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Summary

Per- and polyfluoroalkyl substance (PFAS) are man-made chemicals that are
widely used in commercial, industrial and military products. PFAS are ubiquitously found
in environmental media and organisms including human beings due to their persistence
and bioaccumulation potential. Many studies have shown the correlation of PFAS
exposure and diseases. There are more than 14,000 PFAS chemicals in the CompTox
Chemicals Dashboard but only fraction of them have toxicological information. Cell-based
high-throughput screening (HTS) bioassays may inform risk assessment of large numbers
of PFAS provided that quantitative in vitro to in vivo extrapolation (QIVIVE) can be
developed. Challenges of QIVIVE lie in the predictive accuracy of the bioavailability of
PFAS, species difference, as well as the specificity of cellular responses that may lead to
potential adverse outcomes.

This thesis aimed to evaluate the toxic effects and exposure of PFAS in cell-based
bioassays to facilitate the use of in vitro bioassay data for risk assessment. The first
objective was to measure in vitro exposure and determine the binding constants to
plasma proteins of different species. The bioavailability of PFAS can be presented as the
free concentrations (Ciee) in bioassays and plasma. PFAS bound to proteins and lipids
usually result in lower Cree compared to their nominal (i.e. dosed) concentrations (Cnom).
Solid-phase microextraction (SPME) combined with liquid chromatography mass
spectrometry (LCMS) was used to measure the Ciee of PFAS among biomaterials,
including bioassay media, cell homogenates and blood plasmas. The binding constants
were derived from different binding models. Binding isotherms of 16 PFAS with human
and trout (fish) plasmas were compared. Anionic PFAS showed higher binding affinities
to human plasma in the low concentration ranges compared to the trout plasma, because
there were more proteins in human plasma, which led to very strong and specific binding
of PFAS with proteins. Partitioning of PFAS to plasma was also predicted correctly by
mass balance models (MBMs) that were parameterized with the protein-water and lipid-
water binding constants (chemical characteristics) as well as the protein and lipid contents
of the plasma (species characteristics). The second objective was to inform risk
assessment with a simple form of QIVIVE, which is the ratio of in vivo human plasma

concentrations (Cpiasma) and in vitro cell-based effect concentrations (EC), either based on



nominal or free concentrations. The Ciee can be measured experimentally or predicted by
validated MBMs. Crompiasma Of PFAS were collected from literature and Ciree plasma Were
predicted by the MBMs parameterized with plasma binding constants. A cell-based
reporter gene assays targeting peroxisome proliferator-activated receptor gamma
(PPARYy) was selected to measure the effect concentrations ECnom or ECsee Of PFAS,
because PPARs have been shown to be specific targets of PFAS. QIVIVEfee ratios, which
are the ratios between freely dissolved concentration of PFAS in blood and their ECfee, Of
some hydrophobic PFAS were up to 1000 times lower than their corresponding QIVIVEnom
ratios. This was caused by a strong affinity to proteins and human plasma contained 50
times more proteins than in the bioassay medium, leading highly specific binding at low
PFAS concentrations in human plasma, contrasted by nonspecific partitioning to proteins
at high concentrations that were required to trigger an effect in bioassays. The proteins
and lipids in plasma may act as reservoirs of PFAS in human bodies that pose a risk of
chronic exposure. The case study using PPARY is a demonstration of the importance of
using Cree for the QIVIVE ratios, but for a comprehensive risk assessment, a large set of
specific responsive in vitro cell-based bioassays needs to be applied. The third objective
was to identify the specific from nonspecific effects among different cell-based HTS
bioassays, where baseline toxicity can be a reference. Baseline toxicity is the minimal
toxicity that is caused by nonspecific accumulation of chemicals in the cellular membranes.
Exceedance of the critical membrane burden leads to cell death. Separate baseline
toxicity prediction models were developed for anionic PFAS and neutral chemicals, which
were used to define the specificity of cell response of 30 PFAS on six target effects
(activation of PPARYy, aryl hydrocarbon receptor, oxidative stress response, and
neurotoxicity in own experiments, and literature data for activation of several PPARs and
the estrogen receptor). HFPO-DA showed high specificity for PPARs, while the majority
of PFAS acted as baseline toxicants. This implicates a heightened need for the risk
assessment of PFAS mixtures, because nonspecific effects, i.e., baseline toxicity, behave
concentration-additive in mixtures.

In brief, QIVIVE is suggested to consider the bioavailability using Ciree. It will not
always be necessary to measure Ciree Of PFAS but existing data of plasma concentration
and bioassay effect based on Cnhom can be converted to Ciee by using MBMs. The

differences of plasma binding can be predicted by amounts of proteins and lipids in
Vi



plasmas, which is influenced by many factors not only between species but also between
individuals, and also depends on the concentration range because specific binding at low
concentrations is very strong while nonspecific binding at higher concentration has lower
binding constants. The baseline toxicity prediction model may be able to re-evaluate the
specificity of existing bioassay results, as well as provide a testing strategy in future
studies. The identification of high specificity of targets may advance the development of
adverse outcome pathways related to single PFAS, which may also be applied for PFAS
mixtures. The combined assessment in vitro cellular responses of PFAS and organism
exposure levels (e.g. human and fish plasma) can facilitate the comprehensive human

and environmental risk assessment of PFAS in the near future.
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Zusammenfassung

Per- und Polyfluoralkylsubstanzen (PFAS) sind nicht naturlich vorkommende
Chemikalien, die haufig in kommerziellen, industriellen und militarischen Produkten
verwendet werden. PFAS sind aufgrund ihrer Persistenz und Bioakkumulation
allgegenwartig in der Umwelt und in Organismen, einschlieBlich des Menschen. Viele
Studien haben in den vergangenen Jahrzehnten den Zusammenhang zwischen PFAS-
Exposition und Krankheiten gezeigt. Es gibt mehr als 14.000 PFAS-Chemikalien in der
CompTox Datenbank der US-Umweltbehorde, von denen aber nur wenige Uber
toxikologische Informationen verfugen. Zellbasierter Hochdurchsatz-Screening (HTS)
Biotests kann zur Risikobewertung einer gro3en Anzahl von PFAS beitragen, sofern eine
quantitative In-vitro zu In-vivo Extrapolation (QIVIVE) entwickelt werden kann. Die
Herausforderungen bei der QIVIVE liegen in der Vorhersagegenauigkeit der
Bioverfugbarkeit von PFAS, den Unterschieden zwischen verschiedenen Spezies sowie
der Spezifitat zellularer Antworten, welche moglicherweise auf unerwunschte Effekte
hinweisen.

