide range of 

hydrophobicity and volatility, where accumulations in RTgill-W1 cells ranged between <1 to 

~10 %. 

To be able to distinguish whether the test compounds were truly taken up by cells or merely 

adsorbing to their surface, a rinse with EDTA solution was conducted prior to sampling the cell 

fraction. This rinse revealed 0-3 % of the initial test compound mass, i.e. very little loosely, 

surface-bound compound. In comparison, 1-12 % was extracted with methanol from the 

plastic. These results indicate that there is negligible loose binding on the outer cell surface 

(Figure 3.1). 

To investigate if the chemical with the greatest association with cells, i.e. Q14, would establish 

a new equilibrium between cell and medium compartment, experiments were carried out in 

which RTL-W1 cells were further incubated after the Q14 had been removed and replaced 

once with chemical-free complete medium. We observed that 94±1 % of the Q14 associated 

with the cell fraction remained associated with the cells during the re-equilibration phase 

(Figure 3.1) and minimal Q14 amounts re-distributed to the medium. However, it appears that 

this re-distribution of Q14 between cells and Q14-free medium during the re-equilibration 

phase was driven by Q14’s cell membrane affinity, described by its DMLW. On average over all 

time points, medium concentrations of Q14 in the re-equilibration phase (steady state 

assumed) were ~1300 ng L-1 relative to a DMLW-predicted medium concentration of 129 ng L-1 

(derived from average cellular concentrations of the re-equilibration phase divided by DMLW). 

However, the concentration in the medium was likely lower than our measured value, since 

some samples were <LOQ (SI section S3.12) and control samples contained slightly higher 

amounts of Q14. Considering only quantifiable samples, our measured medium concentrations 

would be 480 ng L-1, which compares better to the predicted 129 ng L-1. An identical experiment 

including a re-equilibration phase conducted with T10 and RTL-W1 cells resulted in better 

comparable measured and DMLW-predicted concentrations (measured: 19.7 µg L-1, DMLW-

predicted: 15.5 µg L-1). This suggests that cell accumulation of Q14 and T10 follow their DMLW. 

Further experiments should repeatedly exchange the medium during the re-equilibration phase 

to measure the continuous re-equilibration between the cell and medium fraction. 
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Figure 3.1: Mass balances of test compounds in exposed RTL-W1 and RTgill-W1 cells exposed 
over 48 h/72 h. The top row depicts experiments with RTL-W1, the bottom row experiments with RTgill-
W1. The applied nominal exposure concentrations are given below the compound names, the total found 
was set to 100% at each time point. In addition, one trial experiment containing a re-equilibration phase 
was conducted with T10 in RTL-W1, which is not shown here. The red dashed line indicates the onset 
of the re-equilibration phase for Q14 (after 24 h of exposure). Please note that for Q14 (RTL-W1), the 
data points for the medium concentrations are partly covered by other data points. The experiments with 
Q14 were conducted in duplicate since previous experiments with T10 and S12 showed good 
reproducibility across the biological replicates. Further, because we did not see considerable differences 
in the accumulation behavior between RTgill-W1 and RTL-W1, the experiment with Q14 in RTgill-W1 
was conducted only once. n = number of biological replicates, error bars mark = standard deviation 

Measured pH values ranged from 7 to 7.5 with no clear trends for changes dependent on 

compound exposure or the presence of cells (SI section S3.11). A caveat was the use of pH 

strips, which could only give a resolution of 0.5 pH units. A variation by 0.5 pH meant a potential 

2.6-fold change of neutral T10 and 2-fold change of neutral S12, which may have influenced 

the accumulation. It was shown that varying water pH in in vivo studies with rainbow trout (pH 

6.2 and 7.6) lead to different BCF values of T10 while it had no influence on the permanently 

charged Q14 167. However, our experiments were not designed to study the impact of pH; all 

experiments were conducted at the same starting pH of ~7.5. It is likely that RTgill-W1 and 

RTL-W1 cells withstand a broad pH range of 6 - 8.5 at which they retain full functionality, as it 

has been shown for RTgill-W1 184. Therefore, it would be feasible to conduct experiments with 

varying pH of the exposure medium to study pH-dependent accumulation in the rainbow trout 

cell lines. 
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3.4.3. Biotransformation activity in bioaccumulation experiments  

The derived mass balances, together with the screening for biotransformation products (BTP) 

were used to assess the biotransformation activity in RTgill-W1 and RTL-W1 cells. In a first 

step, we applied the criteria of OECD TG319 to the mass balances of the bioaccumulation 

experiments 23, 24. In brief, the total test compound masses per sample time point of all 

replicates were set against time to determine if there was a significant loss of parent compound 

as determined via linear regression (slope significantly different from 0, and R2 ≥ 0.85) to detect 

biotransformation activity (SI section S3.14). The slope of the linear regression was 

significantly different from 0 for experiments with S12 and RTL-W1, but the R2 (0.45) was below 

the cut-off value of 0.85 (SI section S3.14). For T10 and Q14, the above mentioned criteria for 

parent compound loss were not met (SI section S3.14). For Q14, this is in agreement with 

depuration studies in liver S9-fractions, which neither observed the formation of any BTP of 

Q14 nor significant Q14 losses applying the criteria from OECD test guidelines 23, 24. 

Our findings for T10 contrast hepatic S9 studies, where T10 depuration fulfilled the OECD 

criteria for biotransformation activity (significant slope from 0, negative control <20 % loss 

relative to activate S9, R2 = 0.92) 25, 175. In our experiments with RTL-W1 cells exposed to T10, 

the slope of the linear regression was significantly different from 0, as was for the cell-free 

control. It seems that biotransformation activity in our experiments was too low to cause parent 

compound loss to meet the OECD criteria. Due to the significant loss in the cell-free control of 

T10 experiments with RTL-W1, biotransformation activity could have been masked by potential 

abiotic loss. To obtain more information on biotransformation activity in the RTL-W1 cells, we 

screened the experiments with significant slope for suspected BTPs (SI section S3.5 and 

S3.15). Specifically, we screened for demethylated products, as shown in depuration studies 

with hepatic S9-fractions from rainbow trout 25, 175. Demethylated T10 was indeed found 

although the amounts were below the limit of quantification (SI section S3.15). Further, the 

cell-free controls and other quality controls also contained demethylated T10, potentially 

originating from an impurity in the stock solution, which was not found in the reported hepatic 

S9 studies 25. Therefore, it was not possible to distinguish the formation of the demethylated 

BTP of T10 from a potential impurity. Interestingly, demethylated T10 (S10) formation 

decreased over time in the S9 experiments with concurrent slight increase of the secondary 

BTP, namely the twice demethylated T10 (P10) 25. Our experiments, however, only indicate 

an increase of demethylated T10 formation with no clear decrease over time and no formation 

of twice demethylated products. Thus, it appears that the S9 studies are not directly 

comparable to our experiments with intact RTL-W1 cells, which might be due to different 
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accessibilities of biotransformation enzymes. For S12 and Q14, no BTPs could be detected in 

any of the experiments. 

The detection of demethylated T10 below LOQ and the significant loss of S12 imply slow 

biotransformation as it has been suggested in our previous work with pentachlorophenol 

exposed RTL-W1 cells 176. In contrast, benzo[a]pyrene, a neutral compound, was found to be 

quickly biotransformed by RTL-W1 with concurrent increase in CYP1A activity 35 and RTgill-

W1 cells in the absence of an induction of CYP1A 35. The RTL-W1 cell line has thus far received 

more focus on its biotransformation capabilities than RTgill-W1 and the expression of several 

phase I and II biotransformation enzymes has been described 29, 33, 34, 35, 94. However, there is 

clear indication that RTgill-W1 cells likewise contain biotransformation capacity 35. 

3.4.4. Comparison to in vivo BCF and DMLW-predicted BCF 

Figure 3.2 shows the comparison of cell-based, in vivo and DMLW-based BCFs (DMLW BCF: 

assuming 0.01 volume fraction of phospholipid in cells 179, SI section S3.13). We assumed that 

the medium concentration was analogous to the total water concentration for BCF calculations 

(see methods). This assumption is well justified, since the mass balances, which demonstrate 

immense uptake by the cells, indicate that the impact on bioavailability by the medium 

constituents of our test compounds is small or at least that desorption and replenishment of 

the neutral bioavailable fractions was not lowered. Longer chain surfactants, however, might 

show decreased bioavailability in the medium, due to sorption processes, in which case a freely 

dissolved concentration could be measured 185 or approximated 90. The cell line-derived in vitro 

BCFs increase with longer alkyl chain of the test compounds. As a result from the similar extent 

of accumulation in both cell lines (Figure 3.1), the in vitro BCF of all test compounds only 

marginally differed between the cell lines (Figure 3.2). The in vitro BCFs were also comparable 

to the DMLW-based predictions of accumulation, where the differences were maximally 0.7 log 

units (T10). We varied the relevant phospholipid volume fraction according to measurements 

done in mammalian cell lines 89 from 0.01 to 0.034 to get an insight into the resulting variation 

of the DMLW BCF, which was maximal 0.6 log BCF (T10: 1.6 - 2.2, S12: 3.2 - 3.7, Q14: 3.5 - 

4.1) units higher than the presented DMLW BCF (Figure 3.2, based on 0.01 phospholipid volume 

fraction). For future studies, it would be relevant to determine the phospholipid content in the 

fish cells to refine associated predictions. Similar predictions that use the test compounds’ DOW 

or KOW were not consistently accurate or overestimated the cellular accumulation (assuming 

0.04 lipid fraction as in whole fish, SI section S3.13). It is noteworthy that the KOW of the neutral 

and ionic species were modelled with a quantum-chemical based software (COSMOtherm). 

Yet, they seem to be at least partly inaccurate as measured fish oil-water distribution ratios for 

surfactants are considerably lower compared to our reported predictions 65. Overall our results 
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imply that the underlying mechanism for accumulation is similar in both cell lines and is likely 

driven by the test compound’s affinity to phospholipid membranes. This mechanism has 

previously been suggested to be the main driving force of the cationic surfactants’ 

bioaccumulation in rainbow trout, which supports our observations 63, 65, 74, 167. Yet, all DDMLW 

BCF were lower compared to the in vitro BCF suggesting that other sorption phases, such as 

cellular protein, or active uptake processes may contribute to the cellular accumulations. 

It is noteworthy that the RTL-W1 BCF and RTgill-W1 BCF of Q14 are well comparable, despite 

the differing exposure concentrations in each experiment (RTgill-W1: 100 µg L-1, RTL-W1: 

20 µg L-1, Figure 3.1 and Figure 3.2). This demonstrates that the bioaccumulation of Q14 was 

independent of the exposure concentration, which is according to the theory 186. Strikingly, for 

T10 and S12, the in vivo BCF from rainbow trout studies were very close to the in vitro BCFs, 

being within factor 1.3 and 3.5 for T10 and S12, respectively (Figure 3.2 and SI section S3.13). 

The increases in BCF per carbon atom in the alkyl chain of non-permanently charged amines 

were similar for in vitro and in vivo BCF. Our in vitro-derived BCFs for T10 and S12 increased 

by ~0.6 log units per carbon atom, while it was ~0.4 log units per carbon for the different 

secondary and tertiary alkyl amines in in vivo experiments with rainbow trout 167. However, the 

small number of test compounds may bear uncertainty regarding the observed chain length-

dependency of the in vitro BCF. Different to the in vivo study 167, in our experiments with three 

compounds, the alky chain impact could not be differentiated from the influence of the degree 

of methylation at the functional head group 167. Notably, the cell lines gave consistently higher, 

thus more conservative, BCF estimations than the DMLW-derived BCF. The consistently higher 

in vitro BCF led to considerable differences for Q14 in vitro and in vivo BCFs. 
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Figure 3.2: Comparison of in vitro BCFs with DMLW-based predictions and in vivo BCFs. Error 
bars represent the variations in cell number and test compound quantification across biological 
replicates, data points represent the mean. Q14’s RTgill-W1 BCF was conducted at 100 µg L-1 while 
Q14’s RTL-W1 BCF at 20 µg L-1 (Figure 3.1). In vivo BCF in rainbow trout 167, DMLW BCF = DMLW-based 
prediction of the BCF in cells, gill-based BCF = tissue-normalized BCF 74 

The in vivo-derived BCF of Q14 is up to 2.4 orders of magnitude lower than the in vitro BCFs 

or the DMLW BCF (Figure 3.2). Kierkegaard et al. 167 argued in their in vivo study that the 

permanent charge of Q14 considerably limits the compounds uptake into fish 167. Indeed, most 

of the Q14’s body burden in fish was associated with the gill tissue (70 %) 74, 167, which is 

reflected in the gill tissue-normalized BCF (Figure 3.2). The distribution into the remaining body 

was suggested to be limited by the slow diffusion of Q14 across the gill membrane 25. The fact 

that only very small amounts of Q14 partition from cell tissue into other compartments can be 

seen in our re-equilibration study with RTL-W1 cells exposed to Q14 (Figure 3.1). A similar 

partitioning behavior might have occurred in the fish’s gill-blood stream interface in vivo, which 

then resulted in the low in vivo BCF with most of the body burden in the gill tissue. Interestingly, 

the low BCF of Q14 in vivo was also not explained by a high elimination rate. Q14’s elimination 

rate of 0.0020 h-1 was among the lowest rates in the study, where elimination rates ranged 

from 0.0020 to 0.129 h-1 for cationic surfactants 167. However, our experiments of single cell 

culture exposures cannot simulate the partitioning of Q14 into different compartments as seen 

in vivo 74, 167. An insert test system with one cell line seeded in the apical chamber could be 

applied to address the question whether significant partitioning of Q14 across the cell layer 

into the basal chamber occurs 37, 184. 
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Apart from Q14, the cell exposures and DMLW-based predictions suffice to predict 

bioaccumulation of T10 and S12 in rainbow trout. This is particularly interesting considering 

the fact that biotransformation appears to be irrelevant for the bioaccumulation of all test 

compounds in our work. This finding raises the question whether the test compounds were 

accessible for biotransforming enzymes in fish in vivo as well as in our cell cultures. It is 

possible that the test compounds strongly sorb to phospholipid membranes and therefore are 

little accessible for biotransforming enzymes, which is not the case in S9 substrate depletion 

assays where no cellular boundaries exist. A subcellular fractionation of exposed cells could 

give more insight into the location of cationic surfactants inside the fish cells. Another approach 

might be the application of visualization techniques, which could be used to localize chemicals 

in subcellular compartments 187. In this context, extended exposure times may result in 

increased availability of the cationic surfactants to organelles harboring biotransformation 

enzymes inside the cells. 

3.5. Outlook 

The presented work presents a proof of concept, in which the rainbow trout cell lines, RTgill-

W1 and RTL-W1, were used as in vitro alternative to predict the bioconcentration of alkyl 

amines in fish. In comparison to a simple DMLW-based BCF prediction, the cells provide the 

additional potential of biotransformation, which deserves more investigation. In this regard, the 

RTL-W1 cell line may be preferred over RTgill-W1, since RTL-W1 represents an important 

organ for biotransformation, i.e. the liver. However, biotransformation cannot be scaled 1:1 

across different tissues and a single cell line. Therefore, inclusion of other cell lines, as also 

demonstrated by Stadnicka-Michalak et al.35 would be prudent. The RTgill-W1 may represent 

a valuable NAM to study the transepithelial transport of cationic surfactants, especially to better 

understand the accumulation behavior of Q14 observed in vivo. Additionally, it will be valuable 

to test more cationic surfactants to further evaluate the approach’s applicability. 
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4.1. Abstract 

In this study we used different computational approaches to examine which experimental and 

physicochemical parameters influence cellular accumulation of ionizable organic compounds 

(IOC) in a liver-derived permanent fish cell line, RTL-W1. Experimental accumulation data of 

eleven IOC, comprising anionic and cationic compounds and one permanently charged 

quaternary ammonium ion, and two neutral compounds, were available for comparison to 

model predictions. Three different model approaches were applied: One in vitro mass balance 

model, termed IV MBM EQP, one kinetic model, considering IOC flux across cell membranes, 

and one model which applies the human volume of distribution, VD, for read across to predict 

bioconcentration in fish and RTL-W1 cells. The comparison of human VD to estimated fish VD 

of ten IOC were comparable with deviations being on average ~2-fold for 8 compounds and 

accurately predicted the bioconcentration in fish as well as in RTL-W1 cells. Although the 

comparison of human VD-based BCF predictions was limited to four anionic compounds, this 

read across from human clinical data is a promising screening parameter for bioconcentration 

assessment of IOC in fish. The kinetic model predicted cell-derived bioconcentration factors 

unsatisfactory with absolute mean deviations of 4.3 orders of magnitude relative to measured 

accumulations in RTL-W1 cells. Consideration of protein sorption in the kinetic model lead to 

large overestimations of cellular accumulations. The IV MBM EQ model, however, gave 

accurate BCF values for 8 out of the 13 test compounds with deviations below one order 

magnitude. Most important parameters determining bioconcentration in the two models, whose 

experimental determination could lead to better model performance were the test compound 

affinity to membrane lipid and structural protein. The model results also implied that kinetic 

rates can be neglected in the prediction of cellular compound accumulations and that 

partitioning-based approaches suffice. 

4.2. Introduction 

Current international chemical regulation requires the bioaccumulation assessment of organic 

compounds if import or production volumes are above a certain threshold 7, 10. Bioaccumulation 

assessments are conducted in standardized experiments with fish 9, from which a 

bioconcentration factor (BCF) is derived. The BCF describes the enrichment of the tested 

organic compound in the fish or specific tissues relative to the water concentration. Besides 

the ethically questionable sacrifice of at least 108 fish per typical compound assessment 9, 10, 

these tests are resource intense and costly. 

One group of chemicals, which is experimentally challenging to test in bioaccumulation 

assessments, are ionizable organic compounds (IOC). IOC bear at least one positive or 
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negative charge (or both) at biologically relevant pH (6-8) and are used in (among others) 

pesticides, pharmaceuticals, surfactants and as additives in personal care products 48. Due to 

this broad range of applications and uses, it is not surprising that many IOC are released into 

the environment and have been measured in biota 123 and environmental matrices 188 189 190 191 

192. 

In general, IOC can interact with proteins 59 as well as membranes, i.e. phospholipids 26, 46, 74, 

within an organism. As a result, their bioaccumulation potential in fish is not reliably describable 

by the octanol-water partition coefficient, KOW, which assumes principal compound 

accumulation in the storage lipid of an organism 65. The pH-dependent octanol-water partition 

coefficient, log Dow, has as well been suggested for bioaccumulation assessment of IOC 14. 

However, a compound’s DOW does not address the sorption to membrane lipid or protein 

accurately 64 65. Consequently, the pH-dependent membrane lipid-water partition coefficient, 

DMLW, has been suggested as a more appropriate descriptor for the regulatory risk assessment 

of surfactants 65. 

Permanent fish cell lines are a potential alternative to animal experimentation that supports 

bioaccumulation assessment of organic compounds in fish. By means of In vitro-In vivo 

extrapolation (IVIVE), it is possible to use in vitro measured biotransformation rates in 

physiology-based toxicokinetic models to predict bioconcentration in fish 35. This has been 

demonstrated in a proof-of concept study with the neutral compound, benzo[a]pyrene, and the 

use of the permanent cell lines RTL-W1 29, RTgill-W1 30 and RTgutGC 31 from rainbow trout 

(Oncorhynchus mykiss). Further, by means of measuring cellular and exposure medium 

concentrations in such cell lines, the ratio of the concentrations has been used to derive in 

vitro-based BCF for screening the bioconcentration potential of test compounds 176. 

Our recent work investigated the bioconcentration potential of a selection of IOC in RTL-W1 

and RTgill-W1 cells and tested the suitability of the pH-dependent membrane-water partition 

coefficient, DMLW, to predict the observed in vitro bioaccumulation 193. For non-permanently 

charged cationic surfactants, the predictions of cellular accumulation closely followed the 

compounds’ DMLW-based BCF prediction as well as the in vivo BCF 193. For anionic compounds, 

however, DMLW-based predictions of cellular accumulation partly deviated from the measured 

cellular accumulations and DOW-based predictions were more accurate 176. In the associated 

in vitro experiments, we measured the total medium concentration and assumed that 100 

percent of this measured exposure concentration was bioavailable for cellular uptake, which, 

specifically for IOC, may not be the case 72. This is because IOC are known to sorb to exposure 

medium constituents, which is assumed to reduce the freely dissolved concentration, Cfree, 

available for cellular uptake 72, 181, 185. The measured or approximated Cfree is expected to be 
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closer to the bioavailable chemical concentrations of in vivo experimentation and therefore 

potentially more suitable for IVIVE. 

Indeed, many experimental and computational approaches have been proposed which attempt 

the determination of compound distributions inside in vitro test systems and Cfree 72, 81, 185. Most 

commonly, compound sorption to exposure medium and cell constituents are considered as 

well as sorption to the plastic of the test vessel 16, 90, 185, 194. In theory, generic models, which 

are adjustable to one’s own experimental conditions and test system, can simulate the in vitro 

BCF and help to understand which parameters and partition processes are relevant for in vitro 

accumulations. One such generic model, termed IV-MBM EQP (“in vitro mass balance model 

equilibrium partitioning”), predicts the compound mass distribution in an adjustable in vitro test 

system at chemical equilibrium 90. The model considers the pH-dependent speciation of IOC 

in the extracellular and intracellular space and their affinities for medium and cell constituents, 

comprising storage lipid, membrane lipid and bulk protein as well as sorption to plastic. To 

date, the model has been evaluated with experimental data from different assays, in which 

rainbow trout cell lines 40, 125, algae 195 and human cell lines 196 were exposed to a range of 

different compounds, including neutral compounds, volatile compounds and IOC 90. Overall, 

model performance of IV MBM EQP was deemed acceptable (R2 ≥ 0.7) 90. 

Another type of mass balance model considers the permeation of both, neutral and charged 

species, through the cell membrane 14, 15. This simulation considers the realistic scenario that 

not only the neutral species of a compound penetrates a cell membrane but also the charged 

species, although with a much slower diffusion relative to the neutral compound species 197 198. 

Such models have been used to predict IOC accumulation in bacteria 199, mammalian cells 

and fish 14 and zebrafish embryos 15. Similar to the IV-MBM EQP it also considers the 

partitioning of both compound species inside the cell to protein and membrane lipid phases as 

well as pH differences between extra and intracellular space. So far, simple mass balance 

models were sufficient to explain the accumulation of cationic compounds in RTL-W1 and 

RTgill-W1 cells 193, whereas the accumulation of anionic compounds in RTL-W1 cells showed 

larger deviations from observed accumulations 176. Here, it would be interesting to find out, 

whether the kinetic cell model is more accurate in its predictions of the cellular accumulations 

of anionic compounds than simple mass balance models. 

Opposite to the frequently applied strategy of mass balance models 16, 17, 72, another approach 

for BCF prediction has received little attention to date 15, 200, 201: the prediction of 

bioconcentration via the compound’s volume of distribution, VD and the blood-water partition 

coefficient, KBW. The VD is defined as the total body burden of a compound relative to its blood 

or plasma concentration (L kg-1) in the respective organism. At steady-state, it describes the 
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absorption capacity of the organism’s tissue relative to the organism’s blood without the need 

of a mechanistic explanation of the measured distribution. Recently, Zhang et al. 201 found that 

the human VD predicted the accumulation of a range of pharmaceuticals in zebrafish embryos. 

Further, Nichols et al. 200 found that the VD of diphenhydramine in fathead minnow (Pimephales 

promelas) was well within the range of the human VD. Both findings corroborate the potential 

for read across from human pharmacological data to fish 202. However, Nichols et al.’s 

derivation of the fish VD (BCF divided by the blood-water partition coefficient, KBW) and the KBW 

has not been assessed for its potential to predict BCF beyond that one compound, 

diphenhydramine. The application of KBW as a partition coefficient is only valid under the 

condition that concentrations in blood and water were measured at steady state or estimated 

based on compound-specific knowledge of the bioaccumulation behavior. If these conditions 

were not met, Nichols et al.’s estimation approach is only applicable to compounds that are 

exclusively eliminated via the gills and by no other elimination process, e.g. biotransformation 

or fecal egestion. 

In the present study, we set out to predict IOC accumulation in RTL-W1 cells and fish using 

different model approaches to gain insight into the model parameters that influence the 

predictability of measured accumulations. First, we compared available human VD to fish VD of 

compounds to estimate similarities and dissimilarities of sorption capacities. Then we used the 

VD KBW –relation to predict BCF in fish and fish cells, to conclude whether the comparison is 

viable. Second, we applied the above outlined kinetic cell model and the IV-MBM EQP model 

to predict BCF in fish and fish cells. These predicted BCF were compared to in vitro-based 

BCF from experiments with RTL-W1 and in vivo BCF from fish. With the model predictions we 

intend to answer the following questions: 1) Is the human VD KBW approach a suitable predictor 

of bioaccumulation in fish and fish cell lines? 2) Where are refinements in model predictions 

necessary to accurately predict accumulations in RTL-W1 cells? 3) What can we learn from 

the models to improve the bioconcentration test with RTL-W1 cells? 
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4.3. Methods 

4.3.1. Dataset of in vitro BCF 

The in vitro BCF were taken from as of yet unpublished and published experiments conducted 

in the permanent fish cell line, RTL-W1 176, 193, which represents the liver tissue of rainbow 

trout. Except for three compounds, the tested IOC are nearly fully ionized at the experimental 

pH of 7 to 7.4 (Table 4.1).
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Table 4.1: Test compounds with available in vitro BCF from experiments with RTL-W1 cells. Test compounds with available in vitro BCF from experiments 
with RTL-W1 cells. The in vivo BCF were taken from studies with rainbow trout, with the exception of FOSA, which was measured in common carp (Cyprinus 
carpio) 203. DCF. PCP, TT and BHPP in vitro data taken from Balk et al. 176, T10, S12 and Q14 in vitro data from Balk et al. 193, PFOA, PFOS, EtFOSAA, FOSA, 
EtFOSA and EtFOSE taken from in vitro data unpublished yet. pKa = values taken either from literature or estimated using Marvinsketch (Chemaxon, v 23.7), 
+Except for EtFOSA (0.01 % charged) and EtFOSE (0 % charged), all compounds are nearly 100 % charged at pH 7, n/a = not available

 Compound Acronym CASRN Type pKa 

log in vitro 

BCF 

log in vivo 

BCF 

Diclofenac DCF 15307–79-6 acid 4.15 0.035 0.6 102 

Pentachlorophenol PCP 87-86-5 acid 4.68 0.3 2.7 108 

Tecloftalam TT 76280–91-6 acid 1.07 0.7 n/a 

Perfluorooctanoic acid PFOA 335-67-1 acid 0.3 0.8 0.8 103 

Benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid BHPP 84268–36-0 acid 4.65 1.4 n/a 

Perfluorooctanesulfonic acid PFOS 1763-23-1 acid -3.32 1.6 3.2 103 

N-Ethylperfluorooctanesulfonamidoacetic acid  EtFOSAA 2991-50-6 acid 0.064 1.8 n/a 

Perfluorooctanesulfonamide FOSA 754-91-6 acid 3.37 1.9 2.4 203 

N,N-dimethyldecylamine T10 1120-24-7 base 9.79 2.3 2.1 167  

N-Ethylperfluorooctanesulfonamide EtFOSA 4151-50-2 neutral 9.5+ 2.7 n/a 

N-Ethyl-N-(2-hydroxyethyl)perfluorooctylsulphonamide EtFOSE 1691-99-2 neutral 12.52+ 2.9 n/a 

N-methyldodecylamine S12 7311-30-0 base 10.78 3.4 2.9 167 

N,N,N-trimethyltetradecylamine Q14 4574-04-3 base n/a 4.1 1.7 167 



Model comparison to refine bioconcentration prediction of ionizable organic compounds 

62 

 

4.3.2. Literature search for VD comparison 

The comparison of human and fish VD was limited to compounds for which VD values for human 

and fish were available. For better comparability of the human and fish VD, we only considered 

VD measured at steady state. We based our literature search for human steady state VD on 

published databases 204 205 and compounds that were studied because of their health concern 

to humans, such as perfluoroalkyl substances (PFAS) or illicit drugs. 

