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Interspecies comparison of metabolism of two novel prototype PFAS 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Novel prototype chemicals were 
designed as alternatives to current 
PFAS. 

• Slow metabolism was observed by 
human and rat S9 fractions. 

• Main metabolites were alcohols and 
carboxylic acids with ≤3 fluorinated 
carbons. 

• Metabolism was faster in rat than in 
human. 

• S-linkage prototypes were metabolized 
faster than those with O-linkage.  
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A B S T R A C T   

As a result of proposed global restrictions and regulations on current-use per-and polyfluoroalkyl substances 
(PFAS), research on possible alternatives is highly required. In this study, phase I in vitro metabolism of two novel 
prototype PFAS in human and rat was investigated. These prototype chemicals are intended to be safer-by-design 
and expected to mineralize completely, and thus be less persistent in the environment compared to the PFAS 
available on the market. Following incubation with rat liver S9 (RL-S9) fractions, two main metabolites per 
initial substance were produced, namely an alcohol and a short-chain carboxylic acid. While with human liver S9 
(HL-S9) fractions, only the short-chain carboxylic acid was detected. Beyond these major metabolites, two and 
five additional metabolites were identified at very low levels by non-targeted screening for the ether- and 
thioether-linked prototype chemicals, respectively. Overall, complete mineralization during the in vitro hepatic 
metabolism of these novel PFAS by HL-S9 and RL-S9 fractions was not observed. The reaction kinetics of the 
surfactants was determined by using the metabolite formation, rather than the substrate depletion approach. 
With rat liver enzymes, the formation rates of primary metabolite alcohols were at least two orders of magnitude 
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higher than those of secondary metabolite carboxylic acids. When incubating with human liver enzymes, the 
formation rates of single metabolite carboxylic acids, were similar or smaller than those experienced in rat. It also 
indicates that the overall metabolic rate and clearance of surfactants are significantly higher in rat liver than in 
human liver. The maximum formation rate of the thioether congener exceeded 10-fold that of the ether in 
humans but were similar in rats. Overall, the results suggest that metabolism of the prototype chemicals followed 
a similar trend to those reported in studies of fluorotelomer alcohols.   

1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of 
synthetic chemicals widely used in many industrial and consumer ap-
plications as processing aids, e.g., emulsifiers, surfactant, lubricants, 
water-and oil repellents, inert media (Glüge et al., 2020). PFAS have 
received increasing attention in the last years as studies have shown 
their ubiquitous distribution in the environment (Björnsdotter et al., 
2021; Coggan et al., 2019; Cousins et al., 2022; González-Barreiro et al., 
2006; Gremmel et al., 2017; Janousek et al., 2019). This stems from their 
physicochemical properties namely, high persistence (vP) and either 
high bioaccumulation potential (vB) or high mobility (vM). These 
properties both carry a level of concern for human exposure through the 
food chain or drinking water respectively (Hale et al., 2020). Significant 
health effects of PFAS have been suggested by several studies linking 
PFAS exposure to hepatic (Salihovic et al., 2018; Sen et al., 2022), renal 
(Stanifer et al., 2018) and thyroid dysfunction (Preston et al., 2021), 
preterm birth (Gardener et al., 2021) and immunotoxicity (Grandjean 
et al., 2017; DeWitt et al., 2019). 

Based on the abovementioned risks, several jurisdictions have 
implemented restrictions on the use of certain PFAS over the past twenty 
years, e.g., under the Stockholm Convention (United Nations Environ-
ment Programme, 2009, United Nations Environment Programme, 
2019, United Nations Environment Programme, 2022) or REACH 
(Registration, Evaluation, Authorisation and Restriction of Chemicals) 
(European Chemical Agency, 2019; European Chemical Agency, 2022; 
European Chemical Agency, 2020; European Commission, 2021). 
However, they mostly cover legacy PFAS – perfluoroalkyl carboxylic 
acids (PFCAs) and perfluoroalkane sulfonic acids (PFSAs) – which 
contain 4 to 14 carbon atoms in the chain. ECHA proposed a major 
legislative step towards the phase-out of all PFAS which fulfil the defi-
nition of Organisation for Economic Co-operation and Development and 
(OECD) for PFAS, namely “[…] that contain at least one fully fluorinated 
methyl (CF3-) or methylene (-CF2-) carbon atom (without any H/Cl/Br/I 
attached to it)” (Federal Institute for and Occupational Safety and 
Health, National Institute for Public Health and the Environment, 
Swedish Chemicals Agency, Norwegian Environment Agency, 2023; 
OECD, 2021). However, some PFAS which fulfil this definition, are 
excluded as they are fully degradable (Federal Institute for and Occu-
pational Safety and Health, National Institute for Public Health and the 
Environment, Swedish Chemicals Agency, Norwegian Environment 
Agency, 2023). 

According to the European Chemicals Agency (ECHA), manufac-
turers must demonstrate that the substance does not adversely affect the 
environment and human health (European Chemicals Agency, 2017). 
Environmental fate studies – including vPvB assessment – are essential 
parts of the risk evaluation of any chemical intended to be released to 
the environment. These studies mostly include determination of the 
distribution amongst different environmental compartments and 
investigation of its microbial degradation and transformation pathway 
(s). While vPvB assessment is required, the use of ADME (absorption, 
distribution, metabolism, elimination) data is not mandatory (European 
Chemicals Agency, 2017). However, ADME profiling is intensively 
applied and obligatory in the pharmaceutical industry (Kola and Landis, 
2004; Tsaioun et al., 2016). Drug development also proves that phar-
macokinetic studies are essential in understanding the behaviour of a 
chemical in any organism, as they provide additional information about 

a chemical that vPvB assessment cannot. Metabolic stability assays – as 
part of the ADME assessment – are performed to understand the sus-
ceptibility of a chemical to undergo biotransformation in the body (Van 
den Eede et al., 2013). 