Ziel dieser Arbeit war es, die toxischen Effekte und die Exposition von PFAS in
zellbasierten Biotests zu bewerten, damit diese fur die Risikobewertung eingesetzt
werden konnen. Das erste Ziel bestand darin, die In-vitro-Exposition zu messen und die
Bindungskonstanten von Plasmaproteinen zwischen den Arten zu bestimmen. Die
Bioverfugbarkeit von PFAS kann als freie Konzentration (Csee) in Biotests und Blutplasma
dargestellt werden. Die Bindung von PFAS an Proteine und Lipide fuhrt haufig dazu, dass
Ciree deutlich unterhalb der nominalen (d. h. dosierten) Konzentrationen (Cnom) liegt.
Festphasenmikroextraktion = (SPME)  kombiniert mit  Flussigchromatographie-
Massenspektrometrie (LCMS) wurde verwendet, um Csee vOn PFAS in Biomaterialien,
einschlieBlich Biotestmedien, Zellhomogenaten und Blutplasma zu messen. AulRerdem
wurden die Verteilungs- und Bindungskonstanten mit verschiedenen Modellen abgeleitet.
Bindungsisothermen von 16 PFAS im Plasma von Menschen und Forellen (Fischen)
verglichen. Anionische PFAS zeigten in den niedrigen Konzentrationsbereichen hohere
Bindungsaffinitat fur menschliches Plasma im Vergleich zum Forellenplasma, da im
menschlichen Plasma mehr Proteine vorhanden waren, was zu einer sehr starken und

spezifischen Bindung von PFAS fuhrte. Die Verteilung von PFAS in Plasma konnte auch
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mit einem Massenbilanzmodelle (MBM) vorhergesagt werden, welches mit den Protein-
Wasser- und Lipid-Wasser-Bindungskonstanten (chemische Eigenschaften) sowie den
Protein- und Lipidgehalten des Plasmas (Arteigenschaften) parametrisiert wurde. Das
zweite Ziel bestand darin, eine fundierte Risikobewertung mit einer vereinfachten Form
von QIVIVE verwendet, welche das Verhaltnis von menschlichen In-vivo-
Plasmakonzentrationen (Cpiasma) und zellbasierten In-vitro-Effektkonzentrationen (EC)
nutzt, entweder basierend auf Crom 0der Crree. Die Ciree kann experimentell gemessen oder
durch validierte MBMs vorhergesagt werden. Literaturwerte fir Chomplasma der PFAS
wurden gesammelt und Ciree plasma Wurde mit Hilfe des mit Plasmabindungskonstanten
parametrisierten MBM berechnet. Zur Ermittlung der Effektkonzentrationen EC der PFAS
wurde ein zellbasierter Reportergentest ausgewahlt, der die Aktivierung oder Hemmung
des Peroxisom-Proliferator-aktivierten Rezeptors Gamma (PPARYy) anzeigt, da sich
PPARs als spezifische Angriffspunkte fur PFAS erwiesen haben. QIVIVEsee-Verhaltnisse
sind die Verhaltnisse zwischen der frei gelosten PFAS-Konzentration im Blut und ihrem
ECtee. Die QIVIVE#ee-Verhaltnisse einiger hydrophober PFAS waren bis zu 1000-mal
niedriger als ihren QIVIVEnom-Verhaltnissen. Die Unterschiede wurden erklart durch eine
starke Affinitat der PFAS fur Proteine im menschlichem Blut, da Blut 50 mal mehr Protein
enthielt als das Biotestmedium, was zu einer hochspezifischen Bindung bei niedrigen
PFAS-Konzentrationen im menschlichen Plasma fuhrte, im Gegensatz zu einer
unspezifischen Verteilung an Proteine bei hohen Konzentrationen, die zur Auslosung
erforderlich waren ein Effekt in Biotests. Die Proteine und Lipide im Plasma kdnnen im
menschlichen Korper als PFAS-Reservoir fungieren, was zu einer chronischen Exposition
fuhren kann. Dies ist ein Beleg dafur, dass Ciee fur die QIVIVE verwendet werden sollte.
Fur eine umfassende Risikobewertung musste jedoch eine grof3e Anzahl zellbasierter in-
vitro Biotests mit verschiedenen toxikologischen Endpunkten angewendet werden. Das
dritte Ziel bestand darin, die spezifischen von unspezifischen Wirkungen von PFAS in
verschiedenen zellbasierten HTS-Biotests zu identifizieren, wobei die Basislinientoxizitat
(kurz Basistoxizitat) als Referenz dienen sollte. Als Basistoxizitat bezeichnet man die
minimale Toxizitat, die durch unspezifische Anreicherung von Chemikalien in den
zellularen Membranen verursacht wird. Wird die kritische Membrankonzentration
uberschritten, fuhrt dies zum Zelltod. Fur anionische PFAS und neutrale Chemikalien

wurden separate Modelle zur Vorhersage der Basistoxizitat entwickelt, die anschlie3end
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zur Berechnung des Spezifitatsgrades der Effekte von 30 PFAS auf sechs Zieleffekte
(Aktivierung von PPARYy, Aryl-Kohlenwasserstoff-Rezeptor, Reaktion auf oxidativen
Stress und Neurotoxizitat in eigenen Experimenten, sowie Literaturdaten zur Aktivierung
mehrerer PPARs und des Ostrogenrezeptors) genutzt wurden. HFPO-DA zeigte eine
hohe Spezifitat fur PPARs, wahrend die meisten PFAS nur unspezifische Effekte, d.h.
Basistoxizitat, zeigten. Dies impliziert, dass fur die Risikobewertung Mischungen von
PFAS besonders wichtig sind, da sich unspezifische Effekte in Mischungen
konzentrationsadditiv verhalten.

Zusammenfassend wird fur die QIVIVE von PFAS empfohlen, die
Bioverfugbarkeit, also Ciee, zu berlcksichtigen. Es ist dabei nicht immer notwendig, Crree
der PFAS zu messen, denn bereits gemessene Plasmakonzentrationen und
Effektkonzentrationen aus zellbasierten Biotests, basierend auf Cnom, konnen mithilfe von
MBMs in Ciee umgerechnet werden. Die Unterschiede der Plasmabindung konnen
ebenfalls vorhergesagt werden, wenn Protein- und Lipidgehalt des Plasmas und
Konzentrationsbereiche der PFAS bekannt sind. Der Gehalt an Proteinen und Lipiden im
Plasma unterscheidet sich nicht nur zwischen Arten, sondern auf Grund verschiedener
Faktoren auch zwischen Individuen. Die spezifische Bindung ist bei niedrigen
Konzentrationen sehr stark, wahrend die unspezifische Bindung bei hoheren
Konzentrationen niedrigere Bindungskonstanten aufweist. Das Modell zur Vorhersage der
Basistoxizitat kann moglicherweise die Spezifitat der Effekte von bestehender
Biotestergebnisse neu bewerten und Bereitstellung einer Teststrategie fur weitere Studien.
Die Identifizierung einer hohen Spezifitat von zellularen Reaktionen kann die Entwicklung
von AOPs (,adverse outcome pathways®) im Zusammenhang mit einzelnen PFAS
vorantreiben, die auch auf PFAS-Mischungen angewendet werden konnen. Die
kombinierte Betrachtung von zellularen Reaktionen, die durch PFAS hervorgerufen
werden und Expositionskonzentrationen von Organismen (z. B. in humanem und
Fischplasma) kann in naher Zukunft die umfassende Risikobewertung von PFAS in Bezug
auf die menschliche Gesundheit und die Umwelt voranbringen.
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1. Introduction
1.1PFAS in environment and their health risks