For most of the fish studies, no volume of distribution was directly available and was estimated 

from either tissue concentrations or tissue-specific BCF. For all compounds included, we 

obtained at least 3 values, typically concentrations or BCF in blood, liver and remaining body, 

which sufficed to approximate VD as follows: 

 If tissue specific concentrations were documented, the whole body concentrations 

were derived by the multiplication of the tissue concentration with the reported 

tissue weight (SI Table S4.2) and divided by the measured blood or plasma 

concentrations to obtain VD. 

 If only tissue specific BCF were documented instead of tissue concentrations, they 

were weighted according to their weight fraction and summed up to obtain an 

approximated total body BCF. This total body BCF was then divided by the BCF 

measured in blood or plasma. 

We found tissue-based BCF for rainbow trout, brown trout (Salmo trutta), fathead minnow 

(Pimephales promelas) and catfish (Ictalurus punctatus) (SI Table S4.2), but weight-based 

tissue fractions were found only for rainbow trout 6 and catfish 40 (SI Table S4.2). Therefore, 

the weight fractions of tissues in rainbow trout were used as default for BCF-based VD 

calculations of brown trout and fathead minnow. Measurements of blood and plasma 

concentrations or respective BCF values, i.e. BCFPlasma or BCFBlood, were regarded as 

synonymous. For more information on VD derivation, see SI Table S4.2. 

4.3.3. Principal model considerations 

For the derivation of the pH-dependent membrane-water and protein-water partition 

coefficients, the partition coefficient of the ionic and the neutral species were needed (Table 

4.2). These were calculated from polyparameter linear free energy relationships (PP-LFER) 60, 

87, 206, 207. The required substance descriptors were calculated using the UFZ-LSER database 
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208 (four perfluorosulfonamides) or the ACD/Percepta v14.50.0 software using the ABSOLV 

module (ACD/Labs) 209. For data summary, see SI Table S4.1. To derive the pH-dependent 

partition coefficients to membrane lipid or structural protein, the partition coefficient of each 

species (Table 4.2) was weighted according to its neutral fraction, 𝛼𝑛, estimated by the 

Henderson-Hasselbalch equation: 

For basic species 

Equation 4.1    𝛼𝑛 = (1 + 10𝑝𝐾𝑎−𝑝𝐻)−1 

For acidic species 

Equation 4.2    𝛼𝑛  = (1 + 10𝑝𝐻−𝑝𝐾𝑎)−1 

The charged fraction of the compound (index ‘í’) was calculated as  

Equation 4.3    𝛼𝑖 =  1 − 𝛼𝑛 

A pH of 7.4 was assumed for the cellular water, i.e. the cytosol 14, while the medium pH (7) 

was taken from experimental measurements 176. Where relevant in the below model 

approaches, the cells were assumed to consist of protein, membrane lipid, i.e. phospholipids, 

and water. 

4.3.4. Simple partitioning-based models 

For reference, the simplest prediction applied here was the mass balance model, termed, 

BCFDMLW, which follows the compound’s DMLW (Table 4.2) multiplied by the phospholipid 

volume fraction in the cells 176, 𝑓𝑃𝐿: 

Equation 4.4    𝐵𝐶𝐹𝐷𝑀𝐿𝑊 =  𝑓𝑃𝐿  × 𝐷𝑀𝐿𝑊 

𝑓𝑃𝐿 was taken as mean (0.021 ± 0.011) from measurements of lipid content in different 

mammalian cell lines 89 and is assumed to be representative of the cellular membrane lipid 

content. The fish VD was used to predict the BCF by the relation in Equation 4.5:  

Equation 4.5    𝐵𝐶𝐹𝑉𝐷𝑓𝑖𝑠ℎ 𝑜𝑟 ℎ𝑢𝑚𝑎𝑛 =  𝐾𝐵𝑊  ×  𝑉𝐷 

Equation 4.5 was initially used to derive the fish VD by Nichols et al.200. As noted in 4.2 KBW is 

defined as a partition coefficient for the application in Equation 4.5. Therefore, KBW were taken 

from fish studies, where blood and plasma concentrations were taken as synonymous and 
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assuming that the measurements were taken at steady state (SI Table S4.2). It should be 

noted that, naturally, there are no KBW in humans available. The BCFVD was once calculated 

with the fish VD (BCFVDfish) and once with the human VD (BCFVDhuman). 

4.3.5. Kinetic cell model 

The cell model was applied in the scenario where neutral and charged species contribute to 

the flux across the cell membrane in proportion to their fractions at a given pH and the 

compound’s pKa 15. For this purpose, the Nernst-Planck equation was applied, which describes 

the motion of a charged compound considering electrostatic forces. The central equation of 

this kinetic model was taken from Bittner et al.15: 

Equation 4.6  𝐵𝐶𝐹𝑐𝑒𝑙𝑙 𝑚𝑜𝑑𝑒𝑙 =  
𝑘𝑢𝑝

𝑘𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
= 

𝛾𝑚𝑒𝑑𝑖𝑢𝑚.𝑛 𝛼𝑚𝑒𝑑𝑖𝑢𝑚.𝑛 + 10−3.5 𝑁
𝑒𝑁 − 1

 𝛾𝑚𝑒𝑑𝑖𝑢𝑚.𝑖 𝛼𝑚𝑒𝑑𝑖𝑢𝑚.𝑖

𝛾𝑐𝑒𝑙𝑙.𝑛 𝛼𝑐𝑒𝑙𝑙.𝑛 + 10−3.5 𝑁
𝑒𝑁 − 1

𝛾𝑐𝑒𝑙𝑙.𝑖 𝛼𝑐𝑒𝑙𝑙.𝑖

× 
𝑓𝑤

𝐹𝑤.𝑐𝑒𝑙𝑙
  

Where 𝛾 is the activity coefficient of the neutral or charged compound in the medium or cell 

and, the term 10−3.5 𝑁

𝑒𝑁−1
 the permeability of the charged compound 15. 𝑁 was calculated as 

the term 
𝑧𝐸𝐹

𝑅𝑇
 where z is the charge of monoprotic bases (+1) or acids (-1), 𝐸 the membrane 

potential, 𝐹 the Faraday constant (96485 C mol-1), 𝑅 the universal gas constant (8.314 J mol-1 

K-1) and 𝑇 the absolute experimental temperature in Kelvin (19 °C = 292.15 K). Since 𝐸 is not 

known in the fish cell cultures, we assumed - 0.11 V 210, which is in the range of typical values 

for mammalian cells(-0.02 to -0.120 V) 211. 𝑓𝑤 is the cellular water fraction (0.886) and 𝐹𝑤.𝑐𝑒𝑙𝑙 is 

the substance fraction in the water phase of the cell and was calculated according to Equation 

4.7:  

Equation 4.7  𝐹𝑤.𝑐𝑒𝑙𝑙  = (1 + 𝐷𝑀𝐿𝑊  
𝑓𝑃𝐿

𝑓𝑤
+ 𝐷𝑃𝑊  

𝑓𝑃

𝑓𝑤
)

−1
 

Where 𝐷𝑀𝐿𝑊 and 𝐷𝑃𝑊 are the pH-dependent membrane-water or structural protein-water 

partition coefficients and 𝑓𝑃𝐿 and 𝑓𝑃 the volume fractions of membrane lipid and structural 

protein, respectively (𝑓𝑃𝐿 = 0.021 ± 0.011, 𝑓𝑃 = 0.093 ± 0.013 (mean ± standard deviation) from 

mammalian cell lines 89, no values for RTL-W1 known). The absorption to muscle protein was 

assumed to be representative of the structural protein in the cells 17, since the partitioning to 
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bovine serum albumin (BSA) was found to be unsuitable to describe the partitioning to 

structural protein 59, 89. 

𝛾 was calculated following the Setchenov equation for the neutral species (index “n”) and the 

Davies approximation for charged species (“i”) 15: 

Equation 4.8    𝛾𝑛 = 100.3 𝐼 

Equation 4.9    𝛾𝑖 = 100.5 |𝑧| (
√𝐼

1
+ √𝐼 − 0.3𝐼)

 

Where 𝑧 is +1 for monoprotic bases and -1 for acids, 𝐼 the ionic strength of the cell lumen 

(0.3 M, taken from zebrafish embryos 15) or the exposure medium (calculated as 1.91 M for 

Leibovitz’s medium, see SI Table S4.9). 

Table 4.2: Partition coefficients used in the model predictions. Acronyms shown in Table 4.1. 
Measured DMLW are listed as well as the PP-LFER estimations of the neutral (n) and charged (i) 
compound. For some of the compounds, fish VD were available. For sources, detail and derivation of 
the different parameters, see SI Table S4.1 and SI Table S4.2. KPW: Protein-water partition coefficient 
of the charged (i) or neutral (n) species, used to calculate the pH-dependent DPW. +estimated value using 
substance descriptors as listed in SI Table S4.1, no measured DMLW available, % DMLW were measured 
at pH 7.4 except for two values, which were measured at pH 7 *own TRANSILXL experiments (not 
published), for method see 212. 

Compound log KMLWn log KMLWi log DMLW log KPWn log KPWi 

VD (fish 

log L kg-1) 

KBW (fish, 

log L kg-1) 

DCF 4.8 3.1 2.6 61 3.7 5.4 0.8 102 0.7 149, 213 

PCP 5.1 5.9 3.8 57 3.8 8.7 2.0 108 2.1 108 

TT 5.8 8.4 8.4+ 4.8 17.1 n/a n/a 

PFOA 4.1 1.2 3.5% 64 3.1 2.8 0.2 103 1.4 103 

BHPP 4.3 2.3 2.4+ 3.5 5.5 n/a n/a 

PFOS 3.0 -0.3 4.9% 64 2.3 1.9 0.4 103 3.5 103 

EtFOSAA 8.4 6.6 4.9* 6.5 9.5 n/a n/a 

FOSA 6.0 3.9 5.1* 4.4 7.0 n/a n/a 

T10 4.4 3.8 3.6 63 3.3 3.6 1.0 74 1.4 74 

EtFOSA 6.6 4.5 5.3* 4.9 7.8 n/a n/a 
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Compound log KMLWn log KMLWi log DMLW log KPWn log KPWi 

VD (fish 

log L kg-1) 

KBW (fish, 

log L kg-1) 

EtFOSE 8.0 6.2 5.3* 6.2 9.3 n/a n/a 

S12 5.0 4.9 5.4 63 3.9 4.0 1.5 74 1.8 74 

Q14 8.3 7.6 5.5 63 6.8 5.8 n/a n/a 

 

4.3.6. In vitro mass balance model 

We applied the IV-MBM EQP model to our test system-specific conditions 176 to gain insight 

into the relevance of different absorbing matrices in the cell as well as the medium. In the 

model, the cells consist of storage lipid, membrane lipid, water and bulk protein, i.e. structural 

protein, while the medium consists of water, dissolved organic matter (mostly amino acids, see 

Table S4.9), albumin and lipids. All those constituents were set to our experimental conditions 

as detailed in section S4.1. Most importantly, the RTL-W1 cells were assumed to have an 

identical composition as reported above in the kinetic cell model, i.e. the storage lipid fraction 

was neglected. Membrane lipid-water partition coefficients reported for the neutral and the 

ionic compound species in Table 4.2 were used as input to the model as well as the KOW and 

the serum albumin-water partition coefficients of the neutral and ionic species. Other 

compound specific inputs were the pKa, molecular weight, melting temperature, the air-water 

partition coefficient, water solubility and exposure concentrations 176. Medium 214 and serum 

composition (albumin: 16.92 g L-1, lipid: 0.84 g L-1, eurobio scientific, Fr) was taken from the 

suppliers. For more details on derivation of parameters or used software for estimation, see SI 

section S4.1. 

Besides the compound inputs, the cell number (3.3x106 cells flask-1), weight (2.4x10-3 ng cell-

1) 176 and test system specific information were used as input. Here, it is important to mention 

that the cell culture flasks used in our experiments are not applicable in the model, as it is 

limited to well-plate formats. Therefore, we assumed that the used cell flasks (25 cm2 growth 

area, 66.6 mL total volume, 3 mL medium volume) represent one hypothetical well with 

identical metrics for volumes and growth area as the flasks in our experiments. Additional, test 

system specific inputs were the pH in the exposure medium (7) and inside the cells (7.4). The 

model output, i.e. mass fractions and concentrations in the compartments of the test system, 
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were used to calculate predicted in vitro BCF by taking the cellular concentration over the 

medium concentration. Here, either the total medium concentration was used, including the 

aqueous free and the bound compound fraction in the medium (BCFbulk), or only the estimated 

aqueous free concentration, Cfree (BCFCfree). 

4.3.7. Sensitivity analysis 

Sensitivity analyses of the kinetic cell model and the in vitro mass balance model were 

conducted to determine which input parameters influence the output most for the different 

compound classes (anion, cation, quaternary ammonium ion, neutral). For this purpose, the 

input parameters were changed, one at a time, by a fixed percentage, i.e. 0.1 %, and the 

change in the output (in vitro BCF predictions) was determined. The sensitivity, 𝑆, was 

calculated as 215: 

Equation 4.10  𝑆 =  
𝑂∆

𝑂⁄

𝐼∆
𝐼⁄
  

Where 
𝐼∆

𝐼⁄ , is the change in the model input, i.e. 0.001, and 𝑂 and 𝑂∆ the default model output 

and the change in model output, respectively. 

4.3.8. Data analysis  

Data were analyzed and visualized using the programming language R 129, the R packages 

openxlsx, tidyr, dplyr, ggplot and patchwork 130 131 132 133 134, GraphPad Prism 9.4.0 (GraphPad 

Software) and Chemsketch 2021.1.2 (ACD/Labs) 50. 

4.4. Results and Discussion 

4.4.1. VD comparison 

Figure 4.1 shows the comparison of human and fish VD of IOC ranked from smallest to greatest 

fish VD. Maximum deviations were observed for atenolol with a factor 25 greater for fish VD 

than human VD and a factor of 15 for methamphetamine. Excluding these two largest 

deviations (atenolol and methamphetamine), the absolute mean difference between human 

and fish VD was 0.93 (L kg-1) or factor 2.1. 
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For most of the compounds (8 out of 10), the fish VD was estimated from tissue specific BCF, 

which were weighted according to the organ weight fraction (see SI Table S4.3) to derive a 

whole body BCF. This derivation method likely came with greater uncertainties in the fish VD 

estimation compared to VD derivation from measured tissue concentrations. The reason is that 

the BCF represents all processes that influence the compound’s fate in fish, while the VD 

merely describes a fish’s sorption capacity of a compound. Therefore, the big differences 

between fish and human VD of atenolol and methamphetamine may have several reasons 

(uptake efficiency into fish, biotransformation and sorption capacity). However, these reasons 

are impossible to delineate for their contributions to the observed differences, since there is no 

knowledge on the actual fish VD of these compounds. The low measured BCFplasma in fish of 

both compounds is an indicator that the uptake efficiency, i.e. KBW (steady-state assumed) is 

low. However, this does not reflect the VD in the fish then. Despite those differences and 

uncertainties, the remaining human and fish VD are similar, which means that for the majority 

of the compounds, fish and humans appear to have comparable sorption capacities in blood 

and body tissue. This encourages the BCF prediction in RTL-W1 and fish via the human VD 

and measured KBW (Equation 4.5). 

No clear differences in fish VD of different fish species were found though this analysis was 

hampered by insufficient data to compare VD in different fish species for the same compound. 

Nevertheless, interestingly, the derivation of fish VD using tissue-based BCF and KBW from 

different fish species for ibuprofen (Table S4.2) coincided with a very comparable human VD. 

A comparison of VD in different fish species for a larger set of compounds would give valuable 

insights into relative differences in VD and whether the observed close correspondence of VD 

in fish and human of ibuprofen was coincidental or not. 
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Figure 4.1: Comparison of measured human and fish VD (L kg-1). Only those compounds are shown 
for which a VD in human and fish was available from literature. For VD derivation, see SI Table S4.2. 

Where available, derived VD together with measured KBW in fish were used to calculate 

BCFVDfish or BCFVDhuman (Equation 4.5) for the test compounds and compared to in vitro and in 

vivo BCF (Figure 4.2). Interestingly, the BCFVDhuman for DCF, PCP, PFOA and PFOS were 

within 4-fold to fish in vivo BCF, which supports that this approach can be used as an additional 

or alternative avenue to predict bioconcentration fish. The caveat is that a measured KBW (at 

steady-state) or detailed knowledge on the bioaccumulation behavior of a compound for KBW 

prediction is necessary to make accurate predictions. Also, the in vitro BCF for DCF and PFOA 

was within 10-fold of the in vivo BCF and the predicted BCF. The lower in vitro BCF of PFOS 

and PCP compared to the other BCF estimations is discussed below. 

An a priori hazard assessment of a compound would be a challenging case, since the 

compound likely lacks the human as well as the fish data to make BCF predictions by VD and 

KBW. Here, it would be valuable to have robust modelling approaches, which can estimate VD 

and KBW values. Current methods for VD and KBW apply the KOW as the central parameter 216, 

217 under the assumption of chemical equilibrium. However, the KOW does not well represent 

the sorption behavior of IOC in fish and is only applicable when the state of chemical 

equilibrium is not violated or the processes influencing steady-state are well quantifiable. For 

pharmaceuticals and a range of other compounds of human and environmental concern, 

however, it is likely that human VD and measured KBW in fish are available from clinical and 
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monitoring studies. In this context, this information could serve as read across for BCF 

prediction, without the need for a computational prediction. 

 

Figure 4.2: VD predicted BCF relative to observed in vivo and in vitro BCF. Only those compounds 
are shown for which a VD in human and fish was available from literature as well as in vitro BCF. 

4.4.2. BCF prediction by the kinetic cell model 

Figure 4.3 shows the comparison of the in vitro, the in vivo BCF, the BCFDMLW (DMLW-based 

prediction) and the BCFcell model (kinetic cell model, Equation 4.6). The consideration of protein 

partitioning in the kinetic cell model lead to large overestimations of BCFcell model, which were 

on average log3.7-fold (taking out DCF with a 135-fold difference) greater than the in vitro BCF 

(SI Figure S4.1). Therefore, we excluded the sorption to protein in the cell model predictions 

presented in Figure 4.3. This means that BCFDMLW and BCFcell model mainly differ through the 

incorporation of the charge-dependent permeation of the compound in Equation 4.6 and the 

different assumptions for bioavailability in the exposure media: the kinetic cell model relates 

bioavailability to the pH dependent speciation in the exposure medium without consideration 

of sorption processes inside the medium, while the IV MBM EQP model considers additional 

sorption processes to medium constituents and plastic inside the in vitro test system. 
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Despite that some IOCs are well known to sorb to proteins, such as certain PFAS 218, 219, it 

appears to play a minor role for bioaccumulation in RTL-W1 cells, since inclusion of protein 

sorption worsened the model accuracy (Figure S4.1 and S4.2). It also possible that the applied 

PP-LFER for protein partitioning (Table 4.2) simply do not well represent the sorption to cellular 

protein. Total protein content of the fish cell cultures can be measured photometrical 41, 89. 

However, the precise quantification of protein content likely does not improve model 

predictions, since we expect that the protein content of RTL-W1 cells won’t differ considerably 

from the values we used from mammalian cells 89. It is likely more useful to experimentally 

determine protein-water partition coefficients as discussed below. 

For most compounds, the BCFcell model was not a reliable predictor of the in vitro and in vivo 

BCF with absolute mean deviations of log4.3 and log1.2, respectively. Notably, BCFcell model 

generally followed the BCFDMLW, which implies that simple partition-based prediction still has a 

big influence in the kinetic cell model. Therefore, the permeation calculations in the kinetic cell 

model, could be neglected and a simple partitioning-based approach may be applied instead. 

This agrees with a previous study, which concluded that the IOC kinetics in cell culture test 

systems are sufficiently fast to be negligible in computational models 194. Predictions of the 

kinetic cell model were considerably more accurate if measured DMLW were applied instead of 

estimated DMLW using PP-LFER (Table 4.2, Figure 4.3, Figure S4.1 and S4.2). Therefore, 

experimentally determined partition coefficients should be preferred over in silico estimation 

methods. 

The sensitivity analysis of the kinetic cell model showed that the medium and cell pH, volume 

fractions of cell constituents and corresponding partition coefficients were the most influential 

factors in the model and associated uncertainty have the highest influence on the model 

performance (Figure S4.3). This is in agreement with our observation that the use of measured 

or predicted DMLW, and the inclusion or exclusion of protein sorption, resulted in contrasting 

BCF predictions (Figure 4.3, Figure S4.2 and S4.1). As stated above, we do not expect a 

considerable model improvement, if protein content was quantified in the RTL-W1 cells, since 

they likely do not deviate much from those in mammalian cell lines. The same pertains to the 

quantification of membrane or storage lipid in the cells. To estimate the importance of the 

membrane lipid content on the overall in vitro BCF, the membrane lipid volume fraction was 

varied by 0.01 to 0.034 (measured in mammalian cell lines 89), which resulted in a maximal 

variation of log0.5 in DMLW-based BCF predictions 193. This is a rather small variation compared 
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to our observed variations when estimated or measured DMLW were used in the kinetic model 

(Figure 4.3, Figure S4.2 and S4.1). Even bigger deviations resulted from the inclusion of DPW 

in the model. Therefore, it seems more important to refine the DMLW and DPW values. DPW values 

for this model are based on PP-LFER equations that used chicken muscle as surrogate for 

structural protein, which may not be representative of the structural protein in the fish cells 60. 

In this context, the partitioning to total extracted protein from the cell cultures is most suitable 

to minimize uncertainties in the partition coefficient estimation 87. 

With the exception of PFOS and PCP, all in vivo BCF were either below or within factor 10 of 

the in vitro BCF, which supports the suggestion to use the RTL-W1 cell line as a conservative 

screening approach for bioaccumulation potential. However, PCP and PFOS’s 

bioaccumulation potential in fish is underestimated by the RTL-W1 cells (Figure 4.3). In our 

previous study we found indications that PCP was possibly biotransformed to a low degree in 

RTL-W1 cells, which might cause the reduction of the in vitro BCF relative to the in vivo BCF 

176. It is also possible that PCP and PFOS sorbed stronger to the serum albumin present in the 

exposure medium than the other test compounds, which could have reduced Cfree 59, 194. BSA 

is considered the main sorptive protein in cell culture media 72, 84. Albumin was shown to have 

two cavities with positively charged amino acids, which can interact with anionic compounds 

68, 69, while other binding sites were shown to be hydrophobic or nonspecific 68, 85. Another 

reason may be that fish have sorption phases which are underrepresented in fish cell cultures 

of specific tissues. For example, serum albumin is the main constituent in blood plasma 17, 220 

and likely has different sorption properties compared to, e.g., structural or catalytic protein in 

of RTL-W1 cell cultures. For PCP and PFOS, high binding affinities to serum albumin are 

known in mammals and fish 59, 71, 86, 103, 221. With a measured BSA-water partition coefficient of 

5.3 for PCP (log L kg-1) and 4.7 for PFOS (log L kg-1) 222 they are on average log2.1 to log1.5 

larger, respectively than the mean for other anionic compounds (log 3.2 L kg-1) 59. This high 

BSA affinity of the two compounds might be the cause for the higher in vivo BCF compared to 

the corresponding in vitro BCF. 

It finally should be noted that six compounds (Q14, EtFOSE, EtFOSA, FOSA and PFOS, 

PFOA) were outside the applicability domain of the PP-LFER used for partition coefficient 

estimation (Table 4.2), which increases uncertainty in the estimated parameters and 

subsequent application in model predictions. However, PP-LFER are assumed to be more 

accurate than other estimation methods, such as single parameter-LFER or the correction with 
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single constants. The correction with single constants applies one compound class-specific 

constant on the partition coefficient of the neutral species to estimate the partitioning of the 

charged species 
17, 223. The experimental determination of partition coefficients, such as the 

membrane lipid-water partition coefficients of neutral and charged species for individual 

compounds is cumbersome 57. Nevertheless, experimentally determined values are preferable 

over in silico estimations, as they imply better model performance. 

 

Figure 4.3: Comparison of kinetic cell model predictions (BCFcell model) and observed in vivo and 
in vitro BCF. Instead of estimated DMLW measured DMLW were used for the modelled BCF. BCFDMLW = 
𝑓𝑃𝐿 × 𝐷𝑀𝐿𝑊 (Equation 4.4), BCFcell model = considers kinetics of neutral and ionic species (Equation 4.6) 

4.4.3. Predictions by the in vitro mass balance model IV MBM EQP 

Figure 4.4 shows the BCF predictions from the IV MBM EQP model 90 based on medium 

concentrations (BCFbulk) or the estimated free aqueous concentration in the medium Cfree 

(BCFCfree). Since the medium in our experiments was supplemented with 5 % (v/v) fetal bovine 

serum, a fraction of the compounds likely sorbed to the serum albumin in the medium. This 

was considered in the model predictions, which consequently lowered Cfree, hence increased 

the predicted BCF (Figure 4.4). The model predicted accurate in vitro BCF for 8 (T10, S12, 

PFOA, BHPP, PFOS, FOSA, EtFOSA and EtFOSE) of the 13 compounds, if BCFbulk was 

considered (within factor 10 of in vitro BCF), while BCFCfree systematically overpredicted in vitro 

BCFs by, on average, 3.7 orders of magnitude (excluding DCF). However, the BCF predictions 
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of Cfree may not be reliable, since the predicted overall mass distributions of the model were 

partly flawed (Table S4.5). For example, the cell mass fraction of cationic surfactants (T10, 

S12 and Q14) ranged from 0.3 % to 6 % in the model, while experimental mass balances gave 

a range of 34 % to 96 %. In general, the measured cellular mass fractions of the test compound 

were higher than those predicted by IV MBM EQP (Table S4.5). Yet, the comparison of 

BCFCfree and BCFbulk gives valuable insights into the deviations between in vitro BCF and in 

vivo BCF of PCP and PFOS (Figure 4.4). As mentioned above, both compounds show high 

serum albumin affinities. This may resulted in the sorption of these compounds to the serum 

albumin present in the exposure medium, thus lowering Cfree. In vivo tests likely measure water 

concentrations closer to Cfree, because they have less sorbents present in the water relative to 

exposure medium of in vitro tests. This explains the good agreement of BCFCfree of PCP and 

PFOS and their in vivo BCF. This implies that the bioavailable fraction in the exposure medium 

of our in vitro test system is overestimated by the use of the bulk medium concentration, due 

to the neglection of sorption to medium constituents. A possible refinement for future 

bioconcentration testing with RTL-W1 would be the additional sampling of Cfree via solid-phase 

microextraction fibers 185 to estimate the true extent of its influence on bioavailability. However, 

the fact that BCFbulk gave better predictions of the in vitro BCF (and tended to be closer to in 

vivo BCF as well) implies that the sampling of the bulk medium in our experiments is 

appropriate for BCF derivation. 
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Figure 4.4: Comparison of mass balance model predicted BCF and observed in vivo and in vitro 
BCF. Model predictions were made with the IV-MBM EQP model with system specific settings from the 
experimental set up 176, except for cell internal fractions of protein and lipid (taken from other studies, 
see methods). 