Chemicals can be eliminated by the organism unchanged, but the 
vast majority undergoes enzymatic functionalization and/or conjuga-
tion reactions that facilitate their elimination and protect the organism 
against an accumulation of lipid-soluble compounds (Osakwe, 2016). 
The liver plays an essential role in the metabolism, distribution, and 
excretion of xenobiotics (Sen et al., 2022). Perfluoroalkyl acids (PFAAs) 
e.g., PFOA and PFOS are not metabolized and are poorly eliminated 
from the human body but are reabsorbed via the enterohepatic circu-
lation (Cao et al., 2022; Salihovic et al., 2018). The half-lives of PFAAs in 
humans can range from 1 month (PFBS) up to 8.5 years (PFOS), and 
increase with carbon chain length (Lau et al., 2007). PFAS precursors, e. 
g., fluorotelomer alcohols (FTOHs) can be metabolized, with both in 
vitro and in vivo studies showing the metabolism of these compounds in 
humans and rats (Fasano et al., 2006; Martin et al., 2005; Nabb et al., 
2007). Unfortunately, these compounds can then form the more 
persistent PFAAs, although they are considered minor metabolites 
(Fasano et al., 2006; Martin et al., 2005; Nabb et al., 2007). Similar 
trends are seen with PFAS in nature. Under normal environmental 
conditions, PFAAs are hardly broken down and precursor compounds 
that are degradable in the environment will ultimately form persistent 
break-down products like PFAAs (Wang et al., 2017). 

In a recent study, the environmental fate of two novel PFAS surfac-
tants with a trifluoromethoxy headgroup was investigated (Licul-Kucera 
et al., 2023). These chemicals, which are not yet manufactured and used 
commercially, are covered by the OECD PFAS definition, however, they 
were expected, in theory, to degrade completely, i.e., mineralize in the 
environment. However, the study found that while only 2.5% and 1.2% 
of the starting surfactant was detected after 126 days, the unequivocal 
final mineralization of the investigated surfactants was not observed. 
Therefore, it is important to assess the possible fate of these chemicals in 
organisms of higher trophic level prior to the final decision about their 
legislation. In the present study we investigate the in vitro phase I 
metabolism of these prototype PFAS surfactants in human and rat S9 
subcellular fractions. We provide first insights into the in vitro phar-
macokinetics of these novel chemicals in humans and rat and compare 
the differences in the rate of metabolism as well as inter-species meta-
bolic profiles. Our aim is to understand the suitability of these novel 
chemicals – that are also PFAS according to both the Buck- and 
OECD-definition – as more environmentally-friendly alternatives to 
current PFAS (Buck et al., 2011; OECD, 2021; Wang et al., 2021). 

2. Materials and methods 

2.1. Chemicals 

2.1.1. Novel prototype PFAS chemicals 
The novel prototype PFAS were designed and synthesized by Merck 

KGaA (Darmstadt, Germany). These chemicals are in the developmental 
phase and not yet available on the market. They are abbreviated as 
CF3-O-SURF and CF3-S-SURF in this study. The theoretically expected 
transformation products (TPs), abbreviated as CF3-O-ALC, CF3-S-ALC, 
CF3-O-CA, CF3-S-CA and CF3-CA were also synthesized and measured 
during the study. The synthesized standards of CF3-O-SURF and CF3-S- 
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SURF contained 1.3 and 3.5 w/w% impurity from CF3-O-ALC and from 
CF3-S-ALC, respectively. The structure, molecular formula and molecu-
lar weight of the prototype PFAS and their TPs are presented in Table 1. 
SMILES strings of them are listed in Table S1. In silico-based predictions 
of water solubility and pKa values of parent substances are available in 
Table S2. More details about the molecular structure of the prototype 
PFAS are available in 3.1. 

2.1.2. Further standards and chemicals 
Perfluoropropionic acid (PFPrA), perfluoropropane sulfonic acid 

(PFPrS), perfluorohexanoic acid (PFHxA), perfluorononanoic acid 
(PFNA) and perfluorodecanoic acid (PFDA) were used as internal stan-
dards (IS). Their supplier and purity were given in Table S3. Water and 
methanol (MeOH) (both LiChrosolv®, ultrahigh-performance liquid 
chromatography− mass spectrometry (UHPLC-MS) grade) and dimethyl 
sulfoxide (DMSO) (≥99.7% purity) were obtained from Merck KGaA 
(Darmstadt, Germany). Ammonium acetate (>99% purity) was bought 
from Fluka (Munich, Germany). Rat liver S9 fractions (pooled, from 
male Sprague-Dawley donors) were purchased from Merck KGaA 
(Darmstadt, Germany), while human hepatic S9 fractions (pooled, from 
three male donors) were bought from Biopredic International (Saint- 

Grégoire, France). Specifications of the S9 fractions are provided in Text 
S1. The reagents of the nicotinamide adenine dinucleotide phosphate 
(NADPH) regenerating system, namely glucose-6-phosphate dehydro-
genase (G6P-DH) from S. cerevisiae and glucose-6-phosphate (G6P) 
disodium salt hydrate (≥98% purity) were purchased from Merck KGaA, 
while the nicotinamide adenine dinucleotide phosphate disodium salt 
(NADP+) (≥98% purity) was obtained from Carl Roth GmbH (Karlsruhe, 
Germany). Components of the incubation phosphate buffer medium, 
namely dipotassium phosphate (K2HPO4) (≥99% purity), magnesium 
chloride hexahydrate (MgCl2•6H2O) (≥99.5% purity) and disodium 
ethylenediamine-tetraacetate dihydrate (Na2EDTA•2H2O) (≥99% pu-
rity) were purchased from Carl Roth GmbH (Karlsruhe, Germany). 