PFAS are manufactured chemicals that are widely used in commercial, industrial
and military products because of their unique properties of waterproofing, grease- and
heat-resistance (Gluge et al. 2020) . The Organization for Economic Co-operation and
Development (OECD) broadened the definition of PFAS to at least one perfluorinated
carbon (Wang et al. 2021), implying more than 14,000 PFAS in the Comptox Chemicals
Dashboard (Richard et al. 2023).

PFAS are highly persistent and have been termed “forever chemicals”. PFAS are
found in many environmental media, such as glaciers, water, soils and air-dust particles
(Evich et al. 2022), and their polluted concentrations are generally at nanomolar levels.
The bioaccumulation of PFAS in aquatic, terrestrial and aerial organisms is more alarming
(Ankley et al. 2021; Fenton et al. 2021). PFAS were detected at nanomolar levels in
general populations according to national surveys (Cakmak et al. 2022; Gockener et al.
2020; Petriello et al. 2022; Yu et al. 2020), while PFAS were higher up to micromolar
levels in workers and residents living near fluorochemical plants (Bao et al. 2022; Gao et
al. 2015; Peng et al. 2021; Rotander et al. 2015).

Epidemiological investigations suggested associations between exposure to PFAS
and human diseases caused by endocrine disruption (Mokra 2021), neurotoxicity
(Mariussen 2012), immunotoxicity (DeWitt et al. 2009), reproductive (Calvert et al. 2021)
and developmental toxicity (Rappazzo et al. 2017). Toxicological studies also revealed
some toxic mechanisms. PFAS show high affinities to proteins and the interactions of
PFAS with functional proteins dominate their molecular initiating events (MIEs) and key
events (KEs) in the adverse outcome pathways (AOPs), including activations of receptor-
mediated signaling pathways (Behr et al. 2020), interference of activities and functions of
enzymes (Liu et al. 2020; Wang et al. 2014), and competitive binding with transport-
proteins (Ren et al. 2016). The potential health impacts of PFAS have been a great
concern to society.



1.2New approach methodologies for risk assessments

Traditional toxicological methods using animals in the experiments are time-
consuming and ethically problematic, which is inadequate to generate biological safety
information for thousands of commercial PFAS. New approach methodologies (NAMs)
refer to innovative methods to replace the use of animals, improve the efficiency of testing,
and provide more accurate and human-relevant data, including in vitro testing, organ-on-
a-chip testing, high-throughput screening, as well as computer-based mimicking,
modeling and predicting.

1.2.1 Cell-based high-throughput screening (HTS)

Cell-based high-throughput screening (HTS) provides early warning of
bioactivations and also enables rapid detection of a large number of samples with robots
automatically. Tox21 and ToxCast, proposed by the U.S. Environmental Protection
Agency (EPA) and the National Toxicology Program , are
conducting large-scale testing of PFAS in cell-based HTS. Currently, 430 PFAS
(https://comptox.epa.gov/dashboard/chemical-lists/ EPAPFASINV) have been selected

for a serial bioassay test involving hundreds of endpoints

, such as transcription factors related receptor-mediated signaling pathways,
biomarkers related to immune system, sodium iodide symporter for thyroid function,
neurite outgrowth for neurotoxicity, cell proliferator, apoptosis and others.

1.2.2 Quantitative in vitro to in vivo extrapolation (QIVIVE)

Cell-based HTS has the potential to inform risk assessments of PFAS, provided
that the in vitro experimental data obtained from cell-based bioassays can predict the in
vivo responses in living organisms, namely quantitative in vitro to in vivo extrapolation
(QIVIVE). QIVIVE is a computer-based model to translate the concentration-response
curves (CRC) from cell-based bioassays into equivalent in vivo concentrations in plasma
considering a physiological process of absorption, distribution, metabolism and excretion
of chemicals . However, the challenges of QIVIVE
lie in the predictive accuracy of the bioavailability of PFAS in cell-based bioassays and
plasmas, as well as variations between different species for human and ecological risk.

2



PFAS may bind to components in bioassay medium and plasma, such as lipids and
proteins, resulting in the free concentration (Ciree) is usually lower than the nominal (i.e.
dosed) concentration (Crnom) . As the Cree is more relevant to the
bioavailability, the development of CRC with Cee is crucial for QIVIVE

. The prediction of Ciee in plasma also needs to consider the species differences
if the extrapolation is applicable for different organisms.

The Ciree can be measured experimentally with solid phase microextraction (SPME)
using fiber coated with C18 particles or polydimethylsiloxane (PDMS) that have been used
for charged and neutral pharmaceuticals in previous studies

. The fluorinated-carbon chain of PFAS can interact with the hydrocarbon chain of
C18 particles via van der Waals interactions, which provides an opportunity to measure
the Cree of PFAS from complex biomaterials with C18-coated fiber combined with liquid
chromatography mass spectrometry (LCMS). It may be able to inform risk assessment

with QIVIVE using the Ctee of PFAS in both human plasma and bioassays.
1.2.3 Adverse outcome pathways (AOPs)

Cell-based HTS can provide large-scale data on how PFAS interact with cellular
targets ,
which can be used to identify MIEs and KEs in AOPs. The information about the specificity
degree of PFAS on selected targets and the biomedical connections among targets will
facilitate the understanding of AOPs related to PFAS. Once PFAS-relevant AOPs are
established, the verifications of MIEs and KEs at the cellular level can help to figure out
possible pathways leading to adverse outcomes (AOs) for risk assessment. The challenge
of integrating cell-based HTS data with AOP lies in the definition of the specificity degree
of cellular responses. MIEs and KEs with higher specificity are more likely to occur at low
exposure concentrations of PFAS.

It is difficult to identify the specific from the nonspecific effects in large dataset of
cellular response because there may be inconsistent results caused by artifacts. Cellular
responses of PFAS on selected targets may be inferred by cytotoxicity burst when cells
are close to death . Cytotoxicity (cell death) can hence be a reference
for the definition of specificity . The loss of cell membrane integrity is

a critical event in the process of cell death. A common mechanism of nonspecific
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accumulation of chemicals on the cell membrane may disrupt the membrane function and
even destroy the membrane integrity, so-called baseline toxicity, the minimum (cy)toxicity

. Baseline toxicity can serve as an anchor to distinguish the specific
from the nonspecific effects of chemicals in cell-based bioassays.