The sensitivity analysis of the IV MBM EQP model gave similar results as for the kinetic cell 

model. pH in medium and cells and the partition coefficients to membrane lipid and protein 

were most influential on the model result (Figure S4.4). It is important to note, that the protein 

partitioning in the IV MBM EQP model refers to the serum albumin-water partitioning and not 

to the partitioning to structural protein as in the kinetic cell model. Due to the medium 

supplementation with FBS, which contains BSA, the corresponding partition coefficient (KSaW) 

was important for the determination of Cfree and subsequent partitioning processes into the cell. 

Similar to the kinetic model the relative high sensitivity of the IV MBM model to the partition 

coefficients compared to other input parameters, accurate estimation methods or experimental 

determination of the partition coefficients will most likely result in better model performance. 

4.5. Concluding remarks 

With our experimental in vitro BCF in RTL-W1 and the in vivo BCF in fish as reference, the in 

vitro mass balance model was more accurate compared to the kinetic cell model. The 

consideration of compound species-dependent permeation appeared irrelevant for our cellular 

exposures and the incorporation of protein sorption led to large overestimations in the kinetic 
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cell model. Interestingly, the consideration of protein in the in vitro mass balance model did not 

lead to overestimations of the in vitro BCF (BCFbulk), but it was rather predicted Cfree that was 

associated with greater uncertainties. Despite the very limited data availability, the VD and the 

KBW as predictor for bioconcentration in fish was most accurate from all presented 

computational approaches, which was mainly the result of measured KBW values. However, 

the estimation of these predictors will likely introduce greater variability in prediction accuracy. 

This pertains especially to the estimation of KBW as it ultimately determines how much 

compound is taken up by the fish, while the VD describes the distribution between blood and 

body tissue inside the fish. 

Despite the consideration of different sorption matrices and mechanistic explanations, the 

cell’s membrane lipid fraction appears to be the most relevant sorption matrix for cellular 

bioconcentration of IOC. Experimental determination of the partition coefficients of the test 

compounds to membrane lipid and protein could refine predictions of the different model 

approaches applied here. If available, VD from clinical studies in humans and measured KBW 

from fish can give a first approximation for bioaccumulation potential of a compound in cells as 

well as in whole fish. A central question that remains is the influence of Cfree on bioaccumulation 

in the cells. Both models, the kinetic cell model and the in vitro mass balance model, consider 

Cfree implicitly (kinetic cell model) or explicitly (in vitro mass balance model) as driver for 

bioaccumulation in the cells. For compounds that strongly accumulate in cells, Cfree appears to 

be less relevant and the bulk medium concentration gives a better approximation for the 

bioavailability of such compounds. These were the cationic and neutral compounds. For 

compounds with high affinity to albumin and other medium constituents such as lipids and 

amino acids, Cfree should be measured additionally in future cell-based bioaccumulation 

experiments to assess the impact on bioavailability for cellular uptake and accumulation 185 
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5. Conclusions and Outlook 

In my thesis research, I assessed whether permanent fish cell lines can be used to predict the 

bioconcentration potential of IOC in fish. For this purpose, I developed an experimental method 

with fish cell lines to quantify cellular concentrations of IOC. Further, I used different model 

approaches to gain insight into relevant accumulation mechanisms and evaluated the usability 

of a novel read across method. The most prominent conclusions and findings from this thesis 

are: 

 Effective concentrations of IOC in an acute fish cell viability assay according to OECD 

TG249 correlated well with in vivo fish acute toxicity though for cationic compounds 

comparability was hampered by the quantity and quality of available in vivo data. 

 In vitro bioconcentration assessment may be a conservative screening approach and 

one line of evidence to test the bioconcentration potential of IOC in fish. 

 Biotransformation of the tested IOC is not an important elimination pathway in the 

studied cell lines. 

 IOC accumulation in cells appears to be dominated by simple partitioning to 

membrane lipid, represented by the DMLW. 

 In combination with reliable KBW values, the human VD is a useful read across 

parameter to screen IOC for their bioconcentration potential in fish. 

This thesis is a valuable contribution to advance in vitro alternatives to animal experimentation 

in the field of bioaccumulation science. However, new findings also raise new questions and 

ideas for future research. In this concluding chapter, therefore, the main outcomes of my thesis 

are discussed in the context of future investigations. 

5.1. Extension and optimization of the bioconcentration assay with RTL-W1 

and RTgill-W1 cells

Chapter 2 and 3 dealt with setting up a cell-based bioconcentration assay and the testing of a 

diverse range of cationic and anionic compounds for their accumulation in RTL-W1 and RTgill-

W1 cell cultures. This application expands the portfolio of assays that use permanent fish cell 

lines to predict different outcomes of relevance for chemical risk assessment. However, 

compared to other cell-based assays, such as the acute cytotoxicity assay, where one 75 cm2 

cell culture flask is used for one exposure plate and test compound, a larger biomass is 
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needed, hence requiring more time for cell culture preparation. With at least 24 h of exposure, 

our established bioconcentration assay also takes more time than the depletion assays with 

primary hepatocytes or S9-fractions (typically 2 h) 23, 24. A few measures may, however, offer 

high potential for optimization of the assay and enable the testing of more compounds: 1) 

Limiting the number of sampling time points, and 2) miniaturization of the assay format. Limiting 

the number of sampling time points to experimental onset and termination at steady-state 72 

could reduce the number of samples and required biomass. This measure is justified because 

cellular uptake of compounds appeared to be fast – a true uptake phase could not be monitored 

with the implemented sampling scheme, where the first sample time point after onset of 

exposure was 4 h. Such practice would also be supported by prior cell accumulation 

experimentation for compounds with medium hydrophobicity (4> KOW) 41. In this way, 

throughput and robustness of the assay could be improved. 

A miniaturization of the assay format from cell culture flasks to a well plate format (e.g. 6-well 

plate) could also be considered. We applied state-of-the-art chemical analysis methods, used 

exposure concentrations well below the proposed 1 µM 24 and were able to quantify minute 

anionic compound amounts in exposed cells. In other words, we successfully attempted the 

quantification on the lower limit of current analytical possibilities. Therefore, it would require 

even lower detection and quantification limits of the chemical analysis method to enable the 

quantification in the cell samples of the downsized test system. Considering the continuous 

advancement of analytical methods it may be possible to miniaturize the test system in the 

future 224. 

Application of an in vitro mass balance model, as demonstrated in Chapter 4, indicated that 

the majority of the tested anionic compound masses likely sorbed to the FBS constituents in 

the medium. This sorption may effectively have reduced the bioavailable concentration for 

cellular uptake, Cfree, thus influenced the cellular compound accumulation and the in vitro BCF. 

However, the use of Cfree likely will not improve predictions of in vivo bioconcentration, due to 

the large overestimation when using Cfree for BCF derivation in fish and cells. Additional 

sampling of Cfree in the medium using SPME fibers 185 could help to understand the effect of 

reduced bioavailability due to compound sorption to medium constituents. If Cfree was sampled 

over several time points, the true extent of the replenishment of Cfree by compound desorption 

from medium constituents could be evaluated. An even simpler test, avoiding additional SPME 

fiber sampling, may be a comparison of two bioconcentration assays of the same test 
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compound, which differ only in the supplementation of FBS in the exposure medium. For 

example, FBS concentration could differ by factor 10 (e.g. 5 % FBS and 0.5 %) in the 

bioconcentration assays. If the serum albumin served as a reservoir to replenish Cfree, no 

difference in Cfree and the cellular compound amounts of the two bioconcentration assays 

would be discernable. Differing cellular accumulations of the compound and Cfree could give a 

clear indication whether FBS presence affected cellular compound accumulations. 

The main question of the presented thesis is whether permanent fish cell lines can predict the 

bioconcentration potential of IOC in fish and therefore replace the common bioaccumulation 

assessment with animals. However, this replacement of animal experimentation with an in vitro 

alternative would still use the animal test as benchmark. Since there are little in vivo data on 

IOC bioaccumulation in fish relative to neutral compounds, the question raises to what 

benchmark the in vitro data could be compared to, if little or no in vivo data of the respective 

substance class were available. Therefore, the established cell-based bioconcentration assay 

could help prioritize additional animal experimentation by testing the influence of molecular 

structure and charge on bioaccumulation in the cell cultures. A simple approach would be to 

test more compounds with similarly structured backbones, but different functional groups, 

resulting in either a positive or negative charge or no charge. Particularly suitable for such 

experiments are surfactants because of their simple molecular structure, the wide spectrum of 

chain lengths and the diversity of functional head groups 65. 

In addition to testing more IOC, it would be valuable to conduct bioconcentration assays at 

different medium pH in order to shed light on the influence of IOC speciation. Such experiments 

were conducted in rainbow trout with anionic surfactants recently and could serve as reference 

26. The equivalent experiment in rainbow trout cell cultures would give a deeper insight into the 

role of pH-dependent speciation and the associated accumulation mechanism that governs 

the cellular IOC uptake. 

5.2. Characterization of RTgill-W1 and RTL-W1 to understand accumulation 

mechanisms 

Except for tecloftalam and benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid, the tested 

compounds in Chapter 2 and 3 are known to be biotransformed in hepatic S9-fractions 25, 175 

or in bioaccumulation studies with fish to different degrees 108, 148. For example, diclofenac 

(9.5 mL h-1 g liver-1) 152 was modestly biotransformed in rainbow trout liver S9-fractions relative 
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to N-methyldodecylamine (162 mL h-1 g liver-1) 175. Obtained mass balances from the 

bioconcentration assays in Chapter 2 and 3 revealed that biotransformation activity in the cells 

was negligible for the test compound’s fate in the experiments despite the known 

biotransformation capacities in the cells 35. The three cell lines were shown to biotransform a 

neutral model compound to the extent that derived biotransformation rates, when applied to 

IVIVE, led to an accurate BCF prediction in fish 35. As discussed in Chapter 2, RTL-W1 and 

RTgill-W1 possess a repertoire of biotransformation enzymes, although their activity may be 

low compared to primary cell cultures 34. However, biotransformation activity by the permanent 

fish cell lines may be modified. One approach could be to alter the cell culture conditions to 

which the RTgill-W1 and RTL-W1 cells were shown to adapt 32. For example, one suggestion 

is to expose cell cultures to low non-toxic concentrations of compounds known to increase 

activity of phase I and II biotransformation enzymes, either over extended periods under 

routine culture conditions or as pre- or co-exposure during bioaccumulation assessment. 

Compounds that could be used to induce such biotransformation activity are high molecular 

weight polycyclic aromatic hydrocarbons 225, dioxins 225 and beta-napthoflavone 226 227. 

In Chapter 2, we concluded that the measured cellular accumulations were may be a result of 

processes beyond simple partitioning-based accumulation following DOW. Responsible 

mechanisms may be active transport processes, which facilitate compound flux across the cell 

membrane or the membranes of organelles. The presence and activity of such transporter 

processes in RTL-W1 and RTgill-W1 cells is still rather poorly characterized and deserves 

further investigation 46. So far, ABC transporters and one subfamily of the Solute Carrier 

transporters have been studied in the rainbow trout cell lines 32, 228. In general, research efforts 

were mainly focused on ABC-transporters in fish 78, due to their function as efflux (phase III) 

pumps of xenobiotics, which is part of the cellular detoxification mechanism. However, the 

importance of single transporter types for the overall bioconcentration of an IOC may be small. 

Therefore, it may be more useful to assess the importance of active transport more globally 

comprising the collective activity of all present transporters. In the context of IOC 

bioconcentration in the permanent fish cell lines, it would be useful to apply a two-compartment 

system separated by an insert with cultivated cells, as it has been done with RTgutGC cells 

and primary gill cells of rainbow trout 36, 37, 38, 164. It was demonstrated that with the help of such 

systems, in vitro transfer rates across epithelia could be measured, which may proof valuable 

for PBTK-model approaches that simulate dynamic compound distributions in fish 229. 
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With the advent of microfluidic systems, also new innovative experimental set ups for 

bioaccumulation assessment of organic compounds using fish cell lines become technically 

feasible 230. Among many other applications, flow-through chips that offer space for the 

cultivation of an intact cell layer are particularly interesting for bioconcentration assessment of 

IOC with fish cell cultures. Especially multiple cell line exposures of microfluidic systems with 

different cell types in a serial or more complex set up are thinkable to simulate interaction of 

fish tissue in vitro. The set up could realistically mimic the IOC uptake via the fish gill, using 

RTgill-W1 cells, as primary entry into fish. Subsequent distribution to other cell cultures, for 

example from the liver and intestine, to represent different organs, could be achieved through 

interacting multiple channels or chips. 

Closing the outlined knowledge gaps would advance permanent fish cell lines as experimental 

platform for bioaccumulation assessment of IOC and their predictive capacity for 

bioconcentration in fish. Further, the acceptance of cell lines for environmental risk assessment 

would benefit from a deeper knowledge that comes with the above suggested experiments. 

5.3. Improvements for in silico prediction of bioconcentration 

The outcomes of Chapter 4 indicate which parameters were most relevant for the prediction of 

cellular compound accumulation as well as for bioconcentration in fish. Greatest parameter 

sensitivities of the models were associated with the assumed pH in the cells and compound 

affinities to membrane lipid and protein, represented by DMLW and DPW, respectively. The 

uncertainty in partition coefficient estimation became especially clear when measured DMLW 

values led to considerable improvements in the kinetic cell model (Chapter 4). This 

emphasized that the partition coefficient of both IOC species, i.e. the neutral and the charged 

species, should be determined experimentally, if possible 57. Current PP-LFER for partition 

coefficient prediction of IOC have limited applicability domains, which results in greater 

uncertainties if used for extrapolation to compounds that are not structurally similar to 

compounds in the PP-LFER training set 73. 

One potentially erroneous assumption might be that protein sorption in fish cell cultures is 

comparable to that in mammals and birds 231 232. Therefore, it should be investigated if 

partitioning to BSA and chicken muscle are indeed representative surrogates for cellular 

protein in fish. This could be assessed with dialysis experiments that apply protein extracts 

from the fish cell cultures 59 60. In such an experiment, the protein extracts are dissolved in one 
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chamber and the equilibration with a second chamber, which is separated by a dialysis 

membrane, is used to derive DPW. Such experimentally determined values with the actual 

matrix are likely most useful to improve future model attempts. 

To refine the model predictions, the quantification of protein and lipid content (storage lipid and 

membrane lipid) in RTL-W1 and RTgill-W1 cell cultures could be one option. For example, the 

dye-based Lowry assay has been used to measure protein content in RTgill-W1 cells in the 

past 233 41. The lipid content could be measured via extraction 234 and the spectrophotometric 

sulfo-phosphovanillin method 235, using different calibration standards for storage lipid and 

phospholipid 89. 

The current literature provides a principal understanding of mechanisms behind IOC 

accumulation in fish and their cells, although not all processes are well described and usable 

for mechanistic incorporation in computational models 236 46 21 72. The most prominent process 

is transporter mediated flux across cell membranes (see above). To date, no PBTK model for 

fish has implemented measured compound transport rates because such rates are not readily 

available and little studied 39. The above mentioned two compartment system to measure 

epithelial transfer rates could be an experimental set up to measure such rates in vitro. In 

general, more efforts in the research of transporter activity in fish promise valuable 

contributions to our understanding of their importance and role in bioaccumulation of IOC in 

fish.
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5.4. RTL-W1 and RTgill-W1 as predictors for bioconcentration in fish? 

The question may be raised whether the cells actually accumulate the tested IOC and whether 

the observed accumulation may not be also achieved by dead cell material. Essentially, this 

question is about the location of the IOC in the exposed cells and to what extent the presented 

bioaccumulation processes in living cells can account for actual uptake and internal distribution 

inside the cells. Several reasons speak for the need to have live cells. 

First, the determination of non-toxic exposure concentrations via the acute cytotoxicity assay 

with RTgill-W1 43 ensured that no toxic exposure concentrations were applied in the 

subsequent bioaccumulation assays (see 2.4.2 and 3.4.1). Therefore, it can be excluded that 

the exposed cells in the presented bioaccumulation assays were experiencing measurable 

cytotoxicity, which would have impacted or killed the cells. This was also confirmed via visual 

inspection of the exposed cell cultures during the bioaccumulation assay. Further, the fact that 

a concentration-dependent accumulation was measurable in the cytotoxicity assays with 

RTgill-W1 imply that the tested compounds were taken up into the cells, not merely associated 

with the cell surface. 

Second, the negative controls as well as the intermittent rinse steps between sampling the 

different fractions of the in vitro test system ensured that indeed only IOC associated with the 

cells was sampled. Admittedly, the sampling scheme and design of the bioaccumulation assay 

did not allow for the determination of detailed compound location within the cell or how the 

tested IOC were taken up. Both aspects were secondary in this research project. Nevertheless, 

as a first step toward finding the IOC location in the cell fraction was taken in Chapter 3. In 

experiments with cationic surfactants, a rinse of the cell surface with EDTA was intended to 

assess the extent of loosely cell surface bound IOC. Further experiments to narrow down the 

compound location in the cells and mode of uptake into the cells could be conducted as 

described next. 

The question on IOC location in the cells and whether active uptake or cell metabolism played 

a role in the overall IOC accumulation could be answered in two principal approaches. The 

first approach concerns temperature and transporter-dependent uptake processes, while the 

second one would be the visualization of IOC location in the cells. As for the first approach, 

the temperature during the bioaccumulation assay could be lowered from 19 °C down to 4 °C 

to slow down the cells’ metabolism 36. A lower accumulation at 4 °C would proof that a protein 

mediated, thus temperature-dependent, uptake process is involved in the IOC accumulation in 

RTL and RTgill-W1 cells. A similar accumulation between the two temperature regimes and 

comparison with partition-based accumulation predictions could answer the question whether 

the measured compound concentration in the cell samples resulted from passive uptake 
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through diffusion or protein-mediated active uptake processes. Here it should be noted though 

that the chosen partition coefficient is also temperature dependent, which requires further 

assessment. Similar effects could also be observed by blocking specific membrane integrated 

transporters with strongly binding substrates 32, which may lead to lower uptake into the 

intracellular space and thus an overall lower bioaccumulation in the exposed cells. It should 

be noted though that the results of these experiments likely differ dependent on the tested IOC 

class. For example, while cationic surfactants may appear to be accumulating via passive 

uptake into the cell membranes, this may not be the case for anionic IOC, such as diclofenac. 

The second approach attempts the compound location in the cell using fluorescence 

microscopy. A cell culture would be exposed to either a model IOC labelled with a fluorescent 

marker or an intrinsically fluorescent compound. The accumulation in the cells and precise 

location in organelles could then be measured using different microscopy techniques that also 

allow for detection of time-dependent accumulation patterns 194, 237. Further suggestions on 

how to improve the bioaccumulation assay with rainbow trout cell lines and close critical 

knowledge gaps concerning bioaccumulation in the studied cell lines are discussed in Chapter 

5.2 and 5.3. 

So far, bioaccumulation has been assumed to be measured as the concentration within an 

organism or tissue relative to the exposing medium concentration. In organisms, this definition 

is challenged by the fact that certain IOC classes, such as charged surfactants, may not 

accumulate within an organism but on its surface. This has been shown for cationic surfactants 

in rainbow trout, where large parts of the tested surfactants were associated with mucus, skin 

and gills 74. In our in vitro test, a similar situation may be encountered, where IOC may not 

accumulate within the cell. This raises interesting regulatory questions of protection aims for 

environmental protection. A conservative regulation may require the avoidance of any 

compound accumulation on any body part or associated compartment (e.g. mucus) of a fish. 

This however, may not be relevant for protection of human health, since the fish consumption 

usually only concerns the muscle tissue, where potentially only marginal compound amounts 

accumulated in the fish. A detailed discussion of this matter goes beyond the present work but 

may be taken as an initial thought for further discussions. 

In Chapters 2 to 4, I presented derived in vitro BCF in RTL-W1 and RTgill-W1 cells and their 

simulation by different model approaches. All these parts of my research give valuable 

arguments for why these fish cell lines may serve as one line of evidence to screen the 

bioaccumulation potential of IOC in fish. Fish cell lines may be preferred over experimentation 

with fish since fish experiments do not fulfill current regulatory needs for rapid testing of many 

different compounds for their bioaccumulation potential. As discussed in Chapter 5.1, a high 

throughput method for bioaccumulation assessment with the fish cells is realistic and could 
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fulfil the regulatory demand for higher throughput of compound testing. Also, the use of cell 

lines fulfils the societal desire to reduce and/or replace animal experimentation. The cells 

obviously cannot represent all processes that govern IOC bioaccumulation in fish, which, under 

certain circumstances (i.e. novel compounds with rare combination of physicochemical 

properties), may requires experimentation with fish 46. However, the question is whether an in 

vitro alternative to such fish experiments needs to account for all bioaccumulation relevant 

processes in fish. Other lines of evidence, such as in vitro biotransformation assays or affinities 

to certain biological matrices may serve as additional lines of evidence to assess the IOC 

bioaccumulation potential in fish. For example, if a compound was shown to have a high in 

vitro BCF above a regulatory BCF threshold, refinement of the in vitro BCF with 

biotransformation assays using primary hepatocytes or liver S9 from rainbow trout 23, 24 can be 

an option. Yet, possible underestimations by the in vitro BCF, as shown above for PCP and 

PFOS, should be avoided. This could be achieved by the estimation of the compound’s affinity 

to medium constituents and/or the measurement of Cfree as discussed in section 5.2. All 

together, these three lines of evidence, in vitro BCF, in vitro biotransformation and partition 

coefficient, may serve as a battery of screening tools to replace fish experimentation with 

several new approach methodologies. In comparison to other cell lines in general, the RTL-

W1 and RTgill-W1 belong to one of the best assessed cell lines for environmental risk 

assessment, most prominently evidenced by the adoption of the acute fish cell line toxicity 

assay with the RTgill-W1 cell line as a OECD Test guideline 43. Therefore, they currently 

represent the best choice for in vitro bioaccumulation assessment for regulatory risk 

assessment. 

This work marks a first step toward the bioaccumulation assessment of IOC using permanent 

fish cell lines for environmental risk assessment. Continued use of this bioconcentration assay 

on different IOC will provide further insights into the bioconcentration mechanisms of the 

exposed cell cultures. With the establishment of the bioconcentration assay we expand the 

portfolio of fish cell lines as experimental platform. Further research based on the 

bioconcentration assay will improve the overall comparability of in vitro experimentation to fish 

experiments and increase the acceptance of permanent fish cell lines as in vitro alternative for 

bioaccumulation assessment.
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Supporting Information Chapter 2 

S2.1 Test Compounds 

Table S2.1: Supplementary information on test compounds and internal standards.

Test compound Abbreviation CAS Formula Vendor Purity (%) 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

BHPP 84268-36-0 C19H21N3O3 BOC Sciences 95 

Diclofenac Sodium DCF 15307-79-6 C14H10Cl2NNaO2 Sigma Aldrich 98 

Pentachlorophenol PCP 87-86-5 C6Cl5OH Sigma Aldrich 97.9 

Tecloftalam TT 76280-91-6 C14H5Cl6NO3 
APIChem 

Technology 
95.3 

Mefenamic D4 acid - 1216745-79-7 C15H11D4NO2 CDN-Isotopes 99 

Diclofenac-D4 - 15307-86-5 C14H7D4Cl2NO2 CDN-Isotopes 99 

Pentachlorophenol-13C6 - 85380-74-1 13C6HCl5O CDN-Isotopes 98.6 

 

 

Figure S2.1: pH influence on the degree of ionization of the test compounds. Degree of ionization 
was calculated with the Henderson-Hasselbalch equation. The dashed line indicates the pH at which 
cytotoxicity assays and bioaccumulation experiments were conducted. PCP = Pentachlorophenol, DCF 
= Diclofenac, BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, TT = Tecloftalam
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S2.2 Acute cytotoxicity assays and confirmation of non-toxic final exposure 

concentrations 

The acute cytotoxicity assay with RTgill-W1 served to determine the final non-toxic exposure 

concentration for the bioaccumulation experiments. Table S2.2 documents the intended 

nominal and the measured exposure concentrations of the conducted cytotoxicity assays. The 

exposure media were sampled at experimental onset and termination of the cytotoxicity assay, 

measured and the geometric mean of the two sample times calculated. For BHPP, a 

precipitation of BHPP could be visually observed in the highest four exposure concentrations 

(nominal 180,000 to 15000 µg/L), which caused the considerably lower measured exposure 

concentrations relative to the nominal exposure concentrations. 

Table S2.2: Nominal and measured exposure concentrations of the test compounds in acute 
cytotoxicity assays with RTgill-W1 along with resulting cell viability values for alamarBlue (AB). 
SD = Standard Deviation, DCF = Diclofenac, PCP = Pentachlorophenol, BHPP = Benzotriazol-t-butyl-
hydroxyl-phenyl propanoic acid, TT = Tecloftalam, LOQ = Limit of Quantification 

Compound 
Nominal 

(µg/L) 

Measured 
geometric 

mean 
(µg/L) SD (µg/L) 

Measured 
vs. 

Nominal 
(%) 

Viability 
(AB, %) 

SD 
Viability 
(AB, %) 

DCF 100000 80746 3132 81 1.9 0.6 

DCF 70000 63676 1841 91 14.9 16.5 

DCF 35000 25658 3175 73 3.2 0.3 

DCF 14000 10661 501 76 47.5 9.5 

DCF 7000 4986 203 71 86.5 7.8 

DCF 3500 2389 239 68 93.1 5.8 

PCP 476 401 19 84 2.1 1.0 

PCP 200 167 9 83 2.4 0.4 

PCP 84 62 13 74 62.6 14.2 

PCP 35 25 5 70 91.3 6.1 

PCP 15 11 2 76 96.9 6.7 

PCP 6 5 1 78 96.6 7.7 

BHPP 180000 47401 40495 26 2.3 1.1 

BHPP 90000 22732 70248 25 14.1 6.3 

BHPP 30000 7998 32238 27 51.5 12.8 

BHPP 15000 4539 15076 30 68.3 8.2 

BHPP 330 165* 0 50 97.6 4.4 

BHPP 33 16.5* 102 50 98.3 6.4 
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Compound 
Nominal 

(µg/L) 

Measured 
geometric 

mean 
(µg/L) SD (µg/L) 

Measured 
vs. 

Nominal 
(%) 

Viability 
(AB, %) 

SD 
Viability 
(AB, %) 

TT 30000 27529 8924 92 1.8 0.7 

TT 24000 17264 1852 72 12.3 10.6 

TT 12000 7521 276 63 80.9 8.3 

TT 6000 3956 155 66 104.9 3.7 

TT 3000 2089 562 70 108.7 4.5 

TT 300 416 223 139 103.1 6.7 

TT 30 23 4 77 97.6 9.1 

*Values below LOQ: 0.5 × LOQ used 

 

From this data set, the exposure concentrations for bioaccumulation experiments were 

determined and used in a cytotoxicity assay with RTL-W1 cells, to confirm that the final 

exposure concentrations were non-toxic to the exposed cells. Table S2.3 shows the 

comparison of nominal and measured exposure concentrations of the cytotoxicity assays with 

RTL-W1.The concurrent viability measurements, quantified via fluorescence measurements of 

alamarBlue, 5-carboxyfluorescein diacetate acetoxy methyl ester (CFDA-AM) and Neutral Red 

are shown in Figure S2.2. The geometric mean of the exposure concentrations were within the 

range of the nominal intended concentrations (Table S2.3), which corroborates that the 

determined exposure concentrations are indeed non-toxic (Figure S2.2). 