2.2. In vitro incubation 

A series of test assays with different initial surfactant (CF3-O-SURF, 
CF3-S-SURF) concentrations (1, 2, 5, 10, 20, 50, 100, 200 μmol/L (μM)) 
were performed. Test assays were prepared by adding 1 mg/mL of RL-S9 
or HL-S9 and 2.5 μL (1 v/v%) of the corresponding CF3-O-SURF/CF3-S- 
SURF dosing solution (final concentration 1–200 mM, prepared in 
DMSO) to phosphate buffer (pH = 7.4, 50 mM K2HPO4, 3 mM 

Table 1 
General information about the targeted chemicals of this study. Adapted from Licul-Kucera et al. (2023).  

Name Abbreviation Structure Formula Molecular 
weight (gmol− 1) 

Parent substances 
1,5-dioxo-1,5-bis({2-[1,1,2-trifluoro-2-(trifluoromethoxy)ethoxy]ethoxy})- 

3-({2-[1,1,2-trifluoro-2-(trifluoromethoxy)ethoxy]ethoxy}carbonyl) 
pentane-2-sulfonic acid 

CF3–O-SURF C21H20F18O15S 886.41 

1,5-dioxo-1,5-bis(2-{[1,1,2-trifluoro-2-(trifluoromethoxy)ethyl]sulfanyl} 
ethoxy)-3-[(2-{[1,1,2-trifluoro-2-(trifluoromethoxy)ethyl]sulfanyl} 
ethoxy)carbonyl]pentane-2-sulfonic acid 

CF3–S-SURF C21H20F18O12S4 934.61 

Possible metabolites 
2-[1,1,2-trifluoro-2-(trifluoromethoxy)ethoxy]ethan-1-ol CF3–O-ALC C5H6F6O3 228.09 

2-{[1,1,2-trifluoro-2-(trifluoromethoxy)ethyl]sulfanyl}ethan-1-ol CF3–S-ALC C5H6F6O2S 244.16 

[1,1,2-trifluoro-2-(trifluoromethoxy)ethoxy]acetic acid CF3–O-CA C5H4F6O4 242.07 

{[1,1,2-trifluoro-2-(trifluoromethoxy)ethyl]sulfanyl}acetic acid CF3–S-CA C5H4F6O3S 258.14 

Fluoro(trifluoromethoxy)acetic acid CF3-CA C3H2F4O3 162.04  
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MgCl2•6H2O, 1.2 mM Na2EDTA•2H2O). They were then pre-incubated 
for 5 min at 37 ◦C, with constant shaking. After that NADPH regener-
ating system (final concentration: 1.0 mM NADP+, 5.0 mM G6P and 2 
units/mL G6P-DH) was added to make a final volume of 250 μL. Samples 
were then incubated at 37 ◦C, with constant shaking, for 120 min 
(detailed preliminary optimization of incubation parameters in Text S2 
and Fig. S1). Finally, 250 μL of ice-cold MeOH was added to quench the 
reaction. 

2.3. Sample preparation and clean-up 

Following incubation, samples were vortexed for 10 s and centri-
fuged at 4000 rpm for 10 min. The supernatant was collected and then 
filtered through a 0.2 μm filter. An aliquot of the sample (depending on 
the initial concentration of parent substance) was then transferred to an 
autosampler vial and completed to 200 μL volume with 50/50 v/v% 
MeOH/H2O and 10 μL of the mix of IS to have a final concentration of 7, 
2.5, 1, 1 and 1 μg/L for PFPrA, PFPrS, PFHxA, PFNA or PFDA in the 
injected sample, respectively. 

2.4. Quality assurance and quality control 

Applicability and reliability of the incubation method was tested 
with different control assays run in parallel to each sample batch. Ac-
tivity of the liver enzymes was checked by the positive control assay, 
where the test compounds were replaced by metoprolol, a substance, 
whose metabolism is well-documented in the literature. Reagent blank 
assay was prepared by adding pure solvent (DMSO) instead of the dosing 
solution, to determine any background contamination. Heat-inactivated 
negative control assay was prepared identically to the test assays, but 
prior to the addition of NADPH regenerating system, it was incubated at 
80 ◦C for 15 min. In this way, enzymes were heat-inactivated, and this 
control sample enabled the determination of non-enzymatic hydrolysis. 
In the cofactor-free control assay the test compounds were incubated in 
the presence of S9 enzymes, but in the absence of the NADPH cofactor. 
Test assays were prepared in triplicates, while heat-inactivated negative 
control and cofactor-free control assays were prepared in unicates at 
different concentration levels. One positive control and reagent blank 
was prepared for each separate batch of samples. 

The MS spectra of the injected positive control assays showed the 
characteristic peaks of metoprolol metabolites (Fig. S2). The activity of 
enzymes was therefore justified. No parent compounds or metabolites 
were found in the reagent blank assays; therefore, no blank correction 
was needed. 

2.5. Instrumental analysis 

Quantification was based on a calibration plot which included the 
parent compounds as well as those transformation products (TPs) for 
which reference standards were available. Targeted analysis was per-
formed by liquid chromatography–tandem mass spectrometry (LC-MS/ 
MS). For quantification, the internal standard calibration approach was 
used. As for the target analytes the corresponding mass-labelled chem-
ical was not available, the non-mass labelled PFCA or PFSA which was 
the closest eluting to the corresponding target substance – namely 
PFPrA, PFPrS, PFHxA, PFNA or PFDA– was used as IS. Further details are 
provided in Table S3. Method performance was assessed with the cali-
bration range, instrumental and method limit of detection (LOD) and 
limit of quantification (LOQ), and recovery described in Text S4. Results 
are presented in Table S4. 