1.3Baseline toxicity in cell-based bioassays

Baseline toxicity, also known as narcosis, is a nonspecific effect when chemicals
accumulate in the cell membrane exceeding the critical membrane burdens. Escher et al.

derived the critical membrane concentration of baseline toxicants that caused 10%
cytotoxicity (IC10,membrane,baseline) @s @ mean value of 69 mmol/Lii, from eight cell lines. The
cell membrane is primarily composed of the phospholipid bilayer. 1C10membrane baseline iS
related to the arrangement and stability of phospholipid molecules, and hence
independent of cell lines and constant for all organic chemicals. That means the concept
of baseline toxicity can serve as a universal anchor to assess the minimum (cy)toxicity of
individual chemicals or mixtures in different cell-based bioassays.

As most CRCs in cell-based HTS bioassay are established with Cnom of chemicals
in the bioassay medium, one needs to link the membrane concentrations
(IC10,membrane baseline) and free concentrations (IC1ofreebaseline) t0 Nominal concentrations
(IC10,nom,baseline) by @ mass balance model (MBM), so that we can apply this anchor for cell-
based HTS data. While 1C10,membrane,baseline iS constant, 1C1o free,paseiine is dependent on the
binding affinity of chemicals to membrane lipid layer, and IC10,nom,baseline is determined by
the experimental conditions and binding affinities of chemicals to proteins and lipids in the
medium and cells. A relationship of different metrics related to baseline toxicity can be
found in Figure 1.

Cellular baseline toxicity is predictable if the chemicals bound to proteins and lipids
of bioassay medium and cells are quantified. Since the lipid partitioning of chemicals to
cellular membrane is the major cause of baseline toxicity, the lipid binding constant (Diipw)
of individual chemicals is an important parameter to present the potent of baseline toxicity.
A linear relationship between protein binding constants (Dproteinw) @and Dipw can be derived
and used to predict the baseline toxicity of individual chemicals, resulting Diipw as the only

input parameters for the baseline toxicity prediction model. Escher et al. and Lee
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etal. developed such models to predict IC10,nom baseiine dependent on the Diipw, Which
serve well for neutral and cationic species but have some limitations for anionic species.
This may be caused by a strong protein binding of anionic chemicals. There are numerous
neutral and anionic PFAS due to the wide range of chemical structures and functional
groups. Short- and middle-chain length of carboxylic and sulfonic acids are common
degradation products of PFAS, which present as anionic species at physiological
conditions (pH=7.4). Hence, the linear relationship of protein and lipid bindings needs to
be updated for anionic chemicals, leading to separate models for neutral and anionic
PFAS.

Baseline toxicity prediction model [ ——

Cnom (dosed concentration) IM BM
CE” |C10,free,baseline
Cmembra ne

IC10,membrar'|e.baseline

1 own

Cfree,cytosol

Cfree,cytosol e Cfree,medlum

medium

Figure 1. Concept of baseline toxicity applied in the cell-based bioassays. Crom=nominal
concentration, Cree=free concentration, Dipw=binding constants between liposome and

water, MBM=mass balance model, IC=inhibitory concentration.

1.4 Aims and approaches of this thesis

This thesis aims to evaluate the toxic effects and exposures of PFAS in cell-based
bioassays for risk assessment. This includes three subprojects that are numbered
according to the publication time. In Publication 1, four anionic PFAS were selected as

case study to demonstrate the importance and impact of using Cree from both in vivo
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human plasma and in vitro cell-based bioassays on QIVIVE for risk assessment. In
Publication 2, the baseline toxicity prediction models were developed separately for
neutral and anionic PFAS, which were further used to define the specificity degree of 24
PFAS on selected targets in our cell-based HTS, as well as the specificity degree of 16
PFAS with literature data. In Publication 3, plasma bindings of 16 PFAS between human
and trout (fish) were compared to investigate species differences, which were explained
by the MBMs that are parameterized with the affinities and distributions of PFAS to plasma
proteins and lipids.

The information about the experimental methods, models, results and implications
from three papers is integrated and restructured to present the whole story in this thesis.
Brief introductions of three papers and a framework of this thesis is shown as Figure 2.
24 PFAS were used for experiments and detailed information can be found in Table 1.
There are 6 extra PFAS that were taken from literature only for data re-evaluations.

Structure information of 30 PFAS are in Table 2.

Publication 1 > Risk assessment of PFAS 2.1.1 SPME methods to
measure Cy.

= jn vivo human plasma concentrations
= in vitro cell-based effect concentrations
» QIVIVE ratios of PFAS with free

1

concentrations to inform risk assessment 2.1.2 Binding models to 2.1.3 Protein / Plasma !
derive binding constants binding of PFAS H

1

i

I

...........................

Publication 2 > Specific effects of PFAS 1

1
i
= Baseline toxicity prediction model 2.2 Validated MBMs to : feassallationofBRAS
» Cell-based high throughput screening predict blndl-ng SnsRne i mixture effects
» Specificity degree of PFAS in cell ! !
responses to promote AOP development !

i |
2.2.2 Validated MBMs to 2.2.3 QIVIVE ratios of 4.2 Development of PFAS
predict Ce PFAS with C relevant AOP

N I

i i i
= Bovine serum albumin v ! i

= Human and trout plasma . . —
> Protein/Plasma binding of PFAS to 2.3.1_Be_15e||ne toxicity 23.2 Spe_CIﬁCIty degree 4.1 Testing strategy for
analyze species difference prediction model of PFAS in cell response PFAS in bioassays
1

(a) Main research and results (b) Implications & Recommendations

Manuscript 1 > Species difference of PFAS

Figure 2. Framework of the thesis. (a) Main research and results from three papers are
restructured (chapter 2). (b) Implications of findings (chapter 3) and recommendations for
future studies (chapter 4).



Different SPME methods were developed for PFAS according to their
physicochemical properties (2.1.1). These methods are further used to study the binding
of PFAS with different biomaterials. The binding constants of PFAS with these
biomaterials were derived from different binding models based on their binding behaviors
(2.1.2). The binding isotherms from human plasma and trout (fish) plasma are compared
to analyze the species difference (2.1.3).

The binding constants of PFAS between plasma and water (Dpiasmaw), medium and
water (Dmediumiw), @and cell and water (Dceiw) can be derived experimentally and predicted
by the MBMs, assuming that proteins and lipids are major sorption phases (2.2.1). These
binding constants were used to predict the Csee in human plasma and in bioassays. A
comparison of experimental and predicted Cree can help to validate the accuracy of MBMs
(2.2.2). A ratio of either free or nominal concentrations in human plasma and in bioassays
are defined as QIVIVE ratio for risk assessments (2.2.3).