Table S2.3: Measured exposure concentrations of acute cytotoxicity assay with RTL-W1 cells. 
SD = Standard Deviation, Medium control = measured exposure concentrations stored in vessel used 
for preparation and sampled over the experimental duration, BHPP = Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid, DCF = Diclofenac, PCP = Pentachlorophenol, TT = Tecloftalam. 

Compound 
Exposure 

Type 

Nominal 
Exposure 

(µg/L) 

Measured 
Exposure 

Concentration 
(µg/L) 

SD 
(µg/L) 

Measured/Nominal 
(%) SD (%) 

BHPP 
No cell 
control 

10 8.2 1.7 82 17 

BHPP RTL-W1 10 4.6 2.2 46 22 

BHPP 
Medium 
control 

10 9.5 2.2 95 22 

DCF 
No cell 
control 

400 416.6 116.3 104 29 

DCF RTL-W1 400 391.7 19.3 98 5 
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Compound 
Exposure 

Type 

Nominal 
Exposure 

(µg/L) 

Measured 
Exposure 

Concentration 
(µg/L) 

SD 
(µg/L) 

Measured/Nominal 
(%) SD (%) 

DCF 
Medium 
control 

400 383.1 24.7 96 6 

PCP 
No cell 
control 

5 4.8 0.2 96 3 

PCP RTL-W1 5 3.8 0.8 75 16 

PCP 
Medium 
control 

5 4.5 0.6 90 12 

TT 
No cell 
control 

20 21.7 3.6 109 18 

TT RTL-W1 20 22.2 4.1 111 20 

TT 
Medium 
control 

20 22.1 2.7 111 14 

 

 

Figure S2.2: Acute cytotoxicity of the final exposure concentrations after 72 h exposure in RTL-
W1. The tested exposure concentrations were used in the bioaccumulation experiments. alamarBlue 
indicates for metabolic activity, CFDA-AM for cell membrane integrity and Neutral Red for lysosomal 
membrane integrity. Control = test compound-free control, SD = Standard Deviation, DCF = Diclofenac 
(400 µg/L), PCP = Pentachlorophenol (5 µg/L), TT = Tecloftalam (20 µg/L), BHPP = Benzotriazol-t-butyl-
hydroxyl-phenyl propanoic acid (10 µg/L) 
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S2.3 Well plate versus cell culture flasks 

To increase the number of cells in the bioaccumulation experiments, cell culture flasks were 

used instead of 24 well plates. This allowed all test compounds to be quantifiable in the cell 

samples, as shown in Table S2.4. Except for TT, the use of cell culture flasks increased the 

number of cell samples with quantifiable sample amounts. For example, PCP was detectable 

in all cell samples, of which 50 % was quantifiable. One cell sample in the TT exposure 

experiments was an assumed outlier. 

Table S2.4: Fractions of quantifiable cell samples in the well plate and cell culture flask format. 
If percentages do not add up to 100 %, the remainder was a none detect of test compound in the sample. 
The well plate experiment was conducted once with two technical replicates and two sampling time 
points (0 h and 48 h) (n = 4 cell samples). The bioaccumulation experiments were conducted twice with 
one technical replicate and the 0 h and 48 h time points were used for comparison (n = 4). For DCF, the 
bioaccumulation experiment in flasks with 200 µg/L exposure concentration was used for comparison 
(n = 2), since only this concentration was applied in the experiment in well plates (n = 4). BHPP = 
Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, DCF = Diclofenac, PCP = Pentachlorophenol, TT 
= Tecloftalam. 

Well plate Cell culture flask 

Test 
compound 

Detected, not 
quantifiable 

(%) 
Quantifiable 

(%) 

Detected, 
not 

quantifiable 
(%) 

Quantifiable 
(%) 

BHPP 25 50 0 100 

DCF 25 75 0 100 

PCP 0 0 50 50 

TT 0 100 25 75 

 

S2.4 Determination of optimal cell density in cell culture flasks 

To find the optimal cell density, where the cell number of RTL-W1 cells varied as little as 

possible over the experimental duration, three different cell densities were tested: 

1.97×106 cells/flask, 2.63×106 cells/flask and 3.29×106 cells/flask. The flasks had the same 

format as used in the bioaccumulation experiments. The cell density was measured at time of 

seeding, after 48 h incubation under standard culture conditions, at the experimental onset 

(0 h) and at experimental termination (48 h). The resulting cell numbers of the three tested cell 

densities are depicted in Figure S2.3. The flasks seeded with 3.29×106 RTL-W1 cells showed 

smallest variations in cell number over the experimental duration (0 h and 48 h). Therefore, 

the cell seeding density of 3.29×106 cells/flask was used for the bioaccumulation experiments. 
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Figure S2.3: Varied RTL-W1 cell densities in cell culture flasks at seeding and over 48 h 
experimental duration. Theoretical cell number is the extrapolated cell number from 24 well plates with 
a seeding density of 150,000 RTL-W1 cells/well, which is known to result in stable and homogenous cell 
numbers 43. 

 

S2.5 Bioaccumulation experiments 

Reported cell numbers and mass balances of bioaccumulation experiments 

The RTL-W1 cells were counted in the bioaccumulation experiments at the start and 

termination (0 h and 48 h/72 h). The cell numbers are reported in Figure S2.4 and the mass 

balances of treated cells and cell-free control in Table S2.5 and Table S2.6.  
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Figure S2.4: Cell numbers in bioaccumulation experiments. BHPP = Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid, SD = Standard Deviation, DCF = Diclofenac, PCP = Pentachlorophenol, TT = 
Tecloftalam 

 

Table S2. 5: Absolute amount of test compound in bioaccumulation experiments with treated 
RTL-W1 cells. Test compounds were detected in all samples except for one*. SD = standard deviation, 
BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, TT = Tecloftalam, na = not available (due 
to lacking replicates at these time points, since one replicate sampled at 72 h instead of at 16 h), DCF 
= Diclofenac, PCP = Pentachlorophenol 

Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

BHPP CELL 0 0.4 0.1 

BHPP CELL 4 0.9 0.3 

BHPP CELL 8 0.7 0.0 

BHPP CELL 16 0.9 0.1 

BHPP CELL 24 0.8 0.2 

BHPP CELL 48 0.8 0.5 

BHPP MEDIUM 0 20.4 10.2 

BHPP MEDIUM 4 20.9 7.2 

BHPP MEDIUM 8 19.3 8.5 

BHPP MEDIUM 16 20.6 10.0 

BHPP MEDIUM 24 20.6 5.3 
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Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

BHPP MEDIUM 48 16.5 6.9 

BHPP PLASTIC 0 0 0 

BHPP PLASTIC 4 0 0 

BHPP PLASTIC 8 0.05 0.08 

BHPP PLASTIC 16 0.06 0.09 

BHPP PLASTIC 24 0.05 0.07 

BHPP PLASTIC 48 0.05 0.07 

TT CELL 0 0.15 0.21 

TT CELL 4 0.81 0.36 

TT CELL 8 0.70 0.11 

TT CELL 16 0.85 na 

TT CELL 24 0.79 0.08 

TT CELL 48 1.2 0.71 

TT CELL 72 0.8 na 

TT MEDIUM 0 71.0 23.3 

TT MEDIUM 4 75.8 24.6 

TT MEDIUM 8 66.5 29.3 

TT MEDIUM 16 61.1 na 

TT MEDIUM 24 76.0 25.0 

TT MEDIUM 48 76.4 26.0 

TT MEDIUM 72 81.3 na 

TT PLASTIC 0 0 0 

TT PLASTIC 4 0 0 

TT PLASTIC 8 0 0 

TT PLASTIC 16 0 na 

TT PLASTIC 24 0 0 

TT PLASTIC 48 0 0 

TT PLASTIC 72 0 na 

DCF CELL 0 1.1 1.2 

DCF CELL 4 0.9 1.6 

DCF CELL 8 1.9 3.4 

DCF CELL 16 1.3 1.3 

DCF CELL 24 1.1 1.2 
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Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

DCF CELL 48* 1.4 1.2 

DCF MEDIUM 0 593 550 

DCF MEDIUM 4 620 598 

DCF MEDIUM 8 543 481 

DCF MEDIUM 16 580 536 

DCF MEDIUM 24 552 498 

DCF MEDIUM 48 536 471 

DCF PLASTIC 0 0.33 0.57 

DCF PLASTIC 4 0.14 0.24 

DCF PLASTIC 8 0.14 0.24 

DCF PLASTIC 16 0.27 0.47 

DCF PLASTIC 24 0 0 

DCF PLASTIC 48 0 0 

PCP CELL 0 0.00 0 

PCP CELL 4 0.03 0.04 

PCP CELL 8 0.00 0 

PCP CELL 16 0.05 0 

PCP CELL 24 0.02 0.03 

PCP CELL 48 0.04 0 

PCP MEDIUM 0 13.5 0.4 

PCP MEDIUM 4 13.4 0.3 

PCP MEDIUM 8 13.8 0.6 

PCP MEDIUM 16 13.3 0.7 

PCP MEDIUM 24 13.0 0.1 

PCP MEDIUM 48 13.0 0.8 

PCP PLASTIC 0 0 0 

PCP PLASTIC 4 0 0 

PCP PLASTIC 8 0 0 

PCP PLASTIC 16 0 0 

PCP PLASTIC 24 0 0 

PCP PLASTIC 48 0 0 
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Table S2.6: Absolute amount of test compound in bioaccumulation experiments with cell-free 
control. SD = standard deviation, BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, TT = 
Tecloftalam, na = not available (due to lacking replicates at these time points, since one replicate 
sampled at 72 h instead of at 16 h), DCF = Diclofenac, PCP = Pentachlorophenol 

Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

BHPP CELL 0 0.02 0.03 

BHPP CELL 4 0.03 0.05 

BHPP CELL 8 0.04 0.05 

BHPP CELL 16 0.03 0.05 

BHPP CELL 24 0.03 0.04 

BHPP CELL 48 0.00 0.00 

BHPP MEDIUM 0 23.1 6.8 

BHPP MEDIUM 4 20.3 9.4 

BHPP MEDIUM 8 21.6 8.8 

BHPP MEDIUM 16 23.3 7.0 

BHPP MEDIUM 24 17.0 11.6 

BHPP MEDIUM 48 21.3 3.8 

BHPP PLASTIC 0 0.1 0.2 

BHPP PLASTIC 4 0.04 0.06 

BHPP PLASTIC 8 0.05 0.07 

BHPP PLASTIC 16 0.2 0.1 

BHPP PLASTIC 24 0.05 0.07 

BHPP PLASTIC 48 0.05 0.07 

TT CELL 0 0 0 

TT CELL 4 0 0 

TT CELL 8 0 0 

TT CELL 16 0 na 

TT CELL 24 0 0 

TT CELL 48 0 0 

TT CELL 72 0 na 

TT MEDIUM 0 83.7 14.9 

TT MEDIUM 4 93.0 23.6 

TT MEDIUM 8 73.5 21.4 

TT MEDIUM 16 57.3 na 
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Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

TT MEDIUM 24 87.5 11.4 

TT MEDIUM 48 70.3 23.3 

TT MEDIUM 72 91.8  

TT PLASTIC 0 0.1 0.1 

TT PLASTIC 4 0 0 

TT PLASTIC 8 0 0 

TT PLASTIC 16 0 na 

TT PLASTIC 24 0 0 

TT PLASTIC 48 0.06 0.09 

TT PLASTIC 72 0.0 na 

DCF CELL 0 0.3 0.5 

DCF CELL 4 0.4 0.6 

DCF CELL 8 0.2 0.4 

DCF CELL 16 0.2 0.3 

DCF CELL 24 0.2 0.4 

DCF CELL 48 0.8 1.4 

DCF MEDIUM 0 536 459 

DCF MEDIUM 4 554 515 

DCF MEDIUM 8 560 514 

DCF MEDIUM 16 586 542 

DCF MEDIUM 24 552 502 

DCF MEDIUM 48 556 522 

DCF PLASTIC 0 0 0 

DCF PLASTIC 4 0.3 0.4 

DCF PLASTIC 8 0.1 0.2 

DCF PLASTIC 16 0.2 0.4 

DCF PLASTIC 24 0.2 0.4 

DCF PLASTIC 48 0.3 0.6 

PCP CELL 0 0 0 

PCP CELL 4 0 0 

PCP CELL 8 0 0 

PCP CELL 16 0 0 
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Compound Sample type Sample time (h) Mean amount (ng) SD (ng) 

PCP CELL 24 0 0 

PCP CELL 48 0 0 

PCP MEDIUM 0 13.3 0.005 

PCP MEDIUM 4 13.7 0.3 

PCP MEDIUM 8 13.7 0.9 

PCP MEDIUM 16 13.0 0.4 

PCP MEDIUM 24 13.0 0.8 

PCP MEDIUM 48 13.0 0.1 

PCP PLASTIC 0 0.0 0.0 

PCP PLASTIC 4 0.0 0.0 

PCP PLASTIC 8 0.0 0.0 

PCP PLASTIC 16 0.0 0.0 

PCP PLASTIC 24 0.0 0.0 

PCP PLASTIC 48 0.0 0.0 

 

S2.6 Rinse step introduction 

To enable the clear differentiation of distributed test compound in the fractions of the test 

system, the influence of a rinse step was investigated. This meant that in between the sampling 

of fractions, the system was rinsed to reduce the carry-over of test compound from one fraction 

to the subsequent sampled fraction. These experiments were conducted in 24 well plates 

(Greiner Bio-One VACUETTE Schweiz GmbH), as it has been done in previous studies 35, 41. 

Each of these preliminary studies was conducted once. 

Figure S2.5 depicts the logarithmic absolute test compound amounts in the cell fractions, 

where the rinse step was left out (“without rinse”) and where the rinse step was included (“with 

rinse”). Table S2.7 gives the original values, depicted in Figure S2.5. In the experiments 

“without rinse” (Figure S2.5, left) the test compound amounts between the cell-free and the 

exposed cells were comparable. This indicates that the intracellular test compound amount 

was indistinguishable from the cell-free control, due to large carry over from the medium. The 

introduction of a rinse step enabled to clearly distinguish between cell-free and exposed cells 

(Figure S2.5, right), which suggests that the rinsing in between the sampling of fractions 

reduced the carry over of test compound. However, with the introduction of a rinse step PCP 

was not detectable anymore, which implied that a greater amount of cells was necessary.  
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Figure S2.5: Test compound in cell samples of exposed cells and the cell-free control in the 24 
well plate format after 48 h. Without Rinse = Sampling conducted without the application of a rinse 
step, With Rinse = Sampling with the application of a rinse step. Bars that lack error bars are caused by 
technical replicates with no detections of the test compound. BHPP = benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid, SD = Standard Deviation, DCF = diclofenac, PCP = pentachlorophenol, TT = 
tecloftalam 

Table S2. 7: Absolute test compound amounts in cell samples after 48 h.  SD = Standard Deviation, 
Without Rinse = Sampling conducted without the application of a rinse step, With Rinse = Sampling with 
the application of a rinse step, DCF = diclofenac, PCP = pentachlorophenol, BHPP = benzotriazol-t-
butyl-hydroxyl-phenyl propanoic acid, TT = tecloftalam 

Compound Experiment Treatment 

Absolute 
amount in 
cells (ng) SD 

DCF Without Rinse Exposed Cells 3.5 0.2 

DCF Without Rinse Cell-free 3.4 0.1 

DCF With Rinse Exposed Cells 0.09 0.04 

DCF With Rinse Cell-free 0.02 0 

PCP Without Rinse Exposed Cells 0.06 0.001 

PCP Without Rinse Cell-free 0.06 0.02 

PCP With Rinse Exposed Cells na na 

PCP With Rinse Cell-free na na 

BHPP Without Rinse Exposed Cells 0.2 0.05 

BHPP Without Rinse Cell-free 0.10 0.02 
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Compound Experiment Treatment 

Absolute 
amount in 
cells (ng) SD 

BHPP With Rinse Exposed Cells 0.1 na 

BHPP With Rinse Cell-free 0.06 0.07 

TT Without Rinse Exposed Cells 4.9 0.8 

TT Without Rinse Cell-free 4.6 0.4 

TT With Rinse Exposed Cells 0.4 0.1 

TT With Rinse Cell-free 0.02 0.01 

 

S.2.7 Derived RTL-W1 BCF and in vivo data 

The bioaccumulation experiments served to calculate steady-state BCFs in RTL-W1 and were 

compared to in vivo bioaccumulation data (Table S2.8 and Table S2.9). 

Table S2.8: Derived RTL-W1 BCF per replicate and chemical based on intracellular and exposure 
medium concentration. The standard deviation is given after the mean. BHPP = benzotriazol-t-butyl-
hydroxyl-phenyl propanoic acid, DCF = diclofenac, PCP = pentachlorophenol, TT = tecloftalam 

Compound Replicate BCF 

BHPP 

1 30.28 

2 30.26 

Mean 30.27 ± 0.013 

DCF 

1 1.32 

2 1.74 

3 0.79 

Mean 1.28 ± 0.48 

PCP 

1 2.28 

2 2.44 

Mean 2.36 ± 0.12 

TT 

1 8.2 

2 4.5 

Mean 6.4 ± 2.6 
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Table S2.9: Bioaccumulation studies of the test compounds in rainbow trout. DCF = Diclofenac, 
PCP = Pentachlorophenol, TT = Tecloftalam, BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl propanoic 
acid 

Study 
Chemical 

(CAS) 
Exposure 

concentration Bioaccumulation 
Bioaccumulation 

metric unit 

Bioaccumulation 
metric type (steady 

state if not 
indicated 

otherwise) 

Memmert 
et al. 2013 

102 

DCF salt 
(15307-79-6, 

radio labelled) 

2.1 and 18.7 
µg/L via water 

5 and 3 
respectively 

dimensionless BCF, Whole fish 

Cuklev et 
al. 2011 213 

DCF no CAS 
given 

1.6 ±0.93, 
11.5 ±3.98, 
81.5 ±14.09 

µg/L via water 

2.54 ± 0.36 dimensionless BCF, Liver-based 

McKim et 
al. 1986 108 

radiolabelled 
PCP, no CAS 

given 

0.968 ±0.206 
µg/L 

460 L/kg BCF, Whole fish 

Mueller et 
al. 2020 107 

PCP (87-86-5) 
 fed 18.6-23 

mg/kg  
0.00898 dimensionless 

BMF, Whole fish, 
converted BCF  

0.2 ± 0.2 

Mueller et 
al. 2020 

PCP (87-86-5) 
 fed 18.6-23 

mg/kg  
0.0351 dimensionless 

BMF, Liver (kinetic), 
converted BCF  

0.2 ± 0.2 

Mueller et 
al. 2020 107 

TT  
(76280-91-6) 

 fed 27 mg/kg  0.00169 dimensionless 
BMF, Whole fish, , 
converted BCF -

0.07 ± 0.3 

Mueller et 
al. 2020 107 

TT  
(76280-91-6) 

 fed 27 mg/kg  NA - 
BMF, Liver (kinetic), 
converted BCF not 

available 

Mueller et 
al. 2020 107 

BHPP  
(84268-36-0) 

 fed 31.63 
mg/kg 

0.03952 dimensionless 
BMF, Whole fish, 
converted BCF  

0.07 ± 0.4 

Mueller et 
al. 2020 107 

BHPP  
(84268-36-0) 

 fed 31.63 
mg/kg  

0.0779 dimensionless 
BMF, Liver (kinetic), 

converted BCF  
0.2 ± 0.4 

 

S2.8 Mass spectrometry settings and chromatographic gradient 

The set up of the online SPE LCMS/MS system is described elsewhere and was identical for 

the present study 128. Chromatographic separation was conducted with a C18 column (XBridge 

C18, 3.5 µm, 2.1 x 50 mm) and an eluent gradient of water and methanol as specified 

elsewhere. Electrospray ionization (ESI) was used for target analyte ionization with a spray 

voltage of + 4 kV in positive mode and - 3.5 kV in negative mode. The ion transfer capillary 
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was kept at a temperature of 320 °C. The target analytes were measured in switch mode on 

the MS. Further, full scan acquisitions were performed with a m/z range of 100 to 710 and a 

resolution of 70’000 at m/z 200. Data-dependent top5 MS/MS were conducted in positive 

mode, while top2 MS/MS were conducted in negative mode, which was based on an inclusion 

list that contained all test compounds along with their suspected and known biotransformation 

products. The collision energies of the test compounds for the MS/MS are listed in Table S2.10. 

Tecloftalam lost a carboxyl group during the ionization process, which caused approximately 

70 % of the detected Tecloftalam signals to be present in the fragmented form (Tecloftalam 

fragment m/z 401.84, Table S2.10). Consequently, the quantified concentrations of both forms 

were summed up for the mass balances presented in the main text and everywhere else. 

Table S2.10: Collision energies of test compounds and formed fragment ions.

Compound Mode Mass (m/z) 

Normalized 
Collision 
Energy 

Fragment Ions 
(m/z) 

Diclofenac positive 296.024 20 
278.0132, 
250.0185, 
215.0498 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

positive 340.1656 20 
284.1031, 
224.0819 

Pentachlorophenol negative 264.8543 80 
215.87087, 
199.87596 

Diclofenac negative 294.0094 20 
278.0132, 
250.0185, 
215.0498 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

negative 338.151 20 
294.1612, 
266.1298 

Tecloftalam* negative 445.8298 20 401.840, 214.8808 

Tecloftalam fragment* negative 401.8403 20 
214.8808, 
212.8838 

*Tecloftalam fragmented during the ionization from m/z 445.8298 to 401.840. 
 

The samples obtained from the cytotoxicity assay presented in section 2.4.2 were measured 

in offline mode (100 µL injection volume) with the only difference to the above described 

analysis being the applied water/methanol gradient. The eluent flow was kept at 200 µL/min 

throughout sample measurement. For the first 3 min, the methanol fraction was kept at 10 % 

and was gradually increased to 95 % over the following 11 min. The methanol was kept at 

95 % for 3 min, after which it was brought down to 10 % again within 1 min and reconditioned 

at this gradient for 2 min until the next data acquisition. 
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Table S2.11: Analytical performance of sample measurements from bioaccumulation 
experiments. LOQ = limit of quantification, conc. = concentration, SD = Standard Deviation, BHPP = 
Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, DCF = Diclofenac, PCP = Pentachlorophenol, TT 
= Tecloftalam 

Test 
Compoun

d 

LOQ in medium, cell and 
plastic samples (ng per 
flask) [% of initial mass] 

Exposure 
conc. in 

experiments 
(µg/L, [µM]) 

Relative 
recovery 
(medium, 
cell and 

plastic, %) 

Measured vs. Nominal 
Medium conc. (% ± 

SD) 

BHPP 1.3, 0.2, 0.2 [4.2, 0.7, 0.8] 10 [0.03] 88, 117, 99 68 ± 34 

DCF 12, 1, 0.2 [2, 0.4, 0.4] 20, 200, 400 
[0.07, 0.7, 

1.35] 

103, 101, 
100 

95 ± 1 

PCP 0.2, 0.04, 0.04 [1, 0.3, 0.3] 5 [0.04] 95, 99, 95 90 ± 3 

TT 0.6, 0.2, 0.2 [1, 0.3, 0.4] 20 [0.04] 92, 126, 99 118 ± 39 

 

S2.9 Relative recoveries 

Table S12.2 summarizes the relative recoveries of the tested compounds in the different 

sample matrices across all replicates of the bioaccumulation experiments (left column) and in 

a spike experiment that was used to determine the relative recoveries (right column). The 

relative recovery was calculated as detailed in Equation S2.1: 

 Equation S2.1: Relative Recovery =  
(Cspiked−Cunspiked)∗100 %

 theor.spiked amount
 

 

Where 𝐶𝑠𝑝𝑖𝑘𝑒𝑑 is the test compound concentration of the spiked sample, 𝐶𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 the sample 

with no spike and 𝑡ℎ𝑒𝑜𝑟. 𝑠𝑝𝑖𝑘𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 is the theoretical amount of test compound that should 

have been spiked into the sample. The dedicated relative recovery experiment was performed 

by the spike of test compound to a test compound-free sample, which was compared to an 

identical spiked sample containing no matrix, i.e. 𝐶𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 was not used. 

As presented in Table S2.12, the determined relative recoveries of the spike experiment for all 

matrices (right column) do not indicate a strong influence of the matrix. In the bioaccumulation 

experiment, however, the relative recoveries for each experiment varied considerably, except 

for PCP (Table S2.12, “Mean relative recovery (%) in bioaccumulation experiments). This is 

likely a result of the quantification for BHPP and TT, for which no isotope-labelled homologs 

were available. The larger deviations for DCF were attributable to errors in sample spiking, i.e. 
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unintendedly greater amounts of test compound were spiked. Consequently, the sample 

quantification was conducted with no correction for matrix effects. 

Table S2.12: Relative and absolute Recoveries of the test compounds in the bioaccumulation 
experiments. SD = Standard Deviation 

Compound Sample Matrix 

Mean relative 
recovery (%) in 

bioaccumulation 
experiments SD (%) 

Relative recovery 
(%) in spike 
experiment 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

Medium 132 71 88 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

Cell 120 6 117 

Benzotriazol-t-butyl-hydroxyl-
phenyl propanoic acid 

Plastic 141 27 99 

Diclofenac Medium 161 104 103 

Diclofenac Cell 128 37 101 

Diclofenac Plastic 97 21 100 

Pentachlorophenol Medium 97 13 95 

Pentachlorophenol Cell 110 22 99 

Pentachlorophenol Plastic 84 41 95 

Tecloftalam Medium 139 100 92 

Tecloftalam Cell 74 3 126 

Tecloftalam Plastic 95 16 99 
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S2.10 LC50 data of PCP in fish 

Table S2.13 summarizes the in vivo studies that were used for comparison of EC50 and LC50 of PCP, since data availability was much greater than 

for any of the other test compounds. The selection of studies based on the quality of experiments, in accordance with OECD TG305 9, and state-of-

the-art analytical methods, i.e. use of gas chromatography or liquid chromatography coupled to mass spectrometry. 

Table S2.13: Reference LC50 values of Pentachlorophenol taken from Fischer et al. 2019. Only measured exposure concentrations were selected. PCP was 
the only chemical with extensive documentation of LC50 data while data availability for the other test compounds was considerably smaller or not existent, as it 
was the case for BHPP. 

Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Fathead 
Minnow 

not 
reported 

Juvenile 
Flow-

through 
Active 

ingredient 
0.564 mg/L Measured 15031 

Broderius,S.J., 
M.D. Kahl, and 
M.D. Hoglund 

Use of Joint Toxic 
Response to Define 
the Primary Mode of 

Toxic Action for 
Diverse Industrial 

Organic Chemicals 

Environ. Toxicol. 
Chem.14(9): 1591-

1605 
1995 

Fathead 
Minnow 

44 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.237 mg/L Measured 12447 

Geiger,D.L., C.E. 
Northcott, D.J. 
Call, and L.T. 

Brooke 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume II 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:326 p. 

1985 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.12 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

Juvenile 
Flow-

through 
Active 

ingredient 
0.35 mg/L Measured 15031 

Broderius,S.J., 
M.D. Kahl, and 
M.D. Hoglund 

Use of Joint Toxic 
Response to Define 
the Primary Mode of 

Toxic Action for 
Diverse Industrial 

Organic Chemicals 

Environ. Toxicol. 
Chem.14(9): 1591-

1605 
1995 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.3 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

30 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.381 mg/L Measured 3217 

Geiger,D.L., L.T. 
Brooke, and D.J. 

Call 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume V 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:332 p. 