Additional TPs for which reference standards were not available, 
were identified using an established non-targeted screening workflow 
on the high-resolution mass spectrometer (HRMS) software. More de-
tails on non-targeted screening are provided in the SI section (Text S5 
and S6). 

2.6. Kinetic modelling 

By using OriginPro 2018 software (version SR1-b9.5.1.195, Origin-
Lab Corporation, Northampton, MA, USA), metabolite formation rate 
against the surfactant (CF3-O-SURF, CF3-S-SURF) concentration was 
plotted and different enzymatic kinetic models were fitted, namely the 
Michaelis-Menten equation, the Hill equation, and the substrate- 
inhibition equation (Lipscomb and Poet, 2008). As multiple simulta-
neous reactions can play a role in the depletion of the parent substance, 
monitoring the formation of single metabolites separately can be ad-
vantageous for the understanding of metabolic pathway. A similar 
approach was followed in previous studies (Abdallah et al., 2019; 
Gonsalves et al., 2021; Obringer et al., 2021). 

The model which best described all cases was the Michaelis-Menten 
equation (Equation (1)) (Lipscomb and Poet, 2008). 

v =
Vmax × [S]

Km + [S]
(1)  

In the case of the Michaelis-Menten model, the apparent intrinsic in vitro 
clearance (CLint) based on the formation of a certain metabolite can be 
calculated according to Equation (2) (Lipscomb and Poet, 2008). 

CLint =
v
[S]

=
Vmax

Km
(2) 

As in this study CLint only expresses the metabolic capacity of 1 mg of 
S9 fraction in the liver, it is more informative to scale up by the protein 
density of the liver and express the metabolic capacity of 1 g of liver 
tissue (based on the corresponding subcellular fraction). This intrinsic in 
vitro hepatic clearance (CLint, liver) on grams of liver basis, can be 
determined according to Equation (3) (Nishimuta et al., 2014). 

CLint,liver = CLint × p (3)  

In the abovementioned equations v is the initial velocity of the reaction, 
Vmax is the maximum rate of enzymatic reaction which is possible for 
that specific chemical-enzyme interaction, [S] is the surfactant (CF3-O- 
SURF, CF3-S-SURF) concentration, Km is the Michaelis-Menten constant, 
and p is the amount of protein per gram of the liver. 

After fitting the Michaelis-Menten model, the parameters of the 
nonlinear function –Vmax and Km – were automatically calculated by the 
software. Vmax is the rate of the reaction at which the enzyme shows the 
highest turnover, while Km is the concentration required to achieve 50% 
of this maximum reaction rate. For calculation of CLint, liver, the 
following parameters were applied: 121 mg protein•g liver− 1 for HL-S9 
(Nishimuta et al., 2014), and 136 mg protein•g liver− 1 for RL-S9 (Zhou 
et al., 2020). 

3. Results and discussion 

3.1. Metabolic pathways 

Possible metabolic pathways were predicted by using fundamental 
knowledge of phase I enzymatic reactions (Lentz et al., 2013) and based 
on previous findings from microbial biotransformation of the same 
chemicals (Licul-Kucera et al., 2023). The prototype chemicals are tri-
functional esters with aconitic acid – a naturally occurring, tricarboxylic 
acid – base, which is esterified by adding alcohols made of a tri-
fluoromethoxy group linked to a fluorinated (thio)ethylene glycol de-
rivative. On this basis, initial de-esterification of the surfactants 
catalyzed by esterase enzymes to release the alcohol, followed by 
oxidation of the free alcohol to a carboxylic acid by cytochrome P450 
(CYP) enzymes via the formation of an aldehyde intermediate was hy-
pothesized. As these carboxylic acids possess a -CHF-CF2-O/S-CH2- 
moiety in the molecule, there is a potential for the consecutive elimi-
nation of two HF molecules, initially producing CF3-CA and then labile 
trifluoromethanol which further decomposes to HF and CO2 at ambient 
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temperature (Zachariah et al., 1995). The proposed transformation 
pathway is presented on Fig. S3. 

3.2. Metabolic profile by targeted analysis 

3.2.1. CF3-O-SURF 
In the case of CF3-O-SURF, no abiotic hydrolysis was observed 

neither in the heat-inactivated control nor in the cofactor-free control 
assays. This is in accordance with our previous finding (Licul-Kucera 
et al., 2023), that the abiotic hydrolysis of the surfactants was only 
experienced under highly basic conditions (pH = 9) but not in nearly 
neutral medium such as the phosphate buffer (pH = 7.4). 

When incubating with RL-S9, as expected two metabolites, CF3-O- 
ALC and CF3-O-CA were produced. CF3-O-ALC was detected in similar 

amounts in the cofactor-free control assay indicating that the biotic 
hydrolysis is not CYP-induced. Similar results were observed in a study 
where esters of p-hydroxybenzoic acid were incubated with HL-S9 
without addition of NADPH regenerating system, yet esterase hydroly-
sis still occurred (Obringer et al., 2021). Oxidation of CF3-O-ALC to 
CF3-O-CA was most likely induced by CYP enzymes, confirmed by the 
observation that CF3-O-CA was formed in test assays but not in the 
cofactor-free control assays. It is based on the functioning mechanism of 
CYP enzymes as – in contrast to esterases – they require a reducing agent 
(usually reduced nicotinamide adenine dinucleotide phosphate, 
NADPH) (Parkinson et al., 2015). 

In the case of incubation with HL-S9, only one metabolite, the 
oxidation product CF3-O-CA was formed in low concentrations. Possible 
explanations to this are that the CF3-O-ALC was produced in an amount 

Table 2 
Metabolites of CF3–O-SURF and CF3–S-SURF identified by HRMS.  