Baseline toxicity prediction models are derived from the validated MBMs that linked
the 1C10,membrane,baseline Of 69 mmol/Lip to 1C10,nom,baseline Of PFAS in different cell-based
bioassays, considering both experimental conditions and affinities of PFAS to protein and
lipids in the assay medium and cells (2.3.1). Baseline toxicity prediction models were used
to evaluate the specificity of 24 PFAS in four cell-based HTS, including three reporter
gene assays and one imaging-based neurotoxicity assay. We also demonstrated the
applicability of these models to other cell-based bioassays from literature (2.3.2).

All key findings are demonstrated for an overview of this thesis (3.1). Implications
of results from three papers are discussed in details, including species difference of
plasma binding (3.2), risk assessment with QIVIVE ratio (3.3) and the application of
baseline toxicity prediction models (3.4). Based on these existing researches, some
recommendations are proposed for future studies of PFAS, including a test strategy of
PFAS in cell-based HTS (4.1), development of PFAS-relevant AOP (4.2) and evaluation
of PFAS mixture effects (4.3).



Table 1. Information of PFAS and their application for different experimental purposes in

this thesis and literature.

SPME Baseline Cell- Liter

QIVIVE toxicity based

CASRN Full name Abbreviation ratio (4) Eg;hod predictio HTS (a1tz)re
n (11) (24)
1 422-64-0  Perfluoropropanoic acid PFPrA Yes
2 375-22-4 Perfluorobutanoic acid PFBA Yes Yes Yes Yes
3 5706'90' Perfluoropentanoic acid PFPeA Yes
4 307-24-4 Perfluorohexanoic acid PFHxA Yes Yes Yes Yes
5 375-85-9  Perfluoroheptanoic acid PFHpA Yes Yes Yes
6 335-67-1 Perfluorooctanoic acid PFOA Yes Yes Yes Yes Yes
7 375-95-1 Perfluorononanoic acid PFNA Yes Yes Yes Yes
8 §058'94' Perfluoroundecanoic acid PFUNA Yes Yes Yes
9 307-55-1 Perfluorododecanoic acid PFDoDA Yes
10 678-45-5 Perfluorooctanedioic acid PFOdA Yes
1 13252- Pgrfluoro-2-methyl-3-oxahexanoic HEPO-DA Yes Yes Yes Yes
13-6 acid
12 ;493'13' Trifluoromethanesulfonic acid TfOH Yes
3871-99- .
13 6 Potassium perfluorohexanesulfonate  PFHxS Yes Yes Yes Yes Yes
14 5795'39' Potassium perfluorooctanesulfonate PFOS Yes Yes Yes Yes Yes
15 S;g & 6:2 Fluorotelomer sulfonic acid 6:2 FTSA Yes Yes Yes
16 754-91-6 Perfluorooctanesulfonamide PFOSA Yes Yes Yes Yes
17 21 S50 N-Ethylperfluorooctanesulfonamide nEt-PFOSA Yes Yes
18 1691-99- N-EthyI-N-(2-hydroxyethy!) REt-PFOSE Yes
2 perfluorooctane sulfonamide
19 647-42-7  2-(Perfluorohexyl)ethanol 6:2 FTOH Yes Yes Yes
20 678-39-7  2-(Perfluorooctyl)ethanol 8:2 FTOH Yes Yes Yes
21 865-86-1 2-(Perfluorodecyl)ethanol 10:2 FTOH Yes Yes
22 ggfg o Hexaflumuron Hexaflumuron Yes Yes
23 8(7)?5 i Lufenuron Lufenuron Yes
24 212 Fubendiamide Flubendiamide Yes Yes
25 335-76-2 Perfluorodecanoic acid PFDA Yes
21837- 2,2-Difluoro-2-
26 08-9 (trifluoromethoxy)acetate sodium PFMOAA Yes
salt
27 62037- Ammonium perfluoro-2-methyl-3- HEPO-DA-AS Yes
80-3 oxahexanoate
28 375-73-5 Perfluorobutanesulfonic acid PFBS Yes
5-(1,2,2,2-Tetrafluoro)ethoxy-
29 749836- o fuoro-3-oxa-4- NBP2 Yes
20-2 . .
methylpentanesulfonic acid
30 204347 42 Fluorotelomer alconol 42 FTOH Yes




Table 2. Structure information of PFAS
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2. Main research and results

In this chapter, an overview of doctoral study is presented as the storyline depicted
in Figure 2 (a) with main results from three papers. Detailed information of experimental
methods, prediction models and results are introduced here to demonstrate the
progression of the research contents, but extensive explanations and more discussion are

in the original publications attached at the end of this thesis.

2.1SPME combined binding models to derive binding constants of PFAS with

biomaterials

SPME is a sample preparation technique prior to chemical analysis by instrument
(e.g., liquid chromatograph-LC, gas chromatograph-GC and mass spectrometer-MS). In
SPME fibers, a small amount of a stationary phase (e.g. C18 particles,
polydimethylsiloxane-PDMS or divinylbenzene-DVB) is coated onto a solid support. There
are four steps in the SPME process: extraction, equilibration, desorption and quantification.
The SPME fiber is inserted into the sample to extract the chemicals from biomatrix. After
equilibration of the assay system, the SPME fiber is introduced into desorption solvent or
analytical instrument to release the chemicals for further quantification by LCMS or GCMS.

The method development of SPME involves optimization such as extraction time,
temperature, shaking speed, desorption solvent and the volume of the sample to ensure
that the extraction process removes certain amount of chemicals from the sample matrix.
The concentrations of chemicals in water and fiber should be within the measurable
ranges of analytical instruments. These concentrations are used in the MBMs and binding
models to derive the binding isotherms and binding constants of PFAS with different
biomaterials. Applications of three SPME methods and three binding models are the
foundations in Publication 1, 2 and 3.

16 PFAS were selected to demonstrate the method development process of SPME
(Table 1), include 13 non-volatile PFAS (PFBA, PFHxA, PFHpA, PFOA, PFENA, PFUNA,
HFPO-DA, PFHxS, PFOS, 6:2 FTSA, PFOSA, hexaflumuron and Flubendiamide) and 3
semi-volatile FTOH (6:2, 8:2 and 10:2 FTOH). Their binding constants were derived from
different binding models based on their binding behaviors among biomaterials, including
bovine serum albumin (BSA), structural protein (SP), bioassay medium, cell homogenates
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and plasmas. Plasma bindings of 16 PFAS between human and trout (fish) were
compared for species analysis. Detailed description for the chemical selection and method
development can be found in Publication 3.