1990 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.208 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.23 mg/L Measured 2189 
Phipps,G.L., 

G.W. Holcombe, 
and J.T. Fiandt 

Acute Toxicity of 
Phenol and Substituted 
Phenols to the Fathead 

Minnow 

Bull. Environ. 
Contam. 

Toxicol.26(5): 585-
593 

1981 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.17 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.22 mg/L Measured 2189 
Phipps,G.L., 

G.W. Holcombe, 
and J.T. Fiandt 

Acute Toxicity of 
Phenol and Substituted 
Phenols to the Fathead 

Minnow 

Bull. Environ. 
Contam. 

Toxicol.26(5): 585-
593 

1981 

Fathead 
Minnow 

30 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.0986 mg/L Measured 3217 

Geiger,D.L., L.T. 
Brooke, and D.J. 

Call 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 

Center for Lake 
Superior 

Environmental 
1990 



Supporting Information Chapter 2 

106 

 

Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

(Pimephales 
promelas), Volume V 

Studies, University of 
Wisconsin, Superior, 

WI:332 p. 

Fathead 
Minnow 

30 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.261 mg/L Measured 3217 

Geiger,D.L., L.T. 
Brooke, and D.J. 

Call 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume V 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:332 p. 

1990 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.233 mg/L Measured 10775 
Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 
Toxicant Testing: 

Acute Toxicity of 10 
Chemicals to 5 

Vertebrates and 2 
Invertebrates 

Environ. Pollut. 
A.38(2): 141-157 

1985 

Fathead 
Minnow 

30 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.222 mg/L Measured 3217 

Geiger,D.L., L.T. 
Brooke, and D.J. 

Call 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume V 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:332 p. 

1990 

Fathead 
Minnow 

40 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.47 mg/L Measured 15155 

Cleveland,L., 
D.R. Buckler, F.L. 
Mayer, and D.R. 

Branson 

Toxicity of Three 
Preparations of 

Pentachlorophenol to 
Fathead Minnows - a 
Comparative Study 

Environ. Toxicol. 
Chem.1(3): 205-212 

1982 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.244 mg/L Measured 10775 
Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 
Toxicant Testing: 

Acute Toxicity of 10 
Chemicals to 5 

Vertebrates and 2 
Invertebrates 

Environ. Pollut. 
A.38(2): 141-157 

1985 

Fathead 
Minnow 

32 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.35 mg/L Measured 12447 

Geiger,D.L., C.E. 
Northcott, D.J. 
Call, and L.T. 

Brooke 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume II 

Center for Lake 
Superior 

Environmental 
Studies, University of 

1985 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Wisconsin, Superior, 
WI:326 p. 

Fathead 
Minnow 

44 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.301 mg/L Measured 12447 

Geiger,D.L., C.E. 
Northcott, D.J. 
Call, and L.T. 

Brooke 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume II 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:326 p. 

1985 

Fathead 
Minnow 

30 d Juvenile 
Flow-

through 
Active 

ingredient 
0.218 mg/L Measured 10679 

Spehar,R.L., H.P. 
Nelson, M.J. 

Swanson, and 
J.W. Renoos 

Pentachlorophenol 
Toxicity to Amphipods 
and Fathead Minnows 

at Different Test pH 
Values 

Environ. Toxicol. 
Chem.4:389-397 

1985 

Fathead 
Minnow 

44 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.242 mg/L Measured 12447 

Geiger,D.L., C.E. 
Northcott, D.J. 
Call, and L.T. 

Brooke 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume II 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:326 p. 

1985 

Fathead 
Minnow 

30 d Juvenile 
Flow-

through 
Active 

ingredient 
0.261 mg/L Measured 10679 

Spehar,R.L., H.P. 
Nelson, M.J. 

Swanson, and 
J.W. Renoos 

Pentachlorophenol 
Toxicity to Amphipods 
and Fathead Minnows 

at Different Test pH 
Values 

Environ. Toxicol. 
Chem.4:389-397 

1985 

Fathead 
Minnow 

not 
reported 

Juvenile 
Flow-

through 
Active 

ingredient 
0.449 mg/L Measured 15031 

Broderius,S.J., 
M.D. Kahl, and 
M.D. Hoglund 

Use of Joint Toxic 
Response to Define 
the Primary Mode of 

Toxic Action for 
Diverse Industrial 

Organic Chemicals 

Environ. Toxicol. 
Chem.14(9): 1591-

1605 
1995 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.286 mg/L Measured 10775 
Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 
Toxicant Testing: 

Acute Toxicity of 10 
Chemicals to 5 

Vertebrates and 2 
Invertebrates 

Environ. Pollut. 
A.38(2): 141-157 

1985 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Fathead 
Minnow 

31 d 
not 

reported 
Flow-

through 
Active 

ingredient 
0.24 mg/L Measured 12447 

Geiger,D.L., C.E. 
Northcott, D.J. 
Call, and L.T. 

Brooke 

Acute Toxicities of 
Organic Chemicals to 

Fathead Minnows 
(Pimephales 

promelas), Volume II 

Center for Lake 
Superior 

Environmental 
Studies, University of 
Wisconsin, Superior, 

WI:326 p. 

1985 

Fathead 
Minnow 

not 
reported 

Juvenile 
Flow-

through 
Active 

ingredient 
0.51 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.19 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

30 d Juvenile 
Flow-

through 
Active 

ingredient 
0.378 mg/L Measured 10679 

Spehar,R.L., H.P. 
Nelson, M.J. 

Swanson, and 
J.W. Renoos 

Pentachlorophenol 
Toxicity to Amphipods 
and Fathead Minnows 

at Different Test pH 
Values 

Environ. Toxicol. 
Chem.4:389-397 

1985 

Fathead 
Minnow 

1 d Fry 
Flow-

through 
Active 

ingredient 
0.314 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

30 d Juvenile 
Flow-

through 
Active 

ingredient 
0.095 mg/L Measured 10679 

Spehar,R.L., H.P. 
Nelson, M.J. 

Swanson, and 
J.W. Renoos 

Pentachlorophenol 
Toxicity to Amphipods 
and Fathead Minnows 

at Different Test pH 
Values 

Environ. Toxicol. 
Chem.4:389-397 

1985 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.12 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.266 mg/L Measured 12004 

Thurston,R.V., 
T.A. Gilfoil, E.L. 

Meyn, R.K. 
Zajdel, T.L. Aoki, 
and G.D. Veith 

Comparative Toxicity 
of Ten Organic 

Chemicals to Ten 
Common Aquatic 

Species 

Water Res.19(9): 
1145-1155 

1985 

Fathead 
Minnow 

not 
reported 

Juvenile 
Flow-

through 
Active 

ingredient 
0.396 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Fathead 
Minnow 

not 
reported 

Adult 
Flow-

through 
Active 

ingredient 
0.16 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Bluegill 
not 

reported 
not 

reported 
not 

reported 
Active 

ingredient 
0.24 mg/L Measured 4247 

Samis,A.J.W., 
P.W. Colgan, and 

P.H. Johansen 

Pentachlorophenol and 
Reduced Food Intake 

of Bluegill 

Trans. Am. Fish. 
Soc.122(6): 1156-

1160 
1993 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.2 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.152 mg/L Measured 10775 

Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 

Environ. Pollut. 
A.38(2): 141-157 

1985 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Toxicant Testing: 
Acute Toxicity of 10 

Chemicals to 5 
Vertebrates and 2 

Invertebrates 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.27 mg/L Measured 11958 

Hedtke,S.F., 
C.W. West, K.N. 

Allen, T.J. 
Norberg-King, 
and D.I. Mount 

Toxicity of 
Pentachlorophenol to 
Aquatic Organisms 

Under Naturally 
Varying and Controlled 

Environmental 
Conditions 

Environ. Toxicol. 
Chem.5(6): 531-542 

1986 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.15 mg/L Measured 10775 

Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 
Toxicant Testing: 

Acute Toxicity of 10 
Chemicals to 5 

Vertebrates and 2 
Invertebrates 

Environ. Pollut. 
A.38(2): 141-157 

1985 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.202 mg/L Measured 12004 

Thurston,R.V., 
T.A. Gilfoil, E.L. 

Meyn, R.K. 
Zajdel, T.L. Aoki, 
and G.D. Veith 

Comparative Toxicity 
of Ten Organic 

Chemicals to Ten 
Common Aquatic 

Species 

Water Res.19(9): 
1145-1155 

1985 

Bluegill 
not 

reported 
not 

reported 
Flow-

through 
Active 

ingredient 
0.115 mg/L Measured 10775 

Phipps,G.L., and 
G.W. Holcombe 

A Method for Aquatic 
Multiple Species 
Toxicant Testing: 

Acute Toxicity of 10 
Chemicals to 5 

Vertebrates and 2 
Invertebrates 

Environ. Pollut. 
A.38(2): 141-157 

1985 

Guppy 
not 

reported 
not 

reported 
Renewal 

Active 
ingredient 

0.4 mg/L Measured 45297 

Salkinoja-
Salonen,M., M.L. 
Saxelin, J. Pere, 
T. Jaakkola, J. 
Saarikoski, R. 
Hakulinen, and 

O. Koistinen 

Analysis of Toxicity 
and Biodegradability of 

Organochlorine 
Compounds Released 
into the Environment in 
Bleaching Effluents of 

Kraft Pulping 

In: L.H.Keith (Ed.), 
Advances in the 
Identification and 

Analysis of Organic 
Pollutants in Water, 

Butterworth, 
Stoneham, 

MA2:1131-1164 

1981 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Guppy 
not 

reported 
Young 

organism 
not 

reported 
Active 

ingredient 
1.6 mg/L Measured 15149 

Adema,D.M.M., 
and G.J. Vink 

A Comparative Study 
of the Toxicity of 1,1,2-

Trichloroethane, 
Dieldrin, 

Pentacholorophenol, 
and 3,4-Dichloroaniline 
for Marine and Fresh 

Water Organisms 

Chemosphere10(6): 
533-554 

1981 

Guppy 
not 

reported 
Adult 

not 
reported 

Active 
ingredient 

0.45 mg/L Measured 15149 
Adema,D.M.M., 
and G.J. Vink 

A Comparative Study 
of the Toxicity of 1,1,2-

Trichloroethane, 
Dieldrin, 

Pentacholorophenol, 
and 3,4-Dichloroaniline 
for Marine and Fresh 

Water Organisms 

Chemosphere10(6): 
533-554 

1981 

Guppy 
not 

reported 
Adult 

not 
reported 

Active 
ingredient 

1.15 mg/L Measured 15149 
Adema,D.M.M., 
and G.J. Vink 

A Comparative Study 
of the Toxicity of 1,1,2-

Trichloroethane, 
Dieldrin, 

Pentacholorophenol, 
and 3,4-Dichloroaniline 
for Marine and Fresh 

Water Organisms 

Chemosphere10(6): 
533-554 

1981 

Guppy 
not 

reported 
Young 

organism 
not 

reported 
Active 

ingredient 
0.72 mg/L Measured 15149 

Adema,D.M.M., 
and G.J. Vink 

A Comparative Study 
of the Toxicity of 1,1,2-

Trichloroethane, 
Dieldrin, 

Pentacholorophenol, 
and 3,4-Dichloroaniline 
for Marine and Fresh 

Water Organisms 

Chemosphere10(6): 
533-554 

1981 

Guppy 
not 

reported 
Young 

organism 
not 

reported 
Active 

ingredient 
0.88 mg/L Measured 15149 

Adema,D.M.M., 
and G.J. Vink 

A Comparative Study 
of the Toxicity of 1,1,2-

Trichloroethane, 
Dieldrin, 

Pentacholorophenol, 
and 3,4-Dichloroaniline 
for Marine and Fresh 

Water Organisms 

Chemosphere10(6): 
533-554 

1981 
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Species 
Organism 

Age 
Organism 
Life stage 

Exposure 
Type 

Concentration 
Type 96 h LC50 

Chemical 
Analysis 

Reference 
Number Author Title Source 

Publication 
Year 

Rainbow 
Trout 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.115 mg/L Measured 12004 

Thurston,R.V., 
T.A. Gilfoil, E.L. 

Meyn, R.K. 
Zajdel, T.L. Aoki, 
and G.D. Veith 

Comparative Toxicity 
of Ten Organic 

Chemicals to Ten 
Common Aquatic 

Species 

Water Res.19(9): 
1145-1155 

1985 

Rainbow 
Trout 

not 
reported 

not 
reported 

Flow-
through 

Active 
ingredient 

0.159804 mg/L Measured 10688 
Hodson,P.V., 

D.G. Dixon, and 
K.L.E. Kaiser 

Measurement of 
Median Lethal Dose as 
a Rapid Indication of 
Contaminant Toxicity 

to Fish 

Environ. Toxicol. 
Chem.3(2): 243-254 

1984 
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S2.11 Time to steady state calculation 

The steady state in the bioaccumulation experiments was determined based on a one-

compartment model by Hendriks et al. (2001) that applies the compound’s KOW, fish lipid 

content, fish body weight and tropic level 179. For our purposes, the fish body weight was 

assumed to be the total cell weight, which was obtained via extrapolation of measured cell 

numbers (from the bioaccumulation experiments) and the cell number per g of liver tissue in 

fish 18. Instead of the KOW, we applied the compound’s DOW to consider the ionized fraction. 

Uptake and elimination rate constant were calculated according to Equation S2.2 and 

Equation S2.3. The steady state was assumed to be reached when the internal concentration 

in the cells attained 95 % and Equation 2.4 was used to calculate this specific time point. 

Equation S2.2: 𝑘𝑖𝑛 =
𝑤_𝑤−𝜅

𝜌𝐻2𝑂,𝑗+
𝜌𝐶𝐻2,𝑖
𝐾𝑂𝑊

+
1

𝛾0

 ,      
𝐿

𝑘𝑔×𝑑
 

Equation S2.3: 𝑘𝑜𝑢𝑡 =
1

𝑓_𝑙𝑖𝑝𝑖𝑑×(𝐾𝑂𝑊−1)+1
× 𝑘𝑖𝑛 ,   

𝑘𝑔

𝑘𝑔×𝑑
 

Equation S2.4: 𝑡95% =  −
𝑙𝑜𝑔(0.05)

𝑘𝑜𝑢𝑡
 , (days) 

 

Table S2.14: Symbol Explanation for Equation S2.2 and S2.3. Taken and edited from Hendriks et al. 
2001 179 

Symbol Unit Value Description 

w_w kg model input body wet weight 

Dow ― model input octanol-water distribution ratio 

Cw µg · L-1 model input chemical concentration in water 

i ― 2 (for animals) trophic level 

κ ― 0.25 rate exponent 

ρCH2,i d · kg-κ 68 (for animals) lipid layer permeation resistance 

ρH2O,j d · kg-κ 2.8 · 10-3 water layer diffusion resistance 

γ0 kg-κ · d-1 200 water breathing water absorption-excretion 

coefficient 
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Symbol Unit Value Description 

f_lipid 0.05 ― lipid fraction 

kin L · kg-1 · d-1 ― Uptake rate constant 

kout kg · kg-1 · d-1 ― Elimination rate constant 

𝑡95% days ― Time to steady state with 95 % 

attainment 

 

Table S2.15: Time to steady state in RTL-W1 cells. Calculated based on compound's DOW, initial 
exposure concentration, total cell weight and application in Equation S2.2, S2.3 and S2.4. Since three 
DCF exposure concentrations were applied in the bioaccumulation experiments, the time to steady state 
was calculated separately for each of these replicates, BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl 
propanoic acid, DCF = Diclofenac, PCP = Pentachlorophenol, TT = Tecloftalam 

Compound 
Initial exposure 
concentration 

(µg/L) 
DOW 

Total average cell 
weight (Kg) 

Time to steady 
state (h) 

BHPP 6.9 1.75 5.4E-06 15.9 

DCF 189, 18.8, 386 1.37 7.8E-6, 1.1E-5, 1.2E-5 23.4, 25.3, 25.9 

PCP 4.5 2.45 5.8E-06 13.2 

TT 23.8 3.13 7.1E-06 14.8 

 

S2.12 Mass balances in bioaccumulation experiments 

Absolute amounts were calculated for each sample fraction to derive the mass balance at each 

time point. The mass balance at each time point was compared to the initially added amount 

at experimental onset to detect any occurring decrease of test compound in the test system. 

From Table S2.16, it can be concluded that no biotransformation activity is discernable in the 

experiments, which would be expressed as a decrease of the total test compound amount in 

the test system with cells over time relative to the control. 
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Table S2.16: Mass balances in bioaccumulation experiments with exposed cells and cell-free 
control. The DCF replicates are shown separately, since different exposure concentrations were 
applied, which impacts the mass balances. SD = Standard Deviation, BHPP = Benzotriazol-t-butyl-
hydroxyl-phenyl propanoic acid, TT = Tecloftalam, na = not available (due to lacking replicates at these 
time points, since one replicate sampled at 72h instead of at 16h), PCP = Pentachlorophenol, DCF = 
Diclofenac 

Compound 
Sample Time 

(h) 
Mean exposed cells 

(ng) SD (ng) 
Mean cell-free control 

(ng) SD (ng) 

BHPP 

0 25.0 4.5 28.1 0.3 

4 27.4 0.4 24.6 3.4 

8 25.2 1.1 28.4 0.8 

16 29.5 1.2 26.8 2.5 

24 25.2 0.3 30.0 6.7 

48 27.5 7.1 25.8 2.6 

TT 

0 76.1 16.1 89.4 6.7 

4 69.7 34.0 131.8 31.3 

8 73.1 20.9 72.9 22.3 

16 54.9 na 67.2 na 

24 96.2 2.5 113.5 25.3 

48 74.9 29.1 72.3 20.5 

72 82.1 na 91.8 na 

PCP 

0 13.5 0.4 13.3 0.0 

4 13.5 0.2 13.7 0.3 

8 13.8 0.6 13.7 0.9 

16 13.3 0.7 13.0 0.4 

24 13.0 0.0 13.0 0.8 

48 13.0 0.8 13.0 0.1 

DCF1 

0 56.3 - 52.9 - 

4 51.0 - 55.5 - 

8 52.3 - 53.2 - 

16 46.2 - 52.2 - 

24 52.0 - 51.3 - 

48 50.7 - 49.1 - 

DCF2 0 567.9 - 586.3 - 
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Compound 
Sample Time 

(h) 
Mean exposed cells 

(ng) SD (ng) 
Mean cell-free control 

(ng) SD (ng) 

4 566.1 - 524.4 - 

8 561.3 - 544.2 - 

16 577.0 - 569.6 - 

24 556.5 - 549.0 - 

48 569.0 - 527.3 - 

DCF3 

0 1157.9 - 968.4 - 

4 1246.5 - 1085.1 - 

8 1020.3 - 1082.8 - 

16 1120.7 - 1136.8 - 

24 1051.1 - 1057.6 - 

48 993.0 - 1095.0 - 

 

S2.13 Bioaccumulation of DCF in RTL-W1 

In an attempt to improve quantification of chemical distribution and test concentration 

dependency of bioaccumulation, DCF exposure was explored at different concentrations 

tested in the same way (Figure S2.6). 

 

Figure S2.6: Bioaccumulation experiments with DCF at different exposure concentrations. 
Please note that the cell samples of replicate 1 were all < limit of quantification. Rep = Replicate, Rep 1 
exposure concentration = 20 µg/L, Rep 2 exposure concentration = 200 µg/L, Rep 3 exposure 
concentration = 400 µg/L, DCF = Diclofenac 
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S2.14 pH changes in the bioaccumulation experiments 

During the bioaccumulation experiments, a subsample of the medium was taken every 24 h 

for pH measurement. The presence of RTL-W1 cells lowered the pH in the exposure medium 

independent of the presence of test compound (Figure S2.7). Changes in pH were, however, 

too small to impact the degree of ionization of the test compounds. 

 

Figure S2.7: pH changes in the bioaccumulation experiments at 0, 24 and 48 hours. pH changes 
were very comparable in the bioaccumulation experiments, irrespective of the tested compound. SD= 
Standard Deviation 

 

S2.15 Screening for suspected biotransformation products 

The screening of the HRMS/MS data for biotransformation products was conducted with 

Compound Discoverer v3.3 (Thermo Fisher Scientific Inc.). It was based on a list of suspected 

biotransformation products known to occur in fish (from literature) as well as a list of suspects 

generated in silico with application of common biotransformation pathways. Candidates were 

selected by the unique detection in the treated cells and their absence in control groups: 

Comparison of exposed cells with test compound-free and cell-free controls. Further settings 

for the analysis are listed in Table S2.17. The found candidates were searched for time 

dependent intensity trends over the experimental duration as well as peak intensities >0.1 % 

relative to the test compound. 
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Table S2.17: Settings in Compound Discoverer for biotransformation product screening.

 Setting for Peak detection 

Minimal Peak intensity 1.00E+06 

Minimal fold difference 
Sample/Control 

5 

Possible Phase I reactions 
for suspect generation 

Dehydration; Desaturation; Hydration; Nitro Reduction; Oxidation; Oxidative 
Deamination to Alcohol ; Oxidative Deamination to Ketone ; Oxidative Debromination ; 

Oxidative Dechlorination ; Oxidative Defluorination ; Reduction ; Reductive 
Debromination ; Reductive Dechlorination ; Reductive Defluorination 

Possible Phase II reactions 
for suspect generation 

Acetylation ; Arginine Conjugation; Cysteine Conjugation 1; Cysteine Conjugation 2; 
Glucoside Conjugation ; Glucuronide Conjugation ; Glutamine Conjugation ; Glycine 

Conjugation ; GSH Conjugation 1 ; GSH Conjugation 2 ; Methylation ; Ornitine 
Conjugation ; Palmitoyl Conjugation ; Stearyl Conjugation; Sulfation ; Taurine 

Conjugation 

Intensity Threshold relative 
to test compound 

0.10% 

m/z tolerance for detection 5 ppm 

Average Peak width  0 min (automated detection) 

 

S2.16 Application of validity criteria of OECD TG319 

According to OECD TG319 a and b, the fitted linear regression requires an R2 ≥ 0.85 and the 

slope should be significant from 0. As seen in the below summaries for each test compound, 

these criteria were not met (Table S2.18). Except for the slope of PCP exposed cells, all other 

regressions were not significant from zero. The slope for PCP exposed cells was significant 

but did not meet the criteria of R2 ≥ 0.85. 

Table S2.18: Linear regression analysis according to OECD TG319A for detection of 
biotransformation activity. Since the DCF replicates were conducted at different exposure 
concentrations, the linear regression analysis was carried out separately on them. F = F-statistic, P 
value = probability of significant deviation from 0 according to t-test, BHPP = Benzotriazol-t-butyl-
hydroxyl-phenyl propanoic acid, DCF = Diclofenac, PCP = Pentachlorophenol, TT = Tecloftalam 

BHPP Cell free control Exposed cells 

Goodness of Fit 

R squared 0.002592 0.01638 

Is slope significantly non-zero? 

F 0.02599 0.1666 

P value 0.8751 0.6918 

Deviation from zero? Not Significant Not Significant 
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Equation Y = -0.0003372*X + 9.123 Y = 0.0008839*X + 9.074 

DCF1 Cell free control Exposed cells 

Goodness of Fit 

R squared 0.1899 0.0003144 

Is slope significantly non-zero? 

F 0.9374 0.001258 

P value 0.3878 0.9734 

Deviation from zero? Not Significant Not Significant 

Equation Y = -0.001081*X + 12.14 Y = 1.227e-005*X + 12.15 

DCF2 Cell free control Exposed cells 

Goodness of Fit 

R squared 0.823 0.1167 

Is slope significantly non-zero? 

F 18.59 0.5285 

P value 0.0125 0.5075 

Deviation from zero? Significant Not Significant 

Equation Y = -0.002141*X + 9.806 Y = -0.001240*X + 9.772 

DCF3 Cell free control Exposed cells 

Goodness of Fit 

R squared 0.1731 0.5015 

Is slope significantly non-zero? 

F 0.8373 4.024 

P value 0.4119 0.1153 

Deviation from zero? Not Significant Not Significant 

Equation Y = 0.001278*X + 12.76 Y = -0.003445*X + 12.86 

PCP Cell free control Exposed cells 

Goodness of Fit 

R squared 0.2172 0.7911 

Is slope significantly non-zero? 

F 1.11 15.15 

P value 0.3516 0.0177 

Deviation from zero? Not Significant Significant 

      

Equation Y = -0.0007747*X + 8.391 Y = -0.001355*X + 8.403 
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TT Cell free control Exposed cells 

Goodness of Fit 

R squared 0.08103 0.0001241 

Is slope significantly non-zero? 

F 0.8817 0.001241 

P value 0.3699 0.9726 

Deviation from zero? Not Significant Not Significant 

Equation Y = -0.005029*X + 10.39 Y = 0.0001813*X + 10.11 

 

S2.17 Partition based bioaccumulation 

A simple prediction of accumulation of test compound in the RTL-W1 cells was conducted, 

which based on the compound’s KOW, DOW or DMLW. The accumulation of an organic compound 

in an organism can be simplified as the enrichment into a particular phase, i.e. phospholipid or 

lipid 19, as depicted in Equation S2.5, where the bioaccumulationfactor, 𝐾𝐵, is dependent on 

the compound’s KOW and the volume fraction of lipid in the organism, 𝑣𝐿𝑖𝑝𝑖𝑑. For this exercise 

this concept was extended assuming that DOW or DMLW and the respective volume fractions 

𝑣𝐿𝑖𝑝𝑖𝑑 and 𝑣𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑 are usable in the same manner to predict bioaccumulation. 

Equation S2.5:       

Based on the above assumptions, Equation S2.6 and S2.7 are the equations to calculate the 

BCF in the cells at steady state. 𝑣𝐿𝑖𝑝𝑖𝑑 was derived from the total cell weight, 𝑤, and total cell 

volume, 𝑉𝑐𝑒𝑙𝑙, the weight-based lipid fraction in the cells, 𝑓𝐿 , and the lipid density,  

𝜌𝐿. 𝑣𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑 was calculated analogous to 𝑣𝐿𝑖𝑝𝑖𝑑. We derived the volume of the cell 

monolayer in each experiment based on the measured cell numbers. Density of lipid and 

phospholipid were taken from literature and assumed to be identical for the RTL-W1 cells. 

Input parameters are presented in Table S2.19 and the calculated BCFs in Table S2.20.

  

 

Equation S2.6:    

 

Equation S2.7:        

  

𝐾𝐵 =  𝑣𝐿𝑖𝑝𝑖𝑑 ×  𝐾𝑂𝑊 

𝐾𝐵 =   10𝑙𝑜𝑔𝐾𝑂𝑊 𝑜𝑟 𝑙𝑜𝑔𝐷𝑂𝑊 × 𝑣𝐿𝑖𝑝𝑖𝑑 = 10𝑙𝑜𝑔𝐾𝑂𝑊 𝑜𝑟 𝑙𝑜𝑔𝐷𝑂𝑊 ×

𝑤 ×  𝑓𝐿 
𝜌𝐿

𝑉𝑐𝑒𝑙𝑙
 

𝐾𝐵 = 10𝑙𝑜𝑔𝐷𝑀𝐿𝑊 × 𝑣𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑 =  10𝑙𝑜𝑔𝐷𝑀𝐿𝑊 ×

𝑤 ×  𝑓𝑃𝐿 
𝜌𝑃𝐿

𝑉𝑐𝑒𝑙𝑙
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Table S2.19: Input data for partition exercise. The average total cell number was derived from 
measured cell numbers at experimental onset and termination of the bioaccumulation experiment, PCP 
= Pentachlorophenol, DCF = Diclofenac, BHPP = Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, 
TT = Tecloftalam 

Symbol Value Unit Description 

𝐾𝐵 - - Bioconcentration at steady state 

logDMLW 
see table 1 
main script 

- test compound's membrane-water distribution ratio 

logKOW/DOW 
see table 1 
main script 

- 
test compound's octanol-water partition ratio (K) or distribution 

ratio (D) 

𝑤 0.0058 g average total cell weight in experiment, PCP 

𝑤 0.0101 g average total cell weight in experiment, DCF 

𝑤 0.0054 g average total cell weight in experiment, BHPP 

𝑤 0.0071 g average total cell weight in experiment, TT 

𝑉𝑐𝑒𝑙𝑙  4.37E-06 L average total cell volume in experiment, PCP 

𝑉𝑐𝑒𝑙𝑙  7.56E-06 L average total cell volume in experiment, DCF 

𝑉𝑐𝑒𝑙𝑙  4.07E-06 L average total cell volume in experiment, BHPP 

𝑉𝑐𝑒𝑙𝑙  5.33E-06 L average total cell volume in experiment, TT 

𝑓𝑃𝐿 0.01 - 
weight based phospholipid fraction in fish, taken from Hendriks et 

al. 2001 

𝑓𝐿 0.04 - 
weight based lipid fraction in fish, taken from Hendriks et al. 