Name Observed in samples 
incubated with S9 
from H/R/H + Ra 

Formula Proposed structure m/z 
theoretical 

Mass 
error 
(ppm) 

Retention 
time (min) 

Confirmation level 
(Schymanski et al., 
2014) 

CF3–O-SURF 
TP- 

NTS- 
O1 

R C12H14F6O11S 479.0089 0.2 5.18 2b 

TP- 
NTS- 
O2 

R C14H14F6O9 439.0469 0.2 6.96 3 

CF3–S-SURF 
TP- 

NTS- 
S1 

H C21H20F18O14S4 964.9376 1.0 9.39 3 

TP- 
NTS- 
S2 

H + R C21H20F18O13S4 948.9427 − 5.3 9.89 2b 

TP- 
NTS- 
S3 

R C18H20F12O11S3 734.9903 0.3 9.40 3 

TP- 
NTS- 
S4 

H + R C16H16F12O12S3 722.9539 1.4 7.56 3 

TP- 
NTS- 
S5 

H + R C5H6F6O3S 258.9869 − 3.9 6.22 2b  

a Abbreviations:H = human, R = rat, H + R = both human and rat. 
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<LOD or that the oxidative transformation by CYP occurred more 
quickly in HL-S9 than in RL-S9. Less plausible is that the transformation 
of CF3-O-SURF to CF3-O-CA in human fractions followed a different 
pathway than in rat S9 and that CF3-O-ALC is not an intermediate step in 
the oxidation. Roberts et al. (2012) also found some species-specific 
differences in the kinetics of the brominated diester bis(2-ethylhexyl) 
2,3,4,5 tetrabromophthalate (TBPH). After the incubation with human 
liver microsomes, no loss of TBPH or production of hydrolysis metabo-
lite was observed. However, it was slowly metabolized in the presence of 
porcine hepatic carboxylesterase (Roberts et al., 2012). 

3.2.2. CF3-S-SURF 
The metabolic profile of CF3-S-SURF was similar to that of CF3-O- 

SURF. First, no abiotic hydrolysis was observed neither in the heat- 
inactivated control assays nor in the cofactor-free control assays. Dur-
ing the incubation with RL-S9, both CF3-S-ALC and CF3-S-CA were 
detected. CF3-S-ALC was also present in the cofactor-free control assays 
when using RL-S9. The sole metabolite formed with HL-S9 was CF3-S- 
CA. This difference in the metabolic profile with the enzymes from two 
distinct species may be explained in similar fashion to CF3-O-SURF. 

3.3. Metabolic profile by non-targeted analysis 

Following the post-acquisition data filtration steps (described in Text 
S6), two additional metabolites with unequivocal molecular formula 
and possible structure (at least level 3 identification confidence, ac-
cording to Schymanski et al., 2014) of CF3-O-SURF was found (Table 2). 
The structures were confirmed by using the spectral information, e.g., 
production of acetate adducts, isotope patterns and diagnostic MS/MS 
fragments produced in MS/MS. 

TP-NTS-O1 was an intermediate likely produced from CF3-O-SURF 
by cleaving two moieties of the fluorinated wings of the molecule. TP- 
NTS-O2 was originated from TP-NTS-O1 by cleaving the sulfonate 
group. 

However, for CF3-S-SURF, five additional transformation products 
with a minimum of level 3 identification confidence were identified 
(Table 2). TP-NTS-S1 was a di-oxidized molecule where the two oxygen 
atoms were either both linked to one of the thioether groups or to two 
different ones. The relative position of the two oxygens could not be 
determined in our experiments (level 3). TP-NTS-S2 was a mono- 
oxidized molecule where the single oxygen atom was linked to one of 
the equivalent thioether groups. Based on the diagnostic fragments, the 
isotope pattern and the experimental context, the structure could 
unambiguously be assigned (level 2b). The third metabolite (TP-NTS-S3) 
was likely produced from the CF3-S-SURF by cleaving a moiety of the 
fluorinated wing of the molecule. TP-NTS-S4 was probably formed from 
TP-NTS-S1 by cleaving a moiety of the fluorinated wings of the mole-
cule. Like in TP-NTS-S1, the relative position of the two oxygens could 
not be unequivocally determined (level 3). The smallest metabolite (TP- 
NTS-S5) identified by HRMS was the oxidized CF3-S-ALC, where the 
oxygen atom was linked to the thioether group. This structure was 
confirmed based on the presence of the MS/MS fragment CHOS− which 
unequivocally determined the position of the oxygen. Moreover, this 
molecule was also detected in the form of an acetate adduct which is a 
typical phenomenon reported for fluorinated alcohols (Berger et al., 
2004). In RL-S9 incubations, TP-NTS-S1 was not present, while in 
samples incubated with HL-S9, TP-NTS-S3 was not detected. These 
metabolites – except TP-NTS-S2 – were detected with very low in-
tensities. Table 2 summarizes the information of the findings of the 
non-targeted analysis. 

3.4. Metabolism kinetics 

As the decrease in the concentration of the parent substances in the 
given test time was too small to be monitored over time, and based on 
the original approach of the Michaelis-Menten equation (Atkins, 2005; 

Tomczak and Weglarz-Tomczak, 2019), the formation of metabolites 
analyzed by targeted analysis was monitored rather than the loss of 
surfactants (CF3-O-SURF, CF3-S-SURF). The production of metabolites 
was plotted against the dosing concentration of the parent compound. 
The estimated kinetic parameters for formation of the metabolites as 
well as the calculated in vitro hepatic clearance values are presented in 
Table 3. Comparable calculations were not performed for the metabo-
lites analyzed by non-targeted analysis as these could not be quantified 
because of lack of standards. 