2.1.1 Method developments of solid phase microextraction

Three methods of SPME (Figure 3) were developed according to the properties of
16 PFAS. 13 non-volatile PFAS were extracted by C18-particle coated fibers from the
aqueous phase and then quantified by LCMS after the desorption of PFAS from the fibers.
3 semi-volatile FTOH were extracted by an assembly divinylbenzene-carboxen-
polydimethylsiloxane (DVB-CAR-PDMS) fiber from the gaseous phase in the headspace
of the vial in a closed system and then quantified by GCMS after the desorption of FTOH
from the fibers. The sample volumes and operations are different according to the

experimental conditions.

° T
Iy Tr

A
_PES
\ —
250 rpm (or 1200 rpm) - § 250 rpm (or 1200 rpm) Quantification
180-200 pl. §  shaking at 37°C shaking at 37°C Remave fiber by LOMS
— e L P >y R — e
C18-5PME \ >16h l 2h I

Sample vials Desorption vials

=
1—

.“ . ,. . 1000 rpm at 1000 rpm at Remove | ~ Quantification
BioSPME ﬁ. 200-600 uLi - .i 1 shaking 37°C L+ shaking 25°C 96-Pin A by LGMS
. e T = =
Y /,)J" 3 30-80 min 20-80 min : .

Sample plate Desorption plate

® . Ko el
N Vial in autosampj\er and Fiber inserlior] and extzaminn. Fiber desorption and ——.&_ i 31___ —hk.
— incubation at 37°C for —* 250 rpm shaking at 37°C for —— quantification by GCMS ===
10 min 30 min

Figure 3. Experimental workflows of three methods of solid phase microextraction
(SPME). C18-SPME with signal fibers and BioSPME 96-Pin Devices combined with liquid
chromatography mass spectrometry (LCMS) are used for non-volatile PFAS. Head-space

Head-space SPME ‘

SPME combined with gas chromatography mass spectrometry is used for semi-volatile
FTOH.

11



(1) C18-SPME and BioSPME

There are two kinds of C18-particles coated fibers for 13 non-volatile PFAS used
in different assays. C18-SPME using single fiber (57281-U, Sigma-Aldrich) is made of
metal alloy coated with 173 or 520 nL C18 particles. The coating volumes of C18 particles
were decided according to the affinities of PFAS to fibers. The advantage of C18-SPME
using single fibers is that samples were prepared in 1.5 mL HPLC vials and the
experimental conditions can be optimized individually. BioSPME 96-Pin Device (59683-U,
Sigma-Aldrich) has 96 polypropylene pins coated with 80 nL C18 particles. The advantage
of BioSPME 96-Pin Device is that 96 samples are prepared in a 96-well plate and can be
measured automatedly by a robot. The whole process can be completed in a short period
(< 2h). Detailed information for C18-SPME using single fibers can be found in Publication
1 and for BioSPME 96-Pin Device can be found in Publication 3.

As shown in Figure 4, the uptake kinetics were measured to determine the time
required to reach 95% equilibrium (to.95) of PFAS between fiber and water phases. The
to.osis determined by several factors. The coating volume and thickness of C18 particles
are different for two methods, leading the equilibrium times of C18-SPME using single
fibers (Figure 4a-d) and BioSPME 96-Pin Device (Figure 4e-h) vary from hours to minutes.
Hydrophilic PFBA reached equilibrium within a very short time, while more hydrophobic
ones needed longer time. The to.95 of PFOS in Figure 4d was 1.65 h — shorter than that of
PFOA (Figure 4b) and PFHxS (Figure 4c), because the small coating volume of 173 nL
and high shaking speed of 1200 rpm for PFOS extraction, while large coating volume of
520 nL and low shaking speed of 250 rpm for PFOA and PFHxS extractions.

Both C18-SPME and BioSPME can be used to study the binding of PFAS to BSA,
medium and plasma (Publication 1, 2 and 3). The binding of PFAS to cell homogenates
and structural protein were only measured by C18-SPME using single fibers (Publication
1 and 2), because the binding affinities of PFAS to cells and structural proteins are
considered weak, and a larger volume (173 or 520 nL) of C18 particle and a longer
equilibrium time (> 16 h) in vials can guarantee of the quality of SPME. The recoveries of
13 PFAS in two methods were around 90-120%. These results demonstrated that two
methods are validated to study the binding of PFAS with complex biomaterials.
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(a) PFBA C18-SPME (b) PFOA C18-SPME (c) PFHxS C18-SPME (d) PFOS C18-SPME
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Figure 4. Sorption kinetic of PFAS to (a-d) C18-SPME with individual fibers and (e-h)
BioSPME 96-Pin Device. The black dashed horizontal line is the total amount of chemical
(not) used in the samples. nw and niver (Npin) Were the measured molar amount of chemicals
in water phase and fiber (pin). The sum of nw and niver (Npin) Were compared with it to
derive the mass balance. togs5 is the time to reach 95% equilibrium and is indicated by
dotted vertical line. Detailed information of (a-d) can be found in Publication 1 and (e-h)
can be found in Publication 3.
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(2) Head-space SPME

A SPME fiber assembly with DVB-CAR-PDMS (57345-U, Sigma-Aldrich) was used
for 3 semi-volatile FTOH in the protein and plasma binding assays. Samples were
prepared individually in a 20 mL head-space vial with single FTOH dissolved in
biomaterials. The advantages of head-space SPME are that the whole process of SPME
and the measurement can be completed automatedly with an autosampler, and the
experimental conditions can be optimized individually. Detailed information for head-
space SPME can be found in Publication 3.

As shown in Figure 5, good linear regressions of the measured GC peak areas (A)
and the total concentrations (Cit) of FTOH were obtained (R?> 0.98) after optimizations
of experimental conditions, including sample volume, shaking speed, equilibrium time and
temperature, as well as instrument parameters. Head-space SPME was used to study the

binding of FTOH with proteins and plasmas.

(a) 6:2 FTOH . (b) 8:2 FTOH (c) 10:2 FTOH
8 8
. —_ | Y=1.02"X+6.85 (R°=0.988)
© o w©
o o ®
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2 = X
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=2 =3 £
< 44 <L 49 < 44
g g 2
- [
2 . . 2 r - ; 2 . : .
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log Cio [umoliL] log Cior [umoliL] 10g Ciot [HMOI/L]

Figure 5. Linear detector response for the measured GC peak areas (A) and the total
concentrations of FTOH (Ciot). Detailed information can be found in Publication 3.

2.1.2 Binding models for binding isotherms and constants

Neutral chemicals bind to proteins mainly with non-covalent bonds via
hydrophobicity, van der Waals interaction and hydrogen bonds. lonizable chemicals have
different charged forms at physiological pH=7.4, indicating an additional electrostatic

interaction may occur between charged ions and charged amino residues in the protein
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binding pockets, which influence the affinities of ionizable chemicals to protein and even
produce specific binding.