2001179 

𝜌𝑃𝐿 1013.8 g/L Phospholipid density according to Johnson & Buttress (1973) 238 

𝜌𝐿 830 g/L Octanol density, representing lipid 239 

 

Table S2.20: Calculated log BCF based on the test compound’s KOW, DOW and DMLW. BHPP = 
Benzotriazol-t-butyl-hydroxyl-phenyl propanoic acid, TT = Tecloftalam, PCP = Pentachlorophenol, DCF 
= Diclofenac 

Compound Observed BCF Kow-based BCF Dow-based BCF DMLW-based BCF 

BHPP 1.51 3.03 0.56 0.32 

TT 0.87 4.29 1.94 0.12 

PCP 0.30 3.57 1.26 1.02 

DCF 0.03 2.85 0.18 -0.48 
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S2.18 BCF reference values of Pentachlorophenol 

Table S2.21: Reference BCF values of Pentachlorophenol (PCP) in different fish species.

 Species log BCF Reference 

Sheepshead Minnow 
(Cyprinodon 
variegatus) 

1.2 to 1.7 
Patrick R. Parrish, et al., Chronic toxicity of chlordane, trifluralin, pentachlorophenol to 
sheepshead minnows (cyprinodon variegatus). Ecological Research Series. 2002, 
Washington, D.C.: U.S. Environmental Protection Agency.DOI: EPA/600/3-78/010. 

Sheepshead Minnow 
(Cyprinodon 
variegatus) 

0.7 to 1.4 
Patrick R. Parrish, et al., Chronic toxicity of chlordane, trifluralin, pentachlorophenol to 
sheepshead minnows (cyprinodon variegatus). Ecological Research Series. 2002, 
Washington, D.C.: U.S. Environmental Protection Agency.DOI: EPA/600/3-78/010. 

Rainbow trout 
(Oncorhynchus mykiss) 

2.3 
Stehly, G.R. and W.L. Hayton, Disposition of pentachlorophenol in rainbow trout (Salmo 
gairdneri): effect of inhibition of metabolism. Aquatic Toxicology, 1989. 14(2): p. 131-
147.DOI: https://doi.org/10.1016/0166-445X(89)90024-6. 

Pink salmon 
(Oncorhynchus 
gorbuscha) 

2.5 to 2.9 

Servizi, J.A., R.W. Gordon, and J.H. Carey, Bioconcentration of Chlorophenols by Early 
Life Stages of Fraser River Pink and Chinook Salmon (Oncorhynchus gorbuscha, O. 
tshawytscha). Water Quality Research Journal, 1988. 23(1): p. 88-99.DOI: 
10.2166/wqrj.1988.007. 

Longnose killifish 
(Fundulus similis) 

1.6 to 1.8 
Trujillo, D.A., et al., Bioaccumulation of pentachlorophenol by killifish (Fundulus similus). 
Chemosphere, 1982. 11(1): p. 25-31.DOI: https://doi.org/10.1016/0045-6535(82)90085-6. 

Carp (Cyprinus carpio) 3.6 
Sun, H., et al., Enhanced bioaccumulation of pentachlorophenol in carp in the presence of 
multi-walled carbon nanotubes. Environmental Science and Pollution Research, 2014. 
21(4): p. 2865-2875.DOI: 10.1007/s11356-013-2234-4. 

Japanese Medaka 
(Oryzias latipes) 

3.3. to 3.7 
Kondo, T., et al., Bioconcentration factor of relatively low concentrations of chlorophenols 
in Japanese medaka. Chemosphere, 2005. 61(9): p. 1299-1304.DOI: 
https://doi.org/10.1016/j.chemosphere.2005.03.058. 

Goldfish (Carassius 
auratus) 

2.1 to 2.8 
Stehly, G.R. and W.L. Hayton, Effect of pH on the accumulation kinetics of 
pentachlorophenol in goldfish. Archives of Environmental Contamination and Toxicology, 
1990. 19(3): p. 464-470.DOI: 10.1007/BF01054993. 

American flagfish 
(Jordanella floridae) 

2.3 

Smith, A.D., et al., Bioconcentration kinetics of some chlorinated benzenes and 
chlorinated phenols in American flagfish, Jordanella floridae (Goode and Bean). 
Chemosphere, 1990. 20(3): p. 379-386.DOI: https://doi.org/10.1016/0045-6535(90)90068-
5. 
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S3.1 Test compound information 

Table S3.1: Detail on the test compounds and their respective internal standards (CDN isotopes).

Compound Acronym CAS 

MW  

g mol-1 

Density 

(g mL-1, 

20°C) Vendor 

Purity 

(%) 

N-methyldodecylamine S12 
7311-30-

0 
199.38 0.791 

Sigma-

Aldrich 
98 

N,N-dimethyldecylamine T10 
1120-24-

7 
185.35 0.792 

Sigma-

Aldrich 
97 

N,N,N-

trimethyltetradecylammonium 

bromide 

Q14 
4574-04-

3 
256.49* solid 

Sigma-

Aldrich 
≥98 

decyl-D21-trimethylammonium 

bromide 
- 

1515861-

67-2 
221.1* solid 

CDN 

Isotopes 
99 

Tetradecyl-D29-

trimethylammonium bromide 
- 

95523-

73-2 
285.67* solid 

CDN 

Isotopes 
99 

* w/o salt 

S3.2 Conduction of bioaccumulation experiments 

In a first step, a test compound was directly dissolved in the exposure medium because all 

compounds were well soluble in aqueous solution without the aid of an organic solvent. The 

exposure medium consisted of L-15/FBS to sustain the metabolism of the cells 29, 35. In a 

second step, the test compound stock solution was diluted to the final exposure concentration 

with additional L-15/FBS medium. This two-step dilution procedure was necessary to minimize 

variabilities in pipetting of small volumes or weighing small amounts of pure chemical (S12 and 

T10 liquid, Q14 solid at room temperature). To start an experiment, the routine cell culture 

medium was removed and replaced with 3 mL of the previously prepared L-15/FBS exposure 

medium.

The experimental design and sampling scheme of the bioaccumulation experiments was the 

same as detailed in Balk et al.176 with minor adaptions. Exposed cells and cell-free negative 

control flasks were sampled at 0 h, 4 h, 8 h, 24 h, 48 h and 72 h, whilst a cell count control and 

a test compound-free control were sampled at experimental onset and termination. At each 

sampling time point, the medium, the cell surface, the cells themselves and test compound 
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sorbed to plastic were sampled. Briefly, 1 mL exposure medium was sampled and the 

remaining 2 mL used for pH measurement (only every 24 h) using a small pH probe (microFET, 

Wellinq) or indicator strips (Macherey-Nagel). Then, 3 mL chemical- free L-15/FBS were added 

and the flask gently swayed for 30 seconds to reduce the carry-over from the exposure medium 

to the subsequent sample fractions. A 1 mL volume of the wash medium was sampled and 

combined with the first sample of exposure medium. Afterwards, the cell surface was rinsed 

with 400 µL Versene solution for 30 seconds. Versene contains the cell dissociation agent 

ethylenediaminetetraacetic acid (EDTA), which chelates with divalent metal ions 177. Due to its 

four carboxylic acid groups with strong dissociation constants (pKa 0.26 to 2.76 178), EDTA is 

fully dissociated at pH 7 and able to associate with positively charged test compounds. Thus, 

any test compound loosely associated with the cell surface would have been sampled with the 

EDTA upon the rinse with Versene. Afterwards, the cell layer was sampled by the addition of 

400 µL trypsin and scraping the cells with a cell scraper (Techno Plastic Products AG). An 

additional 400 µL trypsin added to the flask ensured the capture of the remaining cells and 

minimized carry over to the subsequent sample fraction. Both trypsin samples were combined 

and added to methanol containing internal standard. At last, the test compound sorbed to 

plastic was sampled by the addition of methanol-containing internal standard and shaken for 

5 min at 200 rpm on a plate shaker. Each sample fraction was collected in a 15 mL centrifuge 

tube (91015, TPP Techno Plastic Products AG), which contained methanol with internal 

standard or, in case of the plastic sampling extract, ultrapure water (Honeywell Riedel-de 

Haën). The sampling volumes were adapted such that the methanol fraction was 80% (v/v) in 

the sample, which ensured that test compound loss due to sorption to plastic or glass was 

minimized (SI section S3.7). 

S3.3 Mass balance derivation and in vitro BCF calculation 

The mass balances were derived as described previously 176. In brief, the % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 

of each sample type (medium, cell surface, cells or plastic) was calculated as the quotient of 

the sample,𝑌𝑡, at the time point 𝑡 over the sum of all sample types, ∑ 𝑌𝑡 (ng), at time point 𝑡, as 

shown in Equation S3.1: 

Equation S3.1   % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 =
𝑌𝑡

 ∑ 𝑌𝑡
  . 

The total amounts measured at each time point were compared to the initial total mass at 0 h 

to detect biotransformation activity or other losses. The calculation of in vitro BCFs was 

identical to our previous work, except for the differences in cell volume, cell number and cell 

weight for RTL-W1 and RTgill-W1 (SI also Table S3.6). Equation S3.2 describes the initial 

derivation of the cellular concentration of test compound, 𝐶𝑐𝑒𝑙𝑙: 
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Equation S3.2   𝐶𝑐𝑒𝑙𝑙 [
𝑛𝑔

𝐿
] =

𝑐𝑒𝑙𝑙 𝑡 [𝑛𝑔]

𝑚𝑒𝑎𝑛 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 ×(
1

 6
 × 𝜋 × 𝑑 3) [𝐿] 

 , 

where the absolute amount of test compound, 𝑐𝑒𝑙𝑙 𝑡, at time point 𝑡, is divided by the volume of 

the cell layer, which depends on the measured cell number in the bioaccumulation experiments 

and the cell diameter 𝑑. (see SI section S3.8 for metrics per chemical and cell line). We 

attempted to determine the time when steady state was reached in the experiments using a 

simple DOW-based model , which, however, gave no realistic estimations. Since the model 

appeared to be inapplicable to cationic surfactants, we based our steady state estimations on 

the derived mass balances. Equation S3.3 was used to calculate the 𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 𝐵𝐶𝐹, where 

𝐶𝑚𝑒𝑑𝑖𝑢𝑚 was the averaged exposure concentration at apparent steady state of the test system 

(incl. all times points ≥24 h): 

Equation S3.3   𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 𝐵𝐶𝐹 =  
𝐶𝑐𝑒𝑙𝑙

𝐶𝑚𝑒𝑑𝑖𝑢𝑚
  

For comparison, we calculated DMLW based predictions of BCFs in cells, termed 𝐷𝑀𝐿𝑊𝐵𝐶𝐹, 

which used the cells’ volume fractions of phospholipid, 𝑣𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑, the compound’s 𝐷𝑀𝐿𝑊, 

averaged cell weight, 𝑤 [g] (Table S3.6), the weight-based phospholipid fraction, 𝑓𝑃𝐿  (0.01)179, 

its density, 𝜌𝑃𝐿 [g L-1] (1.0138 kg L-1)238, and the cell volume multiplied by the measured cell 

number, 𝑉𝑐𝑒𝑙𝑙 [L] (Table S3.6): 

Equation S3.4   𝐷𝑀𝐿𝑊𝐵𝐶𝐹 =  10𝑙𝑜𝑔𝐷𝑀𝐿𝑊 ×  𝑣𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑙𝑖𝑝𝑖𝑑 =  10𝑙𝑜𝑔𝐷𝑀𝐿𝑊 ×

𝑤 × 𝑓𝑃𝐿 
𝜌𝑃𝐿

𝑉𝑐𝑒𝑙𝑙
 

A detailed desription of the derivation is available in the SI of our earlier work 3. 

 

S3.4 Mass spectrometer settings 

For sample quantification, an LCMS/MS system was applied. Positive full scan MS at a 

resolution of 140 000 at m/z 200 (120 000 for Exploris) with data-dependent MS2 acquisition, 

with a resolution of 17 500 (30 000 for Exploris) and an isolation window of 1 m/z, were 

recorded for all test compounds. Standard calibrations in ultrapure water containing 80% 

methanol and internal standards were used for quantification. Each sample run was 20 minutes 

long. The eluent ramp with a flow of 200 µL min-1 began with 10% of methanol, which was 

increased to 95% after 3 minutes and kept at 95% from 14 to 17 minutes. Afterwards, the 

methanol fraction was decreased within a minute and brought down to 10 % from 18 minutes 

onward until the end of the measurement. The column temperature was set to 40°C. Ionization 

of the target analytes was achieved by electrospray ionization (ESI) with a spray voltage of 

+ 4kV in positive mode while the ion transfer capillary was heated to 320 °C. Full scan 

acquisitions were performed at a range of 50 to 630 m/z and top 5 data-dependent MS/MS 
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conducted based on an inclusion list containing all test compounds along with their suspected 

and known biotransformation products. Data acquisitions were analyzed with the Software 

Tracefinder 4.1 (Thermo Fisher Scientific). Collision energies and m/z are listed in Table S3.2, 

while in Table S3.4 and Table S3.5 the limit of quantification (LOQ) and the matrix specific 

relative recoveries are presented, respectively. 

Table S3.2: Test compound’s m/z and collision energies. Please note that we measured samples 
with three different mass spectrometers, QExactive and Exploris. All targets were measured in positive 
mode. 

Compound 
Mass 
(m/z) 

Fragment 
Ions m/z 

Normalized 
collision energy 

(QExactives) 

Normalized 
collision energy 

(Exploris) 

N-methyldodecylamine (S12) 200.2373 
57.030, 

71.0862, 
85.050 

60 65 

N,N-dimethyldecylamine (T10) 186.2216 
57.0707, 
71.010, 
85.050 

70 75 

N,N,N-
trimethyltetradecylammonium 

(Q14) 
256.2999 

57.090, 
60.081, 
71.000 

60 65 

 

S3.5 Screening for biotransformation products 

The mass balances of bioaccumulation experiments were used to test if criteria for 

biotransformation activity according to OECD TG319 23, 24 were met. Also, we conducted a 

screening for potential and known biotransformation products in the media and cell samples. 

A suspect list was created based on biotransformation products known from literature 25, 175. 

Detected candidates had to be present in either media or cell samples and be absent in any 

of the control samples (compound-free or cell-free controls). Further, the candidates had to 

show temporal trends in peak intensities over the experimental duration and peak intensities 

had to be ≥ 0.1 % compared to their parent compound. The settings for detection of 

biotransformation products are presented in Table S3.3.  
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Table S3.3: Compound Discoverer settings for peak detection of suspected biotransformation 
products.

Setting  

Minimal Peak intensity 1.00E+06 

Minimal fold difference 
Sample/Control 

5 

Possible Phase I 
reactions for suspect BTP 
generation 

Dealkylation; Desaturation (H2 -> ); Oxidation ( -> O); Oxidative Deamination 
to Alcohol (H2 N -> H O); Oxidative Deamination to Ketone (H3 N -> O); 

Reduction ( -> H2) 

Possible Phase II 
reactions for suspect BTP 
generation 

Dealkylation; Acetylation (H -> C2 H3 O); Arginine Conjugation (H O -> C6 
H13 N4 O2); Cysteine Conjugation 1 (H -> C3 H6 N O2 S); Cysteine 

Conjugation 2 ( -> C3 H7 N O2 S); Glucoside Conjugation (H -> C6 H11 
O5); Glucuronide Conjugation (H -> C6 H9 O6); Glutamine Conjugation (H O 

-> C5 H9 N2 O3); Glycine Conjugation (H O -> C2 H4 N O2); GSH 
Conjugation 1 ( -> C10 H15 N3 O6 S); GSH Conjugation 2 ( -> C10 H17 N3 

O6 S); Methylation (H -> C H3); Ornitine Conjugation (H O -> C5 H11 N2 
O2); Palmitoyl Conjugation (H -> C16 H31 O); Stearyl Conjugation (H -> C18 
H35 O); Sulfation (H -> H O3 S); Taurine Conjugation (H O -> C2 H6 N O3 

S) 

m/z tolerance  5 ppm 

Average Peak width  automated detection 

 

S3.6 Performance of chemical analysis 

Table S3.4: Limit of quantification of test compounds and comparison of intended vs. measured 
exposure concentration in bioaccumulation experiments.

Compound Cell line 
LOQ  

(µg L-1)* 

Nominal 
exposure C 

(µg L-1) 

% of 
nominal 

exposure C 
± SD** 

N-methyldodecylamine (S12) RTgill-W1 0.050 200 112 ± 11 

N-methyldodecylamine (S12) RTL-W1 0.050 200 92 ± 13 

N,N-dimethyldecylamine (T10) RTgill-W1 0.050 185 195 ± 86** 

N,N-dimethyldecylamine (T10) RTL-W1 0.050 185 210 ± 40** 

N,N,N-trimethyltetradecylammonium (Q14 R1) RTgill-W1 0.050 100 86 ± 1 

N,N,N-trimethyltetradecylammonium (Q14 R2) RTL-W1 0.050 20 112 ± 11 

* lowest LOQ given, depending on measurement sequence it ranged from 50 to 1000 ng/L, **geometric 
mean of stock solutions sampled at experimental onset and termination. 
** The doubled exposure concentration vs. nominal for T10 was thought to be caused by deviations in 
density documentation by the supplier and the resulting density at the temperature at which the 
experiments were conducted. 
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Table S3.5: Matrix specific relative recoveries of the test compounds.

Compound 

relative 

recovery - 

Medium (%) 

relative 

recovery - 

Surface (%) 

relative 

recovery - 

Cell (%) 

relative 

recovery - 

Plastic (%) 

N-methyldodecylamine (S12) 106 102 119 110 

N,N-dimethyldecylamine (T10) 96 104 100 96 

N,N,N-trimethyltetradecylammonium 

(Q14) 
114 185 100 100 

 

S3.7 Compound adsorption in experimental set up 

This experiment was conducted with a range of methanol percentages (v/v) to monitor the 

absorption of the test compounds to the walls of either glass or plastic vials (Figure S3.1). The 

mixtures were sampled after 24 hours, at which the system was assumed to have reached 

chemical equilibrium. Clear differences between absorption affinity to glass or plastic were 

seen for S12 for methanol percentages < 80 % (left pane Figure S3.1). Therefore, we decided 

to use a methanol percentage of 80 % in the sampling for bioaccumulation assessments. 

 

Figure S3.1: Absorption experiment of test compounds to glass or plastic vials in varying water-
methanol mixtures.  

S3.8 Optimal seeding density for bioaccumulation assessment 

We tested two different cell densities of RTgill-W1 in cell culture flasks (25 cm2 growth area), 

to ensure minimal variability in cell numbers over the experimental duration of bioaccumulation 

experiments (Figure S3.2). We assumed a negligible difference between the 48 h and 72 h 

experimental duration. The cell density of 4.6x106 cells/flask was chosen as the seeding 

density for all bioaccumulation experiments with RTgill-W1, since the variability was smaller 

than in the higher cell density of 5.6x106 cells/flask. 
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Figure S3.2: Cell numbers of RTgill-W1 in two tested densities over 48 h. We assumed a negligible 
difference of the cell numbers between 48 h and 72 h experimental duration. Each density was 
measured in three biological replicates. Error bars are standard deviations, while the horizontal lines 
mark the intended seeding density. 

In each experiment, the exposed cells were counted at experimental onset and termination. 

The cell numbers are documented in Table S3.6. They were used for calculation of cell internal 

concentrations of the test compounds according to the method by Stadnicka-Michalak et al.35 

and Balk et al.176.  

Table S3.6: Cell numbers per test compound and cell line. Besides the cell numbers, the following 
metrics were needed for accumulation predictions. RTL-W1 cell diameter: 16.6 µm, volume: 2.4×10-12 L 
cell-1, weight: 2.4×10-9 g cell-1; RTgill-W1 cell diameter: 15.1 µm, volume: 1.8×10-12 L cell-1, weight: 
1.8×10-9 g cell-1 

Compound Experiment Cell 
Mean cell number (0 

h and 72 h) 
Standard 
deviation 

S12 bioaccumulation experiment RTgill-W1 6400200 1742245 

S12 bioaccumulation experiment RTL-W1 3715200 279050 

T10 bioaccumulation experiment RTgill-W1 6471867 1787199 

T10 bioaccumulation experiment RTL-W1 3766720 688284 

Q14 
bioaccumulation experiment+ re-

equilibration phase 
RTL-W1 3041675 666557 

Q14 bioaccumulation experiment RTgill-W1 7050000 400327 

T10 
bioaccumulation experiment+ re-

equilibration phase 
RTL-W1 3023600 1049162 

0.00E+00

1.00E+06

2.00E+06

3.00E+06

4.00E+06

5.00E+06

6.00E+06

7.00E+06
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Theoretical cell number 5.3x10^6 cells Theoretical cell number 4.6x10^6 mio
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S3.9 Cytotoxicity data 

The concentration-response curves presented in Figure S3.3 and the concurrent measured 

exposure concentrations in Table S3.7 were used to derive EC50 values and non-toxic 

exposure concentrations for later bioaccumulation experiments. 

 

Figure S3.3: Percent cell viability relative to unexposed control as measured by alamarBlueTM, 
CFDA-AM and Neutral Red upon 24 h exposure of the test compounds to RTgill-W1. The highest 
concentration of N,N,N-trimethyltetradecylammonium caused a fluorescence interference with Neutral 
Red and CFDA-AM (indicated by arrows) and the concentration-response curve of the CFDA-AM could 
not be fitted. The comparisons of nominal and measured exposure concentrations are presented in 
Table S3.7. Error bars are the standard deviation across all biological replicates. n = number of biological 
replicates, CFDA-AM = 5-carboxyfluorescein diacetate acetoxy methyl ester 
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Table S3.7: Nominal and measured exposure concentrations of the acute cytotoxicity assays. 
The measured geometric mean based on all biological replicates and their medium samples taken at 0h 
and 24h of exposure. 

Test 
compound 

Nominal 
concentration 

(mg L-1) 

Measured 
concentration 

(±SD, 0 h) 

Measured 
concentration 

(±SD, 24 h) 

Measured 
geometric 

mean (mg L-1) 

Measured vs. 
nominal 

concentration 
(%) 

S12 0.125 0.03 ± 0.00 0.003 ± 0.000 0.009 ± 0.01 7 

S12 0.25 0.07 ± 0.00 0.008 ± 0.000 0.02 ± 0.04 10 

S12 0.5 0.2 ± 0.1 0.04 ± 0.02 0.09 ± 0.09 18 

S12 1 0.56 ± 0.10 0.2 ± 0.0 0.33 ± 0.20 33 

S12 2 1.4 ± 0.4 0.8 ± 0.1 1 ± 0.4 52 

S12 3 2.2 ± 0.4 1.5 ± 0.3 1.8 ± 0.5 60 

S12 6 4.6 ± 0.7 3.6 ± 0.6 4 ± 0.8 67 

T10 1.125 0.5 ± 0.1 0.32 ± 0.04 0.4 ± 0.1 36 

T10 2.25 1.2 ± 0.2 0.8 ± 0.1 0.9 ± 0.3 42 

T10 4.5 2.3 ± 0.4 1.7 ± 0.1 2 ± 0.4 44 

T10 9 4.8 ± 1 3.5 ± 0.3 4.1 ± 0.1 45 

T10 18 10.7 ± 0.6 7.2 ± 0.6 8.7 ± 2.1 49 

T10 36 19 ± 2.2 13.8 ± 0.5 16.2 ± 3.3 45 

T10 74 41 ± 5.3 29 ± 0.5 34.5 ± 7.8 47 

Q14 0.06 0.0002 ± 0.000 0.0002 ± 0.000 0.0002 ± 0.000 0 

Q14 0.11 0.005 ± 0.004 0.0009 ± 0.0010 0.001 ± 0.004 1 

Q14 0.22 0.02 ± 0.01 0.003 ± 0.001 0.007 ± 0.01 3 

Q14 0.44 0.13 ± 0.07 0.03 ± 0.01 0.1 ± 0.1 14 

Q14 0.88 0.6 ± 0.4 0.17 ± 0.02 0.3 ± 0.3 33 

Q14 1.75 1.6 ± 1.0 0.6 ± 0.2 0.9 ± 0.8 53 

Q14 3.5 3.7 ± 2.1 1.8 ± 0.4 2.5 ± 1.7 70 

Q14 7 4.9* 3.7* 4.3 ± 0.8 61 

*only one replicate tested at this concentration 
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Table S3.8: Percent cell viability and corresponding nominal exposure concentrations of the 
acute cytotoxicity assays after 24 h exposure. AB = alamarBlueTM (metabolic activity), CFDA-AM = 
5-carboxyfluorescein diacetate acetoxy methyl ester (cell membrane integrity), NR = Neutral Red 
(lysosomal membrane integrity), SD = Standard Deviation 

Test compound 

Nominal 

concentration 

(mg L-1) AB (± SD, %) 
CFDA-AM (± 

SD, %) 
Neutral Red (± 

SD, %) 

S12 0 100 100 100 

S12 0.125 100 ± 2 100 ± 4 100 ± 1 

S12 0.25 101 ± 7 99 ± 6 99 ± 6 

S12 0.5 102 ± 9 99 ± 8 98 ± 5 

S12 1 95 ± 13 94 ± 8 94 ± 16 

S12 2 70 ± 17 81 ± 24 75 ± 19 

S12 3 17 ± 15 32 ± 38 11 ± 16 

S12 6 4 ± 3 5 ± 1 0 ± 2 

T10 0 100 100 100 

T10 1.125 100 ± 4 100 ± 2 100 ± 1 

T10 2.25 98 ± 5 101 ± 4 98 ± 5 

T10 4.5 98 ± 7 100 ± 4 95 ± 4 

T10 9 98 ± 7 103 ± 2 95 ± 4 

T10 18 91 ± 11 106 ± 5 95 ±6 

T10 36 61 ± 15 99 ± 6 83 ± 6 

T10 74 8 ± 3 10 ± 7 6 ± 10 

Q14 0 100 100 100 

Q14 0.06 100 ± 2 100 ± 2 100 ± 2 

Q14 0.11 99 ± 6 99 ± 5 101 ± 6 

Q14 0.22 98 ± 6 96 ± 4 95 ± 5 

Q14 0.44 62 ± 19 99 ± 10 52 ± 12 

Q14 0.88 10 ± 8 105 ± 77 10 ± 12 

Q14 1.75 2 ± 1 7 ± 4 0 ± 3 

Q14 3.5 3 ± 2 6 ± 3 0 ± 2 

Q14 7 2.9 ± 1 15 ± 0.3 43 ± 3 
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S3.10 Cell viability on test compound exposure for bioaccumulation experiments 

Figure S3.4 shows the viability (%) after exposure to the test compound concentrations 

intended for the bioaccumulation experiments relative to the test compound-free control. Q14 

was initially tested at 100 µg L-1 in the absence of fetal bovine serum (FBS) in the L15/ex 

medium as a worst case-scenario, which resulted in approximately 30 to 40% toxicity in RTgill-

W1 after 72 h of exposure. When instead 20 µg L-1 of Q14 and L15/ex medium with FBS was 

used, percent viability in the exposed cells remained comparable to the control.  