3.4.1. CF3-O-SURF 
The plotted results showed formation of metabolite CF3-O-CA was 

best fitted by the Michaelis-Menten model both in the HL-and RL-S9 
incubation (Fig. 1B). However, CF3-O-ALC – which was only formed in 
the RL-S9 assays – did not fit any of the possible enzyme kinetic models 
(Fig. 1A). In fact, it did not reach saturation in the observed concen-
tration range, indicating that steady state was not achieved. The lack of 
steady state condition for CF3-O-ALC precluded the determination of its 
kinetic parameters using kinetic models. 

The predicted maximum metabolic rates (Vmax) for production of the 
metabolite CF3-O-CA were 512 (±20) and 3974 (±192) fmol min− 1 mg 
protein− 1 in HL-S9 and RL-S9 assays, respectively (Table 3). Km values 
were 136 (±10) and 66 (±8) μM for HL-S9 and RL-S9, respectively 
(Table 3). The corresponding CLint and CLint, liver values calculated ac-
cording to Eqs. (2) and (3) are reported in Table 3. 

3.4.2. CF3-S-SURF 
For CF3-S-SURF, formation of both CF3-S-ALC and CF3-S-CA metab-

olites was best fitted to the Michaelis-Menten model (Fig. 1C and D). 
However, as stated above, CF3-S-ALC was only formed during reaction 
with RL-S9. The Vmax value for production of metabolite CF3-S-ALC in 
RL-S9 was 704 200 (±19 633) fmol min− 1 mg protein− 1. For CF3-S-CA, 
the calculated Vmax were 5016 (±842) and 4675 (±90) fmol min− 1 mg 
protein− 1 in the HL-S9 and RL-S9 assays, respectively (Table 3). Km 
values were 178 (±52) and 29 (±2) μM for HL-S9 and RL-S9, respec-
tively (Table 3). The corresponding CLint and CLint, liver values calculated 
based on Eqs. (2) and (3) are presented in Table 3. 

3.5. Inter-species and -congeners metabolic comparison 

The metabolic profile of CF3-O-SURF and CF3-S-SURF observed with 
the human and rat in vitro S9 assays only differed in terms of the for-
mation of the corresponding alcohol CF3-O-ALC or CF3-S-ALC only 
following the RL-S9 incubation. This, however, might be linked to the 
deviation in the rate of the hydrolysis reaction as described under sec-
tion 3.2.1 above. Nabb et al. also found difference in the type of me-
tabolites formed when an isotopically labelled PFAS, 8:2 fluorotelomer 
alcohol (8:2 FTOH) was incubated with rat, mouse, and human liver 
microsomes and cytosol (Nabb et al., 2007). The production of 
species-specific metabolites was reported in one study for other halo-
genated substances. For instance, the various diastereomers of the 
brominated flame retardant, hexabromocyclododecane (HBCDD) pro-
duced metabolites which were exclusively detected either with rat or 
trout S9 fractions (Abdallah et al., 2014). A metabolic product of 
another flame retardant, TBPH, was exclusively formed in vitro by 
porcine enzymes, but not in human or rat subcellular fractions (Roberts 
et al., 2012). When incubating a short-chained chlorinated paraffin, 1, 2, 
5, 5, 6, 9, 10-heptachlorodecane (HeptaCD) with chicken and human 
microsomes, two metabolites were detected in human liver microsomal 
assays, while only one metabolite was identified in chicken liver 
microsomal assays (Lin et al., 2022). 

The conspicuous species differences in our study were revealed by 
comparing the metabolic rate obtained using HL-S9 with that observed 
when using RL-S9 enzymes. The most prominent difference in the 
metabolic rate of the two surfactants was delivered by the formation of 
the primary metabolites CF3-O-ALC and CF3-S-ALC. The formation rate 
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of primary metabolite CF3-S-ALC (704 200 ± 19 633 fmol min− 1⋅min− 1) 
was 150-times higher than that of the secondary metabolite CF3-S-CA 
(4675 ± 90 fmol min− 1⋅min− 1) in rat. Even though an explicit Vmax 
value of the CF3-O-ALC cannot be determined (no steady-state condi-
tion), its Vmax should also exceed by at least two orders of magnitudes 
that of CF3-O-CA. This indicates that the overall metabolic rate and 
clearance of both CF3-O-SURF and CF3-S-SURF is significantly higher in 
rat liver than in human liver. Therefore, it can be concluded that the use 
of animal models in metabolic and toxicity tests as indicators of human 
hazard can lead to serious mispredictions in some cases. 

The Vmax values indicate that formation rate of CF3-O-CA was about 
8-times higher in rats (3973 ± 192 fmol min− 1⋅min− 1) than in humans 
(512 ± 20 fmol min− 1⋅min− 1), while that of CF3-S-CA was similar in the 
two species (5016 ± 842 and 4675 ± 90 fmol min− 1⋅min− 1). The CLint 
values revealed about 18 (8234 ± 3386 vs 454 ± 239 nL min− 1•g− 1 

liver) and 6.5-times (22 026 ± 7094 vs 3405 ± 1960 nL min− 1•g− 1 

liver) higher clearance in rat liver than in human liver, for CF3-O-CA and 
CF3-S-CA, respectively. The lower Km values in rats (66 ± 8 μM and 29 
± 2 μM) compared to humans (136 ± 10 μM and 178 ± 52 μM) for both 
CF3-O-CA and CF3-S-CA suggest higher enzyme specificity in rat 
(Table 3, Fig. 1). In a previous study, metabolism of 2-ethylhexyl- 
2,3,4,5-tetrabromobenzoate (TBB) occurred significantly faster in the 
presence of RLM than with HLM; however, it was similar to the rate seen 
with porcine liver enzymes (Roberts et al., 2012). For HBCDD di-
astereomers, the metabolic rate was much slower in trout than rat 
(Abdallah et al., 2014); while for HeptaCD it was faster for human than 
for chicken liver microsomes (Lin et al., 2022). 