16 PFAS include fully charged anionic PFBA, PFHxA, PFHpA, PFOA, PFNA,
PFUnA, HFPO-DA, PFHxS, PFOS and 6:2 FTSA, and partially charged PFOSA,
hexaflumuron and Flubendiamide, as well as neutral 6:2, 8:2 and 10:2 FTOH. To better
understand their binding mechanisms, the protein binding assays were performed over 3-
4 orders of magnitude in concentrations, where the specific and nonspecific binding
constants can be differentiated by following models.

(1) Freundlich-type model
Freundlich isotherm model (eq 1) is an empirical model to describe the binding
behavior of chemicals to the sorption phase i (i = BSA, plasma, medium).

Chound,i=Krr* (Cy)™ (1)

Krr and nrr are Freundlich constant and exponent, which can be deduced from
experimental data by the logarithmic form of eq 1, namely Freundlich-type model (eq 2).
Inserting eq 3 into eq 2, the binding constants log Diw can be present by Krr and nrr (eq
4).

log Chound,i = Nrr* log Cy, +log K, (2)
Chound,i

Dy =22t 3)

Iog Dy = (nFr'1 )x Iog Cw +|Og Kee (4)

The average value of log Diw is approximately equal to log Kr:, if the ne: is close to
1, suggesting the bindings of PFAS to BSA, plasma or medium are independent of

concentration. In contrast, nrr < 1 suggests a concentration-dependent binding isotherm.

(2) Combined binding/partitioning model

The binding isotherms of some anionic PFAS were concentration-dependent,
which can be fitted nonlinearly with a combined binding/partitioning model (eq 5). The
specific binding is consistent with saturation kinetics and the nonspecific partitioning is
proportional to ligand concentrations.
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— cmax'cw
Cbound, total — Kg+Cu +Dnonspecifichw (5)

It is assumed there is only one specific ligand binding site in the protein. In an ideal
saturable binding, the molar ratio of bound PFAS and protein, v [molpras / MOlprotein] iS
close to 1. Hence, the v<1 is used to identify the saturable binding range with eq 6.
Dspeciic can be derived by eq 7 with a maximum bound concentration (Cmax) and
dissociation constant (Kq). The nonspecific binding constant, Dnonspecitic is derived from total
binding by eq 5 with the fixed values of Cmax and Ky from eq 6.

— cmax'cw
Cbound, specific™ Ky+Cuy (6)

—_— cmax
Dspecific_ 2xKgy (7)

This mechanistic model can also be used for plasma binding, assuming that
plasma protein binding is highly specific at one binding site, while the nonspecific binding
is relevant for plasma proteins and lipids at high concentrations. Therefore, the plasma
binding isotherm is fitted by eq 8 with an extra volume fraction of proteins for specific
binding.

— Crmax Cw Vprotein,plasma
Cbound, total (plasma) - K. +C X v . +Dnonspecifichw (8)
d™ w protein+lipid,plasma

As shown in Figure 6, the binding isotherm of HFPO-DA was fitted firstly with
Freundlich-type model resulting nrr < 1 (eq 2, Figure 6a), which suggested a
concentration-dependent log Desaw (€q 4, Figure 6b). The isotherm was then fitted with
mechanistic model (eq 5, Figure 6¢) and a saturable binding was identified in the low
concentration range (v < 1, eq 6, Figure 6d). The specific (eq 7) and nonspecific protein
binding constants (eq 5) of HFPO-DA can be derived. Although the nfr #1 of PFNA was
found (eq 2, Figure 6e), there is no saturable binding in Figure 6h that means the specific
binding cannot be distinguished from the nonspecific binding. The average log Dgsaw of
PFNA was derived with Freundlich-type model (eq 4) by setting nfr = 1.

All the binding constants of PFAS with BSA and plasmas were analyzed with the
same criterion and listed in Table 3. The values of log Dgsaw increase as the numbers of
perfluorinated carbons increase. Both specific and nonspecific log Desaw of PFBA, PFHXA,
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PFHpA, PFOA, HFPO-DA, PFHxS and PFOS can be identified, while only average values

of nonspecific protein binding for long-chain PFUNA, 6:2 FTSA and PFOSA were obtained.

Binding constants of some PFAS measured by traditional dialysis previously

were compared with the BSA binding isotherms

measured in this thesis (Figure 6). Literature data, which looked initially inconsistent, were

located in different regions of the binding isotherms, suggesting results from different

methods are comparable. The binding isotherms derived in this thesis depict a broader

view of binding behavior of these PFAS. The specific and nonspecific binding constants
were calculated for anionic PFAS that bind to proteins concentration-dependently.
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Figure 6. Bovine serum albumin (BSA) binding of (a-d) HFPO-DA and (e-h) PFNA. (a, e)
Data points were fitted linearly with the empirical Freundlich-type model (eq 2) and (b, f)

o Dggauy (this study) = Xia et al. (2013)

the concentration-dependent distribution ratios between BSA and water, log Desaw were
fitted linearly (eq 4). (c, g) Experimental data points were fitted nonlinearly with the
mechanistic combined binding/partition model (eq 5) and (d, h) the saturable specific
binding in the low concentration rage was derived with eq 6. Results of this study were
compared with literature data (green triangles and crosses)

. Detailed information can be found in Publication 3.
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Table 3. Binding constants of 16 PFAS with proteins and plasmas. Binding constants
between bovine serum albumin and water (log Dssaw), between human or trout plasma
and water (log Dpasmaiw) Were measured in this study. Average log Diw were calculated
with Freundlich-type model (egs 4, 13). log Diw of specific and nonspecific binding were
derived with combined binding/partitioning model (egs 5, 7, 8). In parentheses are the 95%

confidence intervals.