 

Figure S3.4: Impact on cell viability of the exposure concentrations used in bioaccumulation 
assessments after 72 h. alamarBlueTM indicates metabolic activity, CFDA-AM cell membrane integrity 
and Neutral Red lysosomal membrane integrity. Error bars indicate the standard deviation of the two 
biological replicates. Please note that the first and second replicate of N,N,N-
trimethyltetradecylammonium are presented separately due to the use of different exposure 
concentrations in experiments with RTgill-W1 (error bars represent technical replicates in this case). n/a 
= not applicable, since 20 µg L-1 exposures of Q14 were not used in RTL-W1 cell cultures. 

Table S3.9 shows the compound concentrations measured in the cytotoxicity assay (Figure 

S3.4). It was observed that the exposure concentration was consistently lower than the nominal 

concentration. The test compounds likely were taken up by the cells as well as adsorbed to 

the plastic in the cytotoxicity assay, which lowered the measured medium concentrations 

relative to the nominal exposure concentration. This effect can be seen most clearly for the 

second replicate of Q14 (Q14R2, Table S3.9). 
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Table S3.9: Measured concentrations (C0h and C72h) of the cytotoxicity assay with final exposure 
concentrations for bioaccumulation experiments. Shown are the measured medium concentrations 
(geometric mean of experimental start, C0h, and termination, C72h) of the two biological replicates of each 
cell line and the cell-free control. S12 = N-methyldodecylamine, T10 = N,N-dimethyldecylamine, Q14 = 
N,N,N-trimethyltetradecylammonium, R1 = replicate 1, R2 = replicate 2, SD = Standard deviation 

Compound Cell line 

Nominal 
concentrati
on (μg L-1) 

Concentra
tion (± SD, 

0h) 

Concentra
tion (± SD, 

72h) 

Geometric 
mean(measured, 

μg L-1) 

SD 
(measured, 

μg L-1) 
Percent of 
nominal 

S12 cell-free 200 274 ± 50 243 ± 34 257 44 129 

S12 RTgill-W1 200 237 ± 20 42 ± 12 100 103 50 

S12 RTL-W1 200 255 ± 24 86 ± 14 148 90 74 

T10 cell-free 185 171 ± 30 158 ± 38 164 34 89 

T10 RTgill-W1 185 166 ± 34 133 ± 29 149 35 80 

T10 RTL-W1 185 168 ± 31 141 ± 38 154 36 83 

Q14R1 cell-free 100 144 ± 29 117 ± 32 130 31 130 

Q14R1 RTgill-W1 100 141 ± 4 22 ± 1 56 65 56 

Q14R1 RTL-W1 100 136 ± 14 35 ± 3 69 56 69 

Q14R2 cell-free 20 4 ± 3 2 ± 4 3 3 14 

Q14R2 RTgill-W1 20 5 ± 0.4 0.8 ± 0.02 2 2 12 

Q14R2 RTL-W1 20 5 ± 0.6 0.9 ± 0.05 2 2 11 
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S3.11 pH measurements 

Most of the samples were measured with pH indicator strips, which allowed for rough pH 

measurement in steps of 0.5 pH units (Figure S3.5).  

 

Figure S3.5: pH measurements of exposed cells and controls over the experimental duration. 
The pH was measured every 24 h. Error bars indicate the standard deviation across the biological 
replicates. 
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S3.12 Mass balances 

Tables S3.10 to S3.13 show the mass balances of the bioaccumulation experiments. Where 

no standard deviations are documented, the experiment was conducted only once. 

Experiments are distinguished as bioaccumulation experiments and bioaccumulation 

experiments that contain a re-equilibration phase with test compound-free medium (see table 

captions below). It is possible that the cell surface sampling in the cell-free controls sampled 

test compound adsorbed to plastic. This explained the partially higher test compound amounts 

of cell surface samples in the cell-free controls relative to the exposed cells. 

Table S3.10: Mass balances of RTgill-W1 and RTL-W1 cells and cell-free controls exposed to S12 
in bioaccumulation experiments.

Cell line Sample Type 
Timepoint 

(h) 

Absolute 
amount 

(exposed 
cells, ng) 

Standard 
deviation 
(exposed 
cells, ng) 

Absolute 
amount 
(cell-free 
control, 

ng) 

Standard 
deviation 
(cell-free 
control, 

ng) 

RTgill-W1 CELL 0 204 23 5 2 

RTgill-W1 CELL 4 418 69 12 10 

RTgill-W1 CELL 8 442 25 3 3 

RTgill-W1 CELL 24 375 39 5 1 

RTgill-W1 CELL 48 412 34 4 1 

RTgill-W1 CELL 72* 465 200 5 1 

RTgill-W1 MEDIUM 0 433 164 440 14 

RTgill-W1 MEDIUM 4 165 175 434 97 

RTgill-W1 MEDIUM 8 55 24 443 95 

RTgill-W1 MEDIUM 24 39 12 400 24 

RTgill-W1 MEDIUM 48 34 11 391 41 

RTgill-W1 MEDIUM 72* 25 7 372 19 

RTgill-W1 PLASTIC 0 32 28 130 46 

RTgill-W1 PLASTIC 4 74 55 151 52 

RTgill-W1 PLASTIC 8 59 49 154 58 

RTgill-W1 PLASTIC 24 90 78 161 59 

RTgill-W1 PLASTIC 48 67 40 165 49 

RTgill-W1 PLASTIC 72* 28 27 172 75 

RTgill-W1 SURFACE 0 2 0.20 7 2 

RTgill-W1 SURFACE 4 2 0.30 5 1 

RTgill-W1 SURFACE 8 2 0.30 5 0.1 

RTgill-W1 SURFACE 24 2 0.30 5 1 

RTgill-W1 SURFACE 48 1 0.60 5 1 
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Cell line Sample Type 
Timepoint 

(h) 

Absolute 
amount 

(exposed 
cells, ng) 

Standard 
deviation 
(exposed 
cells, ng) 

Absolute 
amount 
(cell-free 
control, 

ng) 

Standard 
deviation 
(cell-free 
control, 

ng) 

RTgill-W1 SURFACE 72* 1 0.80 5 2 

RTL-W1 CELL 0 162 20 4 4 

RTL-W1 CELL 4 354 47 4 3 

RTL-W1 CELL 8 369 51 3 3 

RTL-W1 CELL 24 365 31 3 2 

RTL-W1 CELL 48 370 51 3 2 

RTL-W1 CELL 72* 292 50 3 3 

RTL-W1 MEDIUM 0 346 54 416 80 

RTL-W1 MEDIUM 4 87 10 389 62 

RTL-W1 MEDIUM 8 78 7 400 57 

RTL-W1 MEDIUM 24 60 8 371 66 

RTL-W1 MEDIUM 48 47 1 363 74 

RTL-W1 MEDIUM 72* 37 4 349 59 

RTL-W1 PLASTIC 0 14 13 106 25 

RTL-W1 PLASTIC 4 28 25 108 39 

RTL-W1 PLASTIC 8 28 24 116 44 

RTL-W1 PLASTIC 24 23 20 118 22 

RTL-W1 PLASTIC 48 27 23 123 28 

RTL-W1 PLASTIC 72* 13 11 123 33 

RTL-W1 SURFACE 0 3 1 5 1 

RTL-W1 SURFACE 4 6 1 5 1 

RTL-W1 SURFACE 8 4 0.4 4 0.2 

RTL-W1 SURFACE 24 2 0.3 3 0.3 

RTL-W1 SURFACE 48 2 1 4 0.4 

RTL-W1 SURFACE 72* 1 1 4 1 

*At the 72 h time point, samples were spiked to calculate relative recoveries. Consequently, the sample 
amount was split into a spiked sample and a sample for comparison. This resulted in different dilutions 
relative to samples from other time points, which we accounted for. However, any differences that 
occurred for the 72 h samples relative to the other time points are likely an artefact from the different 
sample dilutions. The spikes were not high enough and no relative recovery could calculated. Therefore, 
a separate spike experiment was conducted, see Table S3.5. 
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Table S3.11: Mass balances of RTgill-W1 and RTL-W1 cells and cell-free controls exposed to T10 
in bioaccumulation experiments. 

Cell line Sample Type 
Timepoint 

(h) 

Absolute 
amount 

(exposed 
cells, ng) 

Standard 
deviation 
(exposed 
cells, ng) 

Absolute 
amount 
(cell-free 
control, 

ng) 

Standard 
deviation 
(cell-free 

control, ng) 

RTgill-W1 CELL 0 215 76 3 5 

RTgill-W1 CELL 4 322 104 4 7 

RTgill-W1 CELL 8 312 61 4 6 

RTgill-W1 CELL 24 364 110 17 22 

RTgill-W1 CELL 48 338 78 4 5 

RTgill-W1 CELL 72*  196 197 2 4 

RTgill-W1 MEDIUM 0 800 512 1099 588 

RTgill-W1 MEDIUM 4 724 470 1065 543 

RTgill-W1 MEDIUM 8 713 450 1042 545 

RTgill-W1 MEDIUM 24 622 472 945 572 

RTgill-W1 MEDIUM 48 578 464 890 573 

RTgill-W1 MEDIUM 72* 433 321 855 551 

RTgill-W1 PLASTIC 0 55 17 114 34 

RTgill-W1 PLASTIC 4 110 17 169 31 

RTgill-W1 PLASTIC 8 114 38 192 40 

RTgill-W1 PLASTIC 24 125 18 207 7 

RTgill-W1 PLASTIC 48 140 16 221 52 

RTgill-W1 PLASTIC 72* 62 22 211 24 

RTgill-W1 SURFACE 0 22 18 6 11 

RTgill-W1 SURFACE 4 30 26 8 15 

RTgill-W1 SURFACE 8 28 27 7 11 

RTgill-W1 SURFACE 24 18 21 17 30 

RTgill-W1 SURFACE 48 14 22 6 11 

RTgill-W1 SURFACE 72* 37 61 7 12 

RTL-W1 CELL 0 230 65 6 5 

RTL-W1 CELL 4 289 77 7 6 

RTL-W1 CELL 8 289 80 6 5 

RTL-W1 CELL 24 344 105 5 5 

RTL-W1 CELL 48 349 54 8 9 
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Cell line Sample Type 
Timepoint 

(h) 

Absolute 
amount 

(exposed 
cells, ng) 

Standard 
deviation 
(exposed 
cells, ng) 

Absolute 
amount 
(cell-free 
control, 

ng) 

Standard 
deviation 
(cell-free 

control, ng) 

RTL-W1 CELL 72* 286 63 0 0 

RTL-W1 MEDIUM 0 898 118 1141 181 

RTL-W1 MEDIUM 4 876 182 1124 211 

RTL-W1 MEDIUM 8 875 166 1092 189 

RTL-W1 MEDIUM 24 706 112 1032 187 

RTL-W1 MEDIUM 48 635 152 921 198 

RTL-W1 MEDIUM 72* 475 137 808 200 

RTL-W1 PLASTIC 0 28 13 91 31 

RTL-W1 PLASTIC 4 77 12 156 19 

RTL-W1 PLASTIC 8 100 29 165 48 

RTL-W1 PLASTIC 24 88 27 181 40 

RTL-W1 PLASTIC 48 138 21 203 24 

RTL-W1 PLASTIC 72* 46* 1 239 14 

RTL-W1 SURFACE 0 34 15 17 16 

RTL-W1 SURFACE 4 40 18 18 15 

RTL-W1 SURFACE 8 37 16 17 16 

RTL-W1 SURFACE 24 30 15 16 17 

RTL-W1 SURFACE 48 21 24 15 17 

RTL-W1 SURFACE 72* 47 29 17 17 

*At the 72 h time point, samples were spiked to calculate relative recoveries. Consequently, the sample 
amount was split into a spiked sample and a sample for comparison. This resulted in different dilutions 
relative to samples from other time points, which we accounted for. However, any differences that occurred 
for the 72 h samples relative to the other time points are likely an artefact from the different sample dilutions. 
The spikes were not high enough and no relative recovery could calculated. Therefore, a separate spike 
experiment was conducted, see Table S3.5. 
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Table S3.12: Mass balances of RTgill-W1 cells and cell-free controls exposed to Q14 in one 
bioaccumulation experiment.  

Sample Type Timepoint (h) 
Absolute amount 

(exposed cells, ng) 

Absolute amount 
(cell-free control, 

ng) 

CELL 0 20 0 

CELL 4 208 0 

CELL 8 258 0 

CELL 24 259 0 

CELL 48 266 0 

CELL 72 202 0 

MEDIUM 0 228 198 

MEDIUM 4 45 168 

MEDIUM 8 16 163 

MEDIUM 24 9 167 

MEDIUM 48 5 164 

MEDIUM 72 4 145 

PLASTIC 0 8 67 

PLASTIC 4 23 87 

PLASTIC 8 17 90 

PLASTIC 24 14 94 

PLASTIC 48 17 89 

PLASTIC 72 19 85 

SURFACE 0 1 1 

SURFACE 4 0.2 1 

SURFACE 8 0.2 1 

SURFACE 24 0.1 1 

SURFACE 48 0.1 1 

SURFACE 72 0.2 1 
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Table S3.13: Mass balances of RTL-W1 cells and cell-free controls exposed to Q14 in 
bioaccumulation experiments containing a re-equilibration phase.  

Sample 
Type Timepoint (h) 

Absolute 
amount 

(exposed 
cells, ng) 

Standard 
deviation 

(exposed cells, 
ng) 

Absolute 
amount 
(cell-free 

control, ng) 

Standard 
deviation 
(cell-free 

control, ng) 

CELL 0 36 36 0 0 

CELL 24 47 55 0 0 

CELL 25 73 13 0 0 

CELL 27 75 12 0 0 

CELL 30 72 9 0 0 

CELL 48 74 13 0 0 

MEDIUM 0 56 2 45 10 

MEDIUM 24 1.4 2 30 0 

MEDIUM 25 1 1 9 0 

MEDIUM 27 1 1 5 7 

MEDIUM 30 <LOQ* - 11 6 

MEDIUM 48 <LOQ* - 11 2 

PLASTIC 0 3 0.4 28 1 

PLASTIC 24 5 0.2 42 6 

PLASTIC 25 4 1 33 5 

PLASTIC 27 4 0 31 5 

PLASTIC 30 4 1 29 5 

PLASTIC 48 3 1 26 5 

SURFACE 0 0 0 0 0 

SURFACE 24 0 0 0 0 

SURFACE 25 0 0 0 0 

SURFACE 27 0 0 0 0 

SURFACE 30 0 0 0 0 

SURFACE 48 0 0 0 0 

*Samples were corrected for Q14-free controls, which were close to measured concentrations in the 
medium samples of the re-equilibration phase. Therefore, it is possible that it appeared here like a 
decreasing medium concentration over time rather than variabilities in medium concentrations, which 
were lower than background concentrations of the Q 14-free controls.  
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S3. 13 In vivo, in vitro and partition coefficient-based BCF 

Table S3.14 shows the BCF calculation using different approaches to understand the 

observed in vitro and in vivo bioaccumulations of the test compounds. The KOW-, DOW- and 

DMLW-based approaches applied the partition coefficient to predict the accumulation in the 

cells. RTgill-W1 and RTL-W1 BCF are calculated from the observed mass balances and the 

measured cell numbers and represent the in vitro BCFs. The rainbow trout BCF represents 

the in vivo BCF for reference. 

Table S3.14: Predicted and measured BCFs of the test compounds. If applicable, the mean of a 
BCF value is presented. Since Q14 is permanently charged, no KOW could be calculated and 
consequently no DOW. The assumed lipid volume fraction in the cells for KOW and DOW-based calculations 
was 0.04, as for whole fish (subtracting 1 % phospholipid of initially 5 % lipid volume fraction) 41, 179. 

Compound BCF type Value (log) 

T10 KOW-based1 4.81 

T10 DOW-based2 1.21 

T10 DMLW-based3 1.64 

T10 RTgill-W1 2.36 

T10 RTL-W1 2.27 

T10 Rainbow trout4 2.2 

S12 KOW-based1 5.25 

S12 DOW-based2 3.45 

S12 DMLW-based3 3.15 

S12 RTgill-W1 3.57 

S12 RTL-W1 3.43 

S12 Rainbow trout4 2.96 

Q14 KOW-based1 not available 

Q14 DOW-based2 not available 

Q14 DMLW-based3 3.53 

Q14 RTgill-W1 3.94 

Q14 RTL-W1 4.14 

Q14 Rainbow trout4 1.75 

1KOW-driven partitioning into cells,2DOW-driven partitioning into cells,3DMLW-driven partitioning into cells 

Figure S3.6 visualizes the KOW and DOW-based BCF prediction in the cells compared to the 

observed in vitro BCFs. The comparison was used to assess whether KOW and DOW were 
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suitable descriptors for the in vitro observed accumulation. Since no KOW or DOW was available 

for Q14 (fully ionized), the KOW and DOW-based predictions could not be performed. 

 

Figure S3.6: Comparison of in vitro BCF with KOW- and DOW-based BCF predictions in the cells. 
In vitro BCF represent the mean of experiments with RTgil-W1 and RTL-W1, while in vivo BCF were 
taken from Kierkegaard et al.167. 

S3.14 Biotransformation analysis following OECD TG319A and 319B 

OECD TG319 23, 24 criteria were applied to the mass balances to see if a clearance rate could 

be calculated. The results are shown in Table S3.15 to S3.17. 

Table S3.15: Analysis for biotransformation activity of the experiments with S12 following OECD 
TG criteria in RTL-W1 (top) and RTgill-W1 (bottom) cell lines.  

N-methyldodecylamine (S12) in RTL-W1 

 Cell-free control Exposed Cells 

R squared 0.06484 0.4517 

Is slope significantly non-zero? 

F 1.109 13.18 

P value 0.3078 0.0022 

Deviation from zero? Not Significant Significant 

Equation Y = -0.0005241*X + 5.265 Y = -0.001796*X + 5.282 

N-methyldodecylamine (S12) in RTgill-W1 

 Cell-free control Exposed Cells 
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R squared 0.03102 0.1706 

Is slope significantly non-zero?   

F 0.5122 3.29 

P value 0.4845 0.0885 

Deviation from zero? Not Significant Not Significant 

Equation Y = -0.0004272*X + 5.321 Y = -0.001429*X + 5.369 

 

Table S3.16: Analysis for biotransformation activity of the experiments with T10 following OECD 
TG criteria in RTL-W1 (top) and RTgill-W1 (bottom) cell lines.  

N,N-dimethyldecylamine (T10) in RTL-W1 

 
Cell-free control Exposed Cells 

R squared 0.2717 0.3426 

Is slope significantly non-zero? 

F 5.968 8.338 

P value 0.0265 0.0107 

Deviation from zero? Significant Significant 

Equation Y = -0.003935*X + 5.643 Y = -0.004492*X + 5.643 

N,N-dimethyldecylamine (T10) in RTgill-W1 

 Cell-free control Exposed Cells 

R squared 0.01773 0.006749 

Is slope significantly non-zero?   

F 0.2887 0.1087 

P value 0.5984 0.7459 

Deviation from zero? Not Significant Not Significant 

Equation Y = -0.0009844*X + 5.564 Y = -0.0006712*X + 5.538 

 

Table S3.17: Analysis for biotransformation activity of the experiments with Q14 following OECD 
TG criteria in RTL-W1 (top) cell lines.  

N,N,N-trimethyltetradecylammonium (Q14) in RTL-W1 

 
Cell-free control Exposed Cells 

R squared 0.09055 0.003213 
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Is slope significantly non-zero? 

F 0.5974 0.01934 

P value 0.4689 0.8939 

Deviation from zero? Not Significant Not Significant 

Equation Y = -0.001199*X + 4.164 Y = -0.0001936*X + 5.056 

 

S3.15 Biotransformation product of T10 in RTL-W1 cells 

We conducted screenings for biotransformation products and only experiments with RTL-W1 

exposed to T10 indicated biotransformation activity. The screening resulted in the detection of 

one biotransformation product as shown in Figures S3.7 to S3.9. However, the detections were 

small and the amounts could not be quantified. 

 

Figure S3.7: Detection of demethylated T10 in medium samples. Error bars mark the standard 
deviations. 
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Figure S3.8: Detection of demethylated T10 in cell samples. Error bars mark the standard deviations. 

 

Figure S3.9: Detection of demethylated T10 in plastic samples. Error bars mark the standard 
deviations. 
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Table S4.1: Substance descriptors of the neutral test compounds. The partition coefficient 
estimations are based on these descriptors, following the same approach as outlined in Henneberger 
et al.60: The equations by Abraham et al. were used to calculate the substance descriptors of the ionic 
compounds240 241. The pp-LFER for partition coefficient prediction were taken from Endo et al.206 87 for 
the neutral compounds and Henneberger et al.60 and Bittermann et al.207 for the ionic compounds. E = 
excess molar refraction, A = acidity, B = basicity, S = polarizability, V = molar volume, ACD/Labs = 
Predicted with the ABSOLV module (Percepta v14.50.0) 209, UFZ LSER = predicted with the UFZ LSER 
database208 

Compound SMILES E A B S V Source 

Benzotriazol-propanoic 

acid 

CC(C)(C)C1=C(C(=CC(=C1)CCC(=

O)O)N2N=C3C=CC=CC3=N2)O 

2.59 0.64 1.27 2.64 2.59 ACD/Labs 

Diclofenac C1=CC=C(C(=C1)CC(=O)[O])NC2=

C(C=CC=C2Cl)Cl 

2.03 0.70 0.67 1.81 2.03 ACD/Labs 

N,N,N-trimethyl-1-

tetradecylammonium 
CCCCCCCCCCCCCC[N+](C)(C)C 

-0.23 0.00 0.10 0.15 2.63 ACD/Labs 

N,N-dimethyldecylamine N(CCCCCCCCCC)(C)C 0.16 0.00 0.55 0.40 1.90 ACD/Labs 

N-Ethyl-N-(2-hydroxyethyl) 

perfluorooctyl sulfonamide 

CCN(CCO)S(=O)(=O)C(C(C(C(C(C(

C(C(F)(F)F)(F)F)(F)F)(F)F)(F)F)(F)F

)(F)F)(F)F 

2.54 0.33 0.82 -

0.60 

2.54 UFZ 

LSER 

N-Ethylperfluorooctane 

sulfonamidoacetic acid 

CCN(CC(=O)O)S(=O)(=O)C(C(C(C(

C(C(C(C(F)(F)F)(F)F)(F)F)(F)F)(F)F)

(F)F)(F)F)(F)F 

2.56 0.46 0.76 -

0.64 

2.56 UFZ 

LSER 

N-Ethylperfluorooctane 

sulfonamide 

CCNS(=O)(=O)C(C(C(C(C(C(C(C(F)

(F)F)(F)F)(F)F)(F)F)(F)F)(F)F)(F)F)(

F)F 

2.20 0.01 0.88 -

0.79 

2.20 UFZ 

LSER 

N-methyldodecylamine N(CCCCCCCCCCCC)C 0.14 0.13 0.50 0.39 2.04 ACD/Labs 

Perfluorooctanesulfonamid

e 

C(C(C(C(C(F)(F)S(=O)(=O)N)(F)F)(

F)F)(F)F)(C(C(C(F)(F)F)(F)F)(F)F)(F

)F 

1.92 0.51 0.72 -

0.69 

1.92 UFZ 

LSER 

Perfluorooctanesulfonic 

acid 

C(C(C(C(C(F)(F)S(=O)(=O)O)(F)F)(

F)F)(F)F)(C(C(C(F)(F)F)(F)F)(F)F)(F

)F 

-0.94 0.31 0.71 0.24 1.87 ACD/Labs 

Perfluorooctanoic acid C(=O)(C(C(C(C(C(C(C(F)(F)F)(F)F)(

F)F)(F)F)(F)F)(F)F)(F)F)O 

-0.90 0.84 0.29 -

0.34 

1.57 ACD/Labs 

Pentachlorophenol Oc(c(c(c(c1Cl)Cl)Cl)Cl)c1Cl 1.27 0.70 0.00 1.13 1.39 ACD/Labs 

Tecloftalam C1=CC(=C(C(=C1)Cl)Cl)NC(=O)C2

=C(C(=C(C(=C2Cl)Cl)Cl)Cl)C(=O)O 

2.53 1.22 0.85 2.40 2.53 ACD/Labs 
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Table S4.2: VD derivation from literature. The tissue weights in Table S4.3 were taken to calculate fish VD. None of the fish studies measured all tissue concentrations in 
tested fish. Therefore, the measured tissues had to be assumed as representatives for other, not measured, tissues. For example, if muscle tissue was measured, but none of 
the viscera was, the muscle concentration was taken as representative for viscera concentrations. The available tissue concentrations are listed in brackets in the “comment 
fish VD” column. 

Compound CASRN 

Compound 

species 

VD 

(human, 

L kg-1) 

Reference 

human VD 

VD (fish, 

L kg-1) 

Reference 

fish VD Comment VD KBW 

Reference 

KBW KBW comment 

Diclofenac 15307796 Acid 0.22 
Willis et al. 

1979 242 
0.82 

Memmert 

et al. 2013 

102 

derived from BCF and KBW in rainbow trout 

(Oncorhynchus mykiss) (each from different 

studies) 

4.98 

Lahti et al. 

2011 149 

Cuklev et 

al. 2011 213 

Mean from two studies in rainbow trout taken (plasma 

concentrations divided by water concentration) 

Diphenhydramine 58731 Base 6.5 

Meredith 

et al.1984 

243 

3.00 
Nichols et 

al. 2015 200 

in fathead minnow (Pimephales promelas) 

(approximated as BCF x KBW
-1) 

9.17 
Nichols et 

al. 2015 200 

KBW in fathead minnow (noted as plasma-water 

partitioning) 

Ibuprofen 15687271 Acid 0.15 

Martin et 

al. 1990 

244 

0.09 
Nallani et 

al. 2011 245 

from tissue BCF in catfish (Ictalurus punctatus) 

(muscle, gill, liver, kidney, plasma), weight 

fraction taken from catfish (Table S4.3) 

3.8 
Lahti et al. 

2011 149 
in rainbow trout, no value available for catfish 

Perfluorooctanesulfonic 

acid 
1763231 Acid 0.23 

Thompson 

et al. 2010 

246 

0.38 
Martin et 

al. 2003 103 

derived from BCF in rainbow trout (blood, liver, 

carcass) (Consoer et al. 2016 220 found a VD of 

0.277 L/kg in rainbow trout) 

3100 
Martin et 

al. 2003 103 
accumulation ratio of blood/water in rainbow trout taken 

Perfluorooctanoic acid 335671 Acid 0.17 

Thompson 

et al. 2010 

246 

0.17 
Martin et 

al. 2003 103 

derived from BCF in rainbow trout (blood, liver, 

carcass) 
25 

Martin et 

al. 2003 103 
accumulation ratio of blood/water in rainbow trout taken 

Methamphetamine 537462 Base 4.3 

Harris et 

al. 2003 

247 

64.81 

Sancho 

Santos et 

al. 2020 248 

Derived from BCF in brown trout (Salmo trutta) 

(plasma, muscle, brain, liver and kidney) weight 

fraction taken from rainbow trout (Table S4.3) 

0.115 

Sancho 

Santos et 

al. 2020 248 

in brown trout, BCFplasma taken 

Venlafaxine 93413695 Base 4.4 
Patat et al. 