In the current study, the two studied surfactants (CF3-O-SURF, CF3-S- 
SURF) are congeners (i.e., chemical substances related to each other by 
structure). The maximum formation rate of CF3-S-CA was 10-times 

Table 3 
Kinetic parameters derived from Michaelis-Menten model for the formation of CF3–O-CA and CF3–S-CA following incubation with RL- and HL-S9. The ± values 
represent standard error values.  

Metabolite Species Vmax (fmol•min− 1•mg− 1) Km (μM) CLint (nL•min− 1•mg− 1) CLint, liver (μL•min− 1•g liver− 1) 

CF3–O-ALC Human – – – – 
Rat – – – – 

CF3–S-ALC Human – – – – 
Rat 704 200 ± 19 633 130 ± 9 5402 ± 2288 735 ± 311 

CF3–O-CA Human 512 ± 20 136 ± 10 4 ± 2 0.45 ± 0.24 
Rat 3973 ± 192 66 ± 8 61 ± 25 8.23 ± 3.39 

CF3–S-CA Human 5016 ± 842 178 ± 52 28 ± 16 3.41 ± 1.96 
Rat 4675 ± 90 29 ± 2 162 ± 52 22.0 ± 7.1  

Fig. 1. Kinetics of A) CF3-O-ALC, B) CF3-O-CA, C) CF3-S-ALC and D) CF3-S-CA production during incubation with rat and human S9 hepatic fractions, using the 
Michaelis-Menten model. Error bars represent standard deviations. (n = 3). 
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higher than of CF3-O-CA (5016 ± 842 vs 512 ± 20 fmol min− 1⋅min− 1) in 
human, while they were similar (3972 ± 192 and 4675 ± 90 fmol 
min− 1⋅min− 1) in rat. When comparing the CLint values of the two con-
geners, CF3-S-CA clearance was 7.5-times (3405 ± 1960 vs 454 ± 239 
nL min− 1•g− 1 liver) and 2.7-times (22 026 ± 7094 vs 8234 ± 3386 nL 
min− 1•g− 1 liver) higher than clearance of CF3-O-CA by HL-S9 and RL-S9, 
respectively (Table 3, Fig. 1B and D). Abdallah et al. (2014) also re-
ported different metabolic rates of three HBCDD diastereomers during 
phase I metabolism. Whereas β-HBCDD underwent rapid biotransfor-
mation, α-HBCDD was the most resistant to metabolic degradation in 
both rat and trout (Abdallah et al., 2014). In another hepatic in vitro 
metabolic study, TBB was easily metabolized even without the addition 
of any cofactor, while no metabolites were detected for TBPH in human 
or rat subcellular fractions, only by porcine carboxylesterase (Roberts 
et al., 2012). 

3.6. Comparison to other PFAS and implications for exposure 

The Vmax and CLint, liver values of the novel prototype PFAS addressed 
in this study were found to be several orders of magnitude smaller than 
those for PFAS reported elsewhere (Table 4). The transformation rate of 
metabolite CF3-O-CA by HL-S9 was about 2 × 103-times and 4 × 102- 
times lower than the degradation rate of 6:2 FTOH and 8:2 FTOH with 
HLM (Daramola and Rand, 2021; Li et al., 2009; Nabb et al., 2007). 
Moreover, the transformation rate of metabolite CF3-S-CA by HL-S9 was 
about 2 × 102-times and 4 × 101-times lower than the degradation rate 
of 6:2 FTOH and 8:2 FTOH when incubating with HLM, respectively 
(Daramola and Rand, 2021; Nabb et al., 2007). It was also concluded 
that CF3-O-CA (3.97 pmol min− 1•mg− 1) and CF3-S-CA (5.02 pmol min-
− 1•mg− 1) was formed with a similar rate as PFOA from 8:2 FTOH in rat 
liver (Table 4). The depletion rate of 6:2 and 8:2 FTOH (945 and 204 
pmol min− 1•mg− 1) by HLM was more effective than the formation rate 
of CF3-O-ALC or CF3-S-ALC by HL-S9 – which were negligible. While the 
Vmax of CF3-S-ALC (704 pmol min¡1•mg¡1) by RL-S9 was in the same 

order of magnitude as the depletion rate of 6:2 FTOH (945 pmol min-
− 1•mg− 1) and 8:2 FTOH (204 pmol min− 1•mg− 1) by HLM and that of 
8:2 fluorotelomer acrylate (8:2 FTAc) (415 pmol min− 1•mg− 1) by 
rainbow trout microsomes (Table 4). A summary of Vmax, Km and CLint, 

liver values of the novel prototype PFAS and several other PFAS is pre-
sented in Table 4. 

Overall, these results suggest that metabolism of CF3-O-SURF and 
CF3-S-SURF followed a similar trend to that of 6:2 FTOH or 8:2 FTOH 
(Daramola and Rand, 2021; Li et al., 2016; Nabb et al., 2007). Namely, 
metabolism was significantly slower in humans, but faster in rats. The 
depletion of parent substances/formation of primary metabolites as well 
as the formation of dead-end metabolites (e.g., CF3-O-CA, CF3-S-CA, 
PFOA) were of the same order of magnitude in rat liver (Table 4). 

It has been shown in previous studies that the metabolism of the 
PFAS precursors FTOHs lead to the production of more toxic, e.g., flu-
orotelomer aldehyde, and/or highly persistent and bioaccumulative 
(PFAAs) metabolites (Butt et al., 2010; Li et al., 2016; Martin et al., 
2005; Nabb et al., 2007). On the contrary, these prototype chemicals 
metabolize to short-chained products which have a similar structure to 
metabolites investigated by Folkerson et al. and have been found 
non-bioaccumulative (Folkerson et al., 2021). Further knowledge about 
the bioaccumulation, mobility and toxicity of the parent substances and 
their metabolites, is crucial to come to risk assessment for the tested 
prototype surfactants CF3-O-SURF and CF3-S-SURF. 