1998 249 
0.83 

Grabicova 

et al. 2014 

250 

derived from BCF in rainbow trout (liver, brain, 

plasma, muscle) 
8 

Grabicova 

et al. 2014 

250 

in rainbow trout 



Supporting Information Chapter 4 

149 

 

Compound CASRN 

Compound 

species 

VD 

(human, 

L kg-1) 

Reference 

human VD 

VD (fish, 

L kg-1) 

Reference 

fish VD Comment VD KBW 

Reference 

KBW KBW comment 

Atenolol 29122687 Base 0.95 

Mason et 

al. 1979 

251 

23.07 

Steinbach 

et al. 2014 

252 

derived from BCF in rainbow trout (plasma = 

0.5*LOQ, liver, kidney, muscle) 
0.00087 

Steinbach 

et al. 2014 

252 

in rainbow trout, semi quantitative since Plasma <LOQ, 

therefore LOQ/2 taken 

Carbamazepine 298464 Base 1 

Marino et 

al. 2012 

253 

0.23 
Garcia et 

al. 2012 254 

derived from BCF in catfish (I. punctatus) ( 

muscle, liver, plasma, brain), weight fraction 

taken from catfish (Table S4.3) 

7.1 
Garcia et 

al. 2012 254 
in Ictalurus puncatus, BCFplasma taken 

Pentachlorophenol 87865 Acid 2.30 

Geyer et 

al. 1987 

255, Pearce 

et al. 2017 

217 

1.95 
McKim et 

al. 1986 108 

human VD calculated from human tissue 

measurements 255 and composition assumed as 

in Pearce et al. 2017 217 

125 
McKim et 

al. 1986 108 
BCFblood taken as KBW 
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Table S4.3: Weight-based tissue composition in rainbow trout and catfish. Tissue weights taken from mean values 
in Kierkegaard et al. 2020 74 for rainbow trout and in Nichols et al. 1993 for catfish 256. 

Tissue 

Weight percent (rainbow 

trout, total weight 723 g) 

Weight percent 

(catfish, total weight 

1 kg) 

liver 1.1 1.5 

gills 3.4 n/a 

viscera 8.8 4.8 

blood 0.9 n/a 

muscle 80.8 88.1 

skin 5.2 n/a 

 

Table S4.4: Variations in BCFcell model dependent on the volume fraction of phospholipid in cells. Volume fractions 
of phospholipid were assumed to be equivalent to Fischer et al.’s measured lipid fractions in mammalian cell lines 89, 
mean phospholipid fraction = 0.0213, SD (standard deviation) = 0.011  

Compound 

log BCFcell model 

(mean) 

Log BCFcell 

model (SD) 

Benzotriazol-tert-butyl-hydroxyl-phenyl propanoic 

acid 
1.35 0.20 

Diclofenac 1.30 0.22 

N,N,N-trimethyl-1-tetradecylammonium 5.51 0.25 

N,N-dimethyldecylamine 2.11 0.25 

N-Ethyl-N-(2-

hydroxyethyl)perfluorooctylsulphonamide 
4.07 0.25 

N-Ethylperfluorooctane sulfonamidoacetic acid 1.13 0.25 

N-Ethylperfluorooctanesulfonamide 4.08 0.25 

N-methyldodecylamine 4.25 0.25 

perfluorooctanesulfonamide 3.04 0.25 

Perfluorooctanesulfonic acid 1.14 0.25 

Perfluorooctanoic acid -0.21 0.24 
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Compound 

log BCFcell model 

(mean) 

Log BCFcell 

model (SD) 

Phenol, pentachloro- 2.72 0.25 

Tecloftalam 4.79 0.25 

 

 

 

 

Figure S4.1: Comparison of predicted BCF and observed in vivo and in vitro BCF using predicted DMLW and DPW. 
BCFDMLW = 𝑓𝑀𝐿 × 𝐷𝑀𝐿𝑊 (Equation 4.4), BCFcell model = considers kinetics of neutral and ionic species (Equation 4.6) 
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Figure S4.2: Comparison of predicted BCF and observed in vivo and in vitro BCF using predicted DMLW, while 

protein sorption was excluded. BCFDMLW = 𝑓𝑃𝐿 × 𝐷𝑀𝐿𝑊 (Equation 4.4), BCFcell model = considers kinetics of neutral and 
ionic species (Equation 4.6) 
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Figure S4.3: Sensitivity of input parameters of the kinetic cell model. The ammonium ion stands for the quaternary 
ammonium ion, for which experimental data (Q14) were available. For the sensitivity analysis, four hypothetical 
compounds were used, representing mean values of the compound set, for which in vitro BCF in RTL-W1 were available. 
Parameters were each changed by 0.1 % and the resulting output (predicted in vitro BCF) was compared to a default 
scenario to calculate the sensitivity. The resulting sensitivities on the Y axis have to be read in comparison to each other 
to understand their importance for the model. 
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Figure S4.4: Sensitivity of input parameters of the IV MBM EQP model to predict compound accumulations in 
the cells. The ammonium ion stands for the quaternary ammonium ion, for which experimental data (Q14) were 
available. For the sensitivity analysis, four hypothetical compounds were used, representing mean values of the 
compound set, for which in vitro BCF in RTL-W1 were available. Please note, that only input parameters are shown 
which have a sensitivity of >1 or <-1. Parameters were each changed by 0.1 % and the resulting output (predicted in 
vitro BCF) was compared to a default scenario to calculate the sensitivity. The resulting sensitivities on the Y axis have 
to be read in comparison to each other to understand their importance for the model. KSaW,i = Serum albumin-water 
partition coefficient of the charged species 
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Table S4.5: Comparison of measured and predicted mass distribution at steady state. The measured compound 
mass distribution were taken from the literature 176 or predicted by the IV-MBM EQP model. MFWAT is the mass fraction 
present in the aqueous phase of the exposure medium, also denoted as CWAT in Table S4.11, and is part of MFmedium. 
MF = Mass fraction (%), n/a = not available 

Compound 

Measured in experiments with RTL-W1 Predicted by IV-MBM EQP 

MF medium (%) MF cell (%) 

MF plastic 

(%) MF medium (%) MF Cfree (%) MF cell (%) 

MF plastic 

(%) 

Benzotriazol-tert-butyl-hydroxyl-phenyl 

propanoic acid 
95 4 1 100 1.2 0 0 

Diclofenac 100 0.2 0 100 0.5 0 0 

N,N,N-trimethyltetradecylamine <1 96 4 94 0 5.92 0 

N,N-dimethyldecylamine 55 34 6 99.3 29.9 0.33 0.4 

N-Ethyl-N-(2-

hydroxyethyl)perfluorooctylsulphonamide 
n/a n/a n/a 99.9 0 0.001 0.1 

N-Ethylperfluorooctane sulfonamidoacetic 

acid  
n/a n/a n/a 100 0 0.0009 0.0 

N-Ethylperfluorooctanesulfonamide n/a n/a n/a 69.9 0 0.006 0.3 

N-methyldodecylamine 11 85 4 98.4 9.8 1.5 0.1 

Perfluorooctanesulfonamide n/a n/a n/a 100 0 0.0002 0 

Perfluorooctanesulfonic acid n/a n/a n/a 100 34.6 0.0002 0 

Perfluorooctanoic acid n/a n/a n/a 100 6.3 0.0001 0 

Pentachlorophenol 100 0.3 0 100 0 0.003 0 

Tecloftalam 99 1 0 100 0 0.007 0 
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Table S4.6: Comparison of predicted BCF using the in vitro mass distribution model IV MDM EQP and measured 
BCF. The predicted in vitro BCF was derived from the ratio of the cellular concentration over Cfree, i.e. “CWAT” Table 
S4.11 90. n/a = not available  

Compound 
predicted log in 

vitro BCF 
log in vitro 

BCF 
log in vivo 

BCF 

Benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid 1.8 1.4 n/a 

Diclofenac 2.5 0.03 0.6 

N,N,N-trimethyltetradecylamine 7.7 4.1 1.7 

N,N-dimethyldecylamine 3.6 2.3 2.1 

N-Ethyl-N-(2-hydroxyethyl)perfluorooctylsulphonamide 7.7 2.9 n/a 

N-Ethylperfluorooctane sulfonamidoacetic acid  6.3 1.8 n/a 

N-Ethylperfluorooctanesulfonamide 6.1 2.7 n/a 

N-methyldodecylamine 4.8 3.4 2.9 

Perfluorooctanesulfonamide 3.5 1.9 2.4 

Perfluorooctanesulfonic acid 0.4 1.6 3.2 

Perfluorooctanoic acid 0.9 0.8 0.8 

Pentachlorophenol 5.4 0.3 2.7 

Tecloftalam 7.9 0.7 n/a 

 

S4.1 Application of IV MBM EQP in "Model comparison to refine bioconcentration prediction of 

ionizable organic compounds" 

The IV MBM EQP model90 was applied in one scenario ("PP-LFER"). Scenario "PP-LFER" applied partition 

coefficients for lipid membrane and serum protein, i.e bovine serum albumin, that were derived by estimation 

methods (PP-LFER), which are more accurate than the default applied correction terms in the model 257 207 

59. The figures and tables below detail the relevant input data comprising the compound's physicochemical 

properties (Table S4.7 Input chemical data), test system characteristics (Table S4.8 Input well plate 

characteristic") and relevant cell and medium constituents (Figure S4.5 Input system parameters). Please 

note that due to the model design, we could only specify well plate formats. Therefore, we derived the metrics 

of our test system (cell flask with 25 cm2 growth area) and adapted it to a well, which would have the same 

metrics (growth area, headspace volume etc.). The experiments were conducted in commercial Leibovitz's 

L15 medium, supplemented with 5 % bovine serum albumin, for which the ionic strength was calculated 

(Table S4.9 Calculation of ionic strength in L15 medium). The results are presented in Table S4.10 and S4.11 

and contain the relevant mass fractions and concentrations of the test system at steady state.  
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Table S4.7: Input chemical data. MW = Molecular weight, MP = Melting point (EPI Suite (V1.01)), A = Acid, B = Base, 
log KOW = octanol-water partition coefficient of neutral or ionized form (index “n” or “i” ,respectively, estimated using PP-
LFER 257), log KMW = membrane lipid-water partition coefficient of neutral or ionized form (index “n” or “i” ,respectively), 
log KSaW = Serum albumin-water partition coefficient (index “n” or “i” ,respectively, estimated using PP-LFER 59 for neutral 
species and for ionized species COSMOtherm (version 2022) estimation or correction term -3 subtracted from neutral 
species 16), log KAW,N = air-water partition coefficient of neutral species (EPI Suite (V1.01)), CSAT,W,N = water solubility of 
neutral species (EPI Suite (V1.01)), ECx = Effect concentration in assay 

Name CAS RN 
Acrony

m 
MW 

(g/mol) 
MP 
(oC) 

IOC 
Typ

e pKa 

log 
KO

W,N 

log 
KO

W,I 

log 
KMW,

N 

log 
KM

W,I 

log 
KSa

W,N
 

log 
KSaW,

I 

log 
KAW,

N 

CSAT,W,

N 

(mg/L) 
ECx 

in μM 

Benzotriazol-tert-
butyl-hydroxyl-
phenyl propanoic 
acid 

8426836
0 

BHPP 
339.4 224.5 A 4.7 4.1 0.4 4.3 2.3 4.0 4.4 -16.2 212.8 0.025 

Diclofenac 
1530779

6 

DCF 
296.1 174.6 A 4.2 4.5 0.0 4.8 3.1 4.4 4.7 -9.7 10.9 0.7 

N,N,N-
trimethyltetradecyl
amine 

4574043 
Q14 

256.5 187.2 B 
16.
0 

9.4 4.7 8.3 7.6 7.3 5.3 -9.4 0.002 0.1 

N,N-
dimethyldecylamin
e 

1120247 
T10 

185.35 0.8 B 9.8 5.1 2.5 4.4 3.8 3.8 2.6 -1.7 48.4 2.2 

N-Ethyl-N-(2-
hydroxyethyl) 

perfluorooctylsulphon
amide 

1691992 
EtFOSE 

571.25 102.1 N 
12.
5 

8.8 5.7 8.0 6.2 6.0 7.6 -1.6 0.0004 0.1 

N-
Ethylperfluorooctane 
sulfonamidoacetic 
acid  

2991506 

EtFOSA

A 585.24 129.0 A 0.1 9.0 
-

1.6 
8.4 6.6 6.3 7.9 -1.1 0.0005 0.10 

N-
Ethylperfluorooctanes
ulfonamide 

4151502 
EtFOSA 

527.2 50.5 N 9.5 7.4 4.3 6.6 4.5 4.7 6.6 2.3 0.0002 0.10 

N-
methyldodecylamin
e 

7311300 
S12 

199.38 26.5 B 
10.
8 

5.8 2.7 5.0 4.9 4.4 3.3 -1.8 13.6 0.9 

Perfluorooctanesulf
onamide 

754916 
FOSA 

499.14 42.0 A 3.4 6.5 3.4 6.0 3.9 4.4 6.0 1.9 0.0007 0.1 

Perfluorooctanesulf
onic acid 

1763231 
PFOS 

500.13 51.9 A 
-

3.3 
4.1 

-
0.2 

3.0 
-

0.3 
3.0 2.7 -0.3 0.05 0.1 

Perfluorooctanoic 
acid 

335671 
PFOA 

414.07 55.0 A 0.3 4.9 
-

0.6 
4.1 1.2 3.9 3.6 0.6 0.002 0.1 

Pentachlorophenol 87865 
PCP 

266.3 106.8 A 4.7 4.7 5.2 5.1 5.9 4.6 6.8 -6.0 45.1 0.02 

Tecloftalam 
7628091

6 

TT 
447.9 246.7 A 1.1 5.4 1.7 5.8 8.4 5.4 8.9 -12.8 0.02 0.1 
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Table S4.8: Input well plate characteristics.

Unit mm mm2 µL µL µL 

 

mg ng 

Parameter Well 

diameter 

(bottom) 

Growth 

area 

(bottom) 

Total well 

volume 

Typical 

Working 

volume 

Working 

volume 

Avg. Cell 

Yield* 

Assumed 

Mass of 

cells 

Single 

cell 

weight 

Value 56.4 2495 66592.4 2500-6000 3000 3300000 0.008 2.41e-3 

 

 

Figure S4.5: Input system parameters. NLOM= non lipid organic matter, VFSERUM = volume fraction of supplemented serum, i.e. fetal bovine serum. 
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Calculation of ionic strength I followed Equation S4.1, where Ci is the concentration of compound i, xi is 

the number of atoms of compound I and zi is the charge of adduct in compound i: 

Equation S4.1  

Table S4.9: Calculation ionic strength in L15 medium. Medium composition taken from supplier 
(Thermo Fisher Scientific Inc., CH). 

Compound g/mol Ci (mg/L) Ci (Mol/L) zi + Zi - 

I (Mol/L 

i.e. M) 

Choline chloride 140 1 7.143E-05 1 1 7.143E-05 

D Calcium 

pantothenate 
477 1 2.096E-05 2 2 6.289E-05 

Folic acid 441 1 2.268E-05 0 2 2.268E-05 

Pyridoxine 

Hydrochloride 
206 1 4.854E-05 0 1 2.427E-05 

Riboflavin 5'-

phosphate Na 
478 0.1 2.092E-06 1 1 2.092E-06 

Thiamine 

monophosphate 
442 1 2.262E-05 1 2 3.394E-05 

Calcium chloride 

(CaCl2) 
111 140 0.0126126 2 2 0.0378378 

Magnesium chloride 95 93.7 0.0098632 2 2 0.0394526 

Magnesium sulfate 

(MgSO4) 
120 97.67 0.0081392 2 2 0.0325567 

Potassium chloride 

(KCl) 
75 400 0.0533333 1 1 0.0533333 

Potassium Phosphate 

monobasic (KH2PO4) 
136 60 0.0044118 1 1 0.0044118 

Sodium chloride 

(NaCl) 
58 8000 1.3793103 1 1 1.3793103 

Sodium Phosphate 

dibasic (Na2HPO4) 
142 190 0.0133803 2 2 0.0267606 

Sodium pyruvate 110 550 0.05 1 1 0.05 

𝐼 = 0.5 ∑ 𝑐𝑖𝑥𝑖𝑧𝑖
2𝑛

𝑖=1  
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Compound g/mol Ci (mg/L) Ci (Mol/L) zi + Zi - 

I (Mol/L 

i.e. M) 

Glycine 75 200 0.0266667 1 1 0.0266667 

Alanine 89 225 0.0252809 1 1 0.0252809 

Arginine 174 500 0.0287356 2 1 0.0431034 

Asparagine 132 250 0.0189394 1 1 0.0189394 

Cysteine 121 120 0.0099174 1 2 0.014876 

Glutamine 146 300 0.0205479 1 1 0.0205479 

Histidine 155 250 0.016129 1 1 0.016129 

Isoleucin 131 250 0.019084 1 1 0.019084 

Leucine 131 125 0.009542 1 1 0.009542 

Lysine 146 75 0.005137 2 1 0.0077055 

Methionine 149 75 0.0050336 1 1 0.0050336 

Phenylalanine 165 125 0.0075758 1 1 0.0075758 

Serine 105 200 0.0190476 1 1 0.0190476 

Threonine 119 300 0.0252101 1 1 0.0252101 

Tryptophan 204 20 0.0009804 1 1 0.0009804 

Tyrosine 181 300 0.0165746 1 1 0.0165746 

Valine 117 100 0.008547 1 1 0.008547 
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Table S4.10: Model output of mass fractions in the test system. Mass fractions (MF) are presented in air, bulk water (incl. all medium constituents), albumin 
(ALB), storage lipid (S-Lip), dissolved organic matter (DOM), the pure water phase in the medium (WAT), in cells and plastic. 

Name Acronym MFAIR 

MFBULK 

WAT MFALB MFS-LIP MFDOM MFWAT MFCells MFPlastic 

Benzotriazol-tert-butyl-hydroxyl-phenyl 

propanoic acid 

BHPP 0.0% 100.0% 98.7% 0.0% 0.1% 1.2% 0.000% 0.0% 

Diclofenac DCF 0.0% 100.0% 99.5% 0.0% 0.0% 0.5% 0.000% 0.0% 

N,N,N-trimethyl-1-tetradecylammonium Q14 0.0% 94.0% 72.9% 16.3% 4.8% 0.0% 5.917% 0.0% 

N,N-dimethyldecylamine T10 0.0% 99.3% 51.7% 1.6% 16.0% 29.9% 0.328% 0.4% 

N-Ethyl-N-(2-

hydroxyethyl)perfluorooctylsulphonamide 

EtFOSE 0.0% 99.9% 0.6% 17.3% 81.9% 0.0% 0.0097% 0.1% 

N-Ethylperfluorooctane 

sulfonamidoacetic acid 

EtFOSAA 0.0% 100.0% 100.0% 0.0% 0.0% 0.0% 0.0009% 0.0% 

N-Ethylperfluorooctanesulfonamide EtFOSA 29.9% 69.9% 0.5% 12.1% 57.3% 0.0% 0.0059% 0.3% 

N-methyldodecylamine S12 0.0% 98.4% 81.3% 0.7% 6.6% 9.8% 1.4725% 0.1% 

Perfluorooctanesulfonamide FOSA 0.0% 100.0% 99.9% 0.0% 0.1% 0.0% 0.0002% 0.0% 

Perfluorooctanesulfonic acid PFOS 0.0% 100.0% 65.3% 0.0% 0.0% 34.6% 0.0002% 0.0% 

Perfluorooctanoic acid PFOA 0.0% 100.0% 93.6% 0.0% 0.0% 6.3% 0.0001% 0.0% 

Pentachlorophenol PCP 0.0% 100.0% 99.4% 0.0% 0.6% 0.0% 0.0029% 0.0% 

Tecloftalam TT 0.0% 100.0% 100.0% 0.0% 0.0% 0.0% 0.0073% 0.0% 
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Table S4.11: Model output of concentrations in the test system. Concentrations are presented for the initial nominal exposure concentration at 0 h(CNOM), the 
bulk exposure medium at steady state (CBULK WAT), the pure water phase in the medium (CWAT), in the air (CAIR), in the albumin in the medium (CALB), in the storage 
lipid of the medium (CS-LIP), in the dissolved organic matter of the medium (CDOM) and the exposed cells (Ccells). From the medium and cell concentrations, the in 
vitro BCF was calculated based on either CWAT or CBULK WAT. 

Name Acronym 
CNOM,initial 

(µmol/L 

medium) 

CBULK 

WAT 

(µmol/L 

medium) 

CWAT 

(µmol/L 

water) 

CAIR 

(µmol/L 

air) 

CALB 

(µmol/L 

alb) 

CS-LIP 

(µmol/L 

lipid) 

CDOM 

(µmol/L 

DOM) 

Ccells 

(µmol/L 

cell) 

in vitro 
BCF 

(CWAT) 

in vitro 
BCF 

(CBULK 

WAT) 

Benzotriazol-tert-butyl-hydroxyl-phenyl propanoic acid BHPP 2.5E-02 2.5E-02 3.0E-04 1.8E-28 3.9E+01 8.0E-02 3.9E-03 1.9E-02 6.22E+01 7.52E-01 

Diclofenac DCF 6.7E-01 6.7E-01 3.4E-03 2.1E-21 1.1E+03 9.0E-01 3.7E-02 1.2E+00 3.50E+02 1.80E+00 

N,N,N-trimethyl-1-tetradecylammonium Q14 8.5E-02 8.0E-02 4.0E-05 9.1E-29 1.0E+02 3.3E+02 1.0E+00 1.9E+03 4.71E+07 2.37E+04 

N,N-dimethyldecylamine T10 2.2E+00 2.2E+00 6.6E-01 5.1E-11 1.8E+03 8.7E+02 8.9E+01 2.7E+03 4.12E+03 1.25E+03 

N-Ethyl-N-(2-hydroxyethyl)perfluorooctylsulphonamide EtFOSE 1.0E-01 1.0E-01 8.1E-08 8.8E-15 9.9E-01 4.1E+02 2.1E+01 3.7E+00 4.56E+07 3.68E+01 

N-Ethylperfluorooctane sulfonamidoacetic acid EtFOSAA 1.0E-01 1.0E-01 1.7E-07 6.8E-21 1.6E+02 5.4E-01 1.0E-05 3.6E-01 2.15E+06 3.58E+00 

N-Ethylperfluorooctanesulfonamide EtFOSA 1.0E-01 7.0E-02 1.7E-06 1.4E-09 7.6E-01 2.9E+02 1.4E+01 2.2E+00 1.27E+06 3.17E+01 

N-methyldodecylamine S12 9.3E-01 9.1E-01 9.1E-02 6.5E-13 1.2E+03 1.6E+02 1.6E+01 5.2E+03 5.64E+04 5.64E+03 

Perfluorooctanesulfonamide FOSA 1.0E-01 1.0E-01 1.8E-05 1.0E-12 1.6E+02 2.1E-01 1.9E-02 6.2E-02 3.42E+03 6.21E-01 

Perfluorooctanesulfonic acid PFOS 1.0E-01 1.0E-01 3.5E-02 1.6E-18 1.1E+02 6.1E-01 4.7E-03 8.6E-02 2.48E+00 8.63E-01 

Perfluorooctanoic acid PFOA 1.0E-01 1.0E-01 6.4E-03 1.1E-14 1.5E+02 7.7E-01 4.2E-04 4.8E-02 7.46E+00 4.75E-01 

Pentachlorophenol PCP 1.7E-02 1.7E-02 7.8E-07 8.5E-21 2.7E+01 8.4E-04 2.6E-02 1.9E-01 2.39E+05 1.09E+01 

Tecloftalam TT 5.7E-02 5.7E-02 1.9E-08 9.5E-33 9.1E+01 7.6E-06 2.2E-07 1.6E+00 8.35E+07 2.74E+01 
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Glossary 

AB   Alamar Blue 

ABC   transporter ATP binding-cassette transporter 

BCF   Bioconcentration factor 

BCFbulk   predicted BCF based on total medium concentration 

BCFDMLW  DMLW based BCF prediction 

BCFcell model  predicted BCF by kinetic cell model 

BCFCfree  predicted BCF based on bioavailable medium concentration Cfree 

BCFVDfish or human VD based BCF prediction using fish or human VD 

BHPP   Benzotriazol-tert-butyl hydroxyl-phenyl propanoic acid 

BMF   Biomagnification factor 

CFDA   5-carboxyfluorescein diacetate acetoxy methyl ester 

Cfree   freely dissolved aqueous concentration 

DCF   Diclofenac 

DMLW   pH-dependent membrane lipid water partition coefficient 

DOW   pH-dependent octanol-water partition coefficient 

DPW   Protein-water partition coefficient 

EC50 50 %  effective concentration affecting cells 

EDTA   ethylenediaminetetraacetic acid 

EtFOSA  N-Ethylperfluorooctane sulfonamide 

EtFOSAA  N-Ethylperfluorooctanesulfonamide acetic acid 

EtFOSE  N-Ethyl-N-(2-hydroxyethyl) perfluorooctylsulphonamide 

FBS   Fetal Bovine Serum 

FOSA   Perfluorooctanesulfonamide 

HPLC   HRMS/MS High pressure liquid chromatography high resolution tandem 
   mass spectrometry
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in vitro BCF   cell-based BCF 

in vivo BCF   BCF in fish 

IOC    ionizable organic compound 

IVIVE    In vitro-In vivo extrapolation 

KBW    blood-water partition coefficient 

KMLWi    membrane lipid-water partition coefficient of the charged  
    compound species 

KMLWn    membrane lipid-water partition coefficient of the neutral  
    compound species  

KOW    Octanol-water partition coefficient 

KPWi    protein-water partition coefficient of the charged compound 
    species 

KPWn    protein-water partition coefficient of the neutral compound 
    species 

LC50    Lethal concentration killing 50 % of exposed fish 

NR    Neutral Red 

OECD    Organisation for Economic Co-operation and Development 

PCP    Pentachlorophenol 

PFAS    Perfluoroalkyl substances 

PFOA    Perfluorooctanoic acid 

PFOS    Perfluorooctanesulfonic acid 

pKa    acid dissociation constant 

PBTK    physiology-based toxicokinetic  

PP-LFER   poly parameter-linear free energy relationship 

Q14    N,N,N-trimethyltetradecylamine 

REACH   Registration, Evaluation, Authorization and Restriction of  
    Chemicals 

SPME    Solid-phase microextraction 

S12    N-methyldodecylamine 

TG    Test Guideline 
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TT   Tecloftalam 

T10   N,N-dimethyldecylamine 

VD   Volume of distribution 

𝛼𝑛   fraction of neutral compound species 

𝛼𝑖   fraction of charged compound species 

𝐹𝑤.𝑐𝑒𝑙𝑙   substance fraction in the water phase of the cell 

𝑓𝑃   protein volume fraction 

𝑓𝑃𝐿   phospholipid volume fraction 

𝑓𝑤   water volume fraction 

S   Sensitivity 

O   Output 

I   Input 

𝛾𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑟 𝑐𝑒𝑙𝑙.𝑖  activity coefficient of the charged compound in the medium or cell 

𝛾𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑟 𝑐𝑒𝑙𝑙.𝑛 activity coefficient of the neutral compound in the medium or cell 
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