3.7. Study limitations 

In vitro assays are low-cost models for predicting the metabolic ac-
tivity of a xenobiotic. Despite the extensive use of this methodology in 
the pharmaceutical industry, it has been reported that in vivo clearance 
calculated based on in vitro clearance values is often over-or under-
predicted when compared to empirical studies (Wood et al., 2017). For 
example, when Folkerson et al. investigated both in vitro and in vivo 
metabolism of a prototype surfactant in rat, the in vitro experiment 

Table 4 
Comparison of the intrinsic in vitro hepatic clearance values of PFAS.  

Monitoring substrate 
depletion or metabolite 
formation 

Substrate Metabolite 
monitored 

Species Subcellular 
fraction 

Vmax 

(pmol•min− 1•mg− 1) 
Km 

(μM) 
CLint, liver 

(μL•min− 1•g 
liver− 1) 

Reference 

Formation CF3–O- 
SURF 

CF3–O-CA Human S9 0.512 136 0.453 This study 

Formation CF3–O- 
SURF 

CF3–O-CA Rat S9 3.97 65.6 8.23 This study 

Formation CF3–S- 
SURF 

CF3–S-CA Human S9 5.02 178 3.41 This study 

Formation CF3–S- 
SURF 

CF3–S-CA Rat S9 4.68 28.9 22.0 This study 

Formation CF3–S- 
SURF 

CF3–S-ALC Rat S9 704 130 735 This study 

Depletiona 6:2 FTOH – Human microsomes 945 11.2 48720 Daramola and 
Rand, 2021 

Depletiona 8:2 FTOH – Human microsomes 204 18.5 640 Li et al., 2016 
Depletionb 8:2 FTOH – Rat microsomes no data no 

data 
1832 Nabb et al., 

2007 
Formation 8:2 FTOH PFOA Rat microsomes 4.1 no 

data 
no data Nabb et al., 

2007 
Depletion 8:2 FTOH – Human microsomes no data no 

data 
not measurable Nabb et al., 

2007 
Formation 8:2 FTOH PFOA Human microsomes not detected no 

data 
not detected Nabb et al., 

2007 
Depletiona 8:2 FTAc – Rainbow 

trout 
S9 415 0.342 184 444 Butt et al., 2010 

Standard error or deviation was not presented as not all of the presented studies reported it. 
a The study solely reported CLint value. Hereby CLint, liver was calculated using Eq. 3, assessing the protein mg/gram of liver tissue (p) being 58 and 152 mg g liver− 1. 

for rat liver microsomes and rainbow trout S9. 
b Only the CLint, liver value normalized to bodyweight was reported. Hereby CLint, liver was calculated using the following equation, where w is the weight of liver (g) 

per kilogram bodyweight, being 12.5 g/0.25 kg for rat according to (Nabb et al., 2007). CLint,liver,bw =
CLint,liver,bw

w  
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underestimated the metabolic rate in vivo (Folkerson et al., 2021). These 
results suggest the need for in vivo studies to realistically determine the 
half-life of xenobiotics. However, in terms of the identification of pro-
duced metabolites, the in vitro assay provided an adequate representa-
tion of the in vivo system (Folkerson et al., 2021). 

It is important to highlight some factors which can influence the 
results of this study. Namely, physicochemical property data, including 
water solubility and critical micelle concentration (CMC), were unfor-
tunately not available. However, some in silico-based prediction 
methods were used to predict the water solubility and acid dissociation 
constant (pKa) and of the surfactants. Big discrepancies between the 
different solubility models were found (Table S2). The calculated pKa 
values, however, clearly suggested that both surfactants were in ionic 
form at pH = 7.4. Moreover, the co-solvent DMSO was also used to 
enhance their solubility. Therefore, we assume that the solubility of the 
test chemicals could not cause any artifacts, not even at the highest 
concentrations. However, in the absence of any theoretical or experi-
mental data on CMC, the formation of non-bioavailable micelles in the 
reaction medium cannot be ruled out. Another limitation of this study is 
that only phase I metabolism was investigated. However, as shown in 
previous studies, fluorinated substances often also produce phase II 
conjugates in relevant amounts. In the case of FTOHs, glucuronide, 
sulfate, glutathione and taurine conjugates were identified during in 
vitro incubations (Li et al., 2016; Martin et al., 2005; Nabb et al., 2007). 
According to Martin et al. and Li et al., phase II conjugation is the major 
transformation and excretion route of 8:2 FTOH (Li et al., 2016; Martin 
et al., 2005). In an in vivo experiment, rats were dosed with poly-
fluoroalkyl phosphate esters. After its hydrolysis to FTOH, glucuronide 
conjugates were observed at 2 h and 6 h postdosing, and sulfate con-
jugates were detected between 6 h and 2 days postdosing (D’eon and 
Mabury, 2011). Also, even though the S9 fraction used in this study are 
pools from more than one individual, intra-species variations (e.g., sex, 
age) could not be accounted for. 

Therefore, further studies investigating phase II metabolism, as well 
as in vivo experiments are required for comprehensive understanding of 
metabolic pathways and kinetics, and to be able to assess the health 
effects of these compounds. Overall, the present study enhances un-
derstanding the fate and behavior of these novel prototype fluorinated 
compounds in different types of organisms. Through characterization of 
formed metabolites and comparison of transformation rates across 
species, our results may serve as a basis for future risk evaluation. 
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