BSA: Human plasma: Trout plasma:
nu;n(l:)e |Og Desamw [Lwlerut] |Og Dplasmalw [Lwlerut+Iip] |Og Dplasmalw [Lw/Lprut +Iip]
P Of Cn  -- oo
F - Nonspecific - Nonspecific - Nonspecific
Specific or average * Specific or average * Specific or average *
2.44 197 2.20 135 143+
PFBA € (210-263)  (190-2.04)  (0.87-249)  (123-144) 2 (1.28-1.58)
3.26 2.69 3.19 261 249
PFHXA s (298-342)  (266-272)  (301-331)  (256-266) 2 (2.41-2.57)
412 3.47 410 3.20 332+
AR & (3.87-427)  (3.42-352)  (3.98-420)  (3.15-324) M@ (3.25-3.39)
458 3.88 445 3.65 418+
PFOA 7 (447-467)  (3.86-390)  (434-454)  (359-370) @ (4.14-4.21)
461 419+ 471%
A & e (4.56-465 "M@ (4.14-424) ™A (4.65-4.76)
475* 454+ 499+
PFUnA 10 na 4.71-480) M@ (4.49-459) " (4.96-5.03)
3.31 217 3.35 1.99 3.56 1.89
RUAPORDE g (295-350)  (2.05-226)  (2.77-358)  (1.93-2.04)  (3.08-378)  (1.67-2.04)
5.02 3.58 498 292 400+
PFHxXS 6 (490-511)  (350-364)  (480-5.11)  (2.78-303) @ (3.91-4.10)
bEOS o 5.27 417 482 407 5.49 457
(4.84-548)  (4.14-420)  (441-503)  (4.04-411)  (4.88-574)  (4.54-4.60)
_ 387+ 367" 411+
6:2 FTSA 6 na (3.84-390) M@ 363-370) M@ (4.04-4.19)
432+ 3.90* 433*
AR & e (4.28-437) " (3.86-3.93) MA@ (4.27-4.40)
Hexaflumuron 2 n/a 3.96 n/a 4.29* n/a 461"
(3.93-4.00) (4.24-4.35) (4.53-4.69)
Flubendiamid " 3.98* " 3.88* " 446+
e (3.93-4.02) (3.85-3.91) (4.42-4.50)
_ 267 273+ 277+
6:2 FTOH 6 na 254277y M (2.49-289) " (2.49-2.94)
_ 461 455+ 5.01*
H2 eI & e (448-472) " (449-461) M@ (4.90-5.10)
_ 6.72* 6.21* 6.86 *
10:2 FTOH 10 na (6.44-689) M@ 6.11-628) M@ (6.68-6.99)

n/a: not available
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(3) Mass balance model to derive binding constants of semi-volatile PFAS with peak
areas

Neutral chemicals bind to protein mainly with non-covalent bonds, which is
considered as nonspecific binding and independent of concentrations. The binding
constants of neutral FTOHs can be derived with the simple MBMs. Partition constants of
FTOHSs between air and water (Kairw) , wet glass surface and air (Kgass/air)
, and biomaterials and water (Diw, i=BSA, plasma) were used in the

MBMs to derive the concentration of FTOH in the aqueous phase of the PBS samples as

control, Cw (eq 9), as well as the aqueous phase of BSA and plasma samples, Cw,; (eq 10).

— Ntot (9)

W=
Vit Kairiw * Vair + Kairw * Kglass/airngIass

Cu= (10)

Vit Kairiw * Vair +Kairw * Kglass/air>< Sglass+Di/w xVi

Given a linear detector response (Figure 5), the GC peak areas of the FTOHs from
the control samples (Aw, €q 11), and BSA or plasma samples (Aw,, eq 12) can be assumed
to be linearly related to the concentration of the FTOH in the aqueous phases.

A,=slopexC,, (11)
A, i=slopexC,; (12)

The slope is the response factor of the GC measurement, which cancels out if a
ratio of peak areas (Aw/Aw,) is calculated. Insertion of eq 9 to eq 11 and eq 10 to eq 12
also cancels out the nyt for control samples, BSA and plasma samples. Diw was moved
to the left side of the equation to yield eq 13. The values of Kairw and Kgiass/air were from
literatures, volume of water (Vi) and air (Vair), as well as area of glass surface (Sgiass) were

measured in this experiment.

1 Aw
Di/wz(vw"'Kair/wx Vair+Kair/wagIass/airx glass) X VI x( A_ - ) (1 3)

W, i

As shown in Figure 7, BSA binding of neutral 6:2 FTOH, 8:2 FTOH and 10:2 FTOH
were measured at four concentrations and there was no significant difference (t-test,
p<0.05) of log Desaw among concentrations. Therefore, their log Desaw Were calculated

from the average values measured at different concentrations (Table 3).
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Figure 7. Bovine serum albumin (BSA) binding constants of 3 FTOH measured at different

concentrations.

2.1.3 Species difference of human and trout plasma bindings

Binding constants of 16 PFAS between plasma and water (log Dpiasmaw) measured
in this thesis are listed in Table 3. Log Dpiasmaw Of 13 non-volatile PFAS were derived from
the binding isotherms and 3 semi-volatile FTOH were from average values. There are
differences between human and trout plasma binding. Some specific bindings found in
human plasma cannot be identified in trout plasma. A comparison of binding isotherms of
human and trout plasma is shown in Figure 8. Differences were found in the low
concentration ranges of PFBA, PFHxA, PFHpA, PFOA and PFHxS (Figure 8a-d, h). This
may be due to lower protein and higher lipid content of trout plasma, where the nonspecific
binding of lipids may dominate the affinity of PFAS to the trout plasma already at low
concentration ranges. Both plasma binding isotherms were nonlinear for HFPO-DA and
PFOS (Figure 2g, i), because they have strong binding affinities to both proteins and lipids
in plasmas. PFNA, PFUNnA, 6:2 FTSA and PFOSA (Figure 8e, f, j, k) showed slightly
concentration-dependence for human plasma binding but almost independent of
concentrations for trout plasma binding. These results shown species difference in human
and trout plasma bindings of PFAS, which can be explained by the affinities of PFAS to
proteins and lipids (chemical characteristics), as well as the protein and lipid contents of

the plasmas (species characteristics).
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Figure 8. Human plasma (HP) and trout plasma (TP) binding isotherms of 11 anionic
PFAS. Curves were fitted linearly with empirical Freundlich-type model (eq 2) or
nonlinearly with mechanistic combined binding/partitioning model (eq 8). The selection of
models was based on whether the binding isotherms were concentration-dependent
(Table 3).
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2.2Binding constants and free concentrations to inform risk assessment with
QIVIVE ratios

It is possible to measure the Cree of PFAS in various biomaterials with SPME and
to derive the binding constants with different binding models. In this subchapter, versatile
MBMs are developed to predict the binding constants of Dyiasmaw in Publication 1 and 3,
as well as Dmediumw and Dceiw in Publication 1 and 2. These binding constants are further
used to predict the Ciee of PFAS in human plasma and bioassay medium. The validated
MBMs are supposed to serve more chemicals that cannot be measured experimentally.

The free concentrations are more relevant to bioavailability, which is a practical
reference for the internal concentration, compared with the concentration predicted from
external dose after the mimicking of absorption, distribution, metabolism and excretion
process. In a simplified model, the Ciee (internal concentration) of PFAS is related to
binding constants and predictable. A ratio of free concentrations of PFAS in human
plasma (Crreeplasma) and freely effect concentrations of PFAS in cell-based bioassays
(ECtee), namely QIVIVEree ratio, is expected to make cell-based HTS data widely used to
inform risk assessment in a simple way. Detailed information can be found in Publication
1.

2.2.1 Mass balance models for binding constants

The binding constants of PFAS with biomaterials were obtained experimentally for
plasmas (Publication 1 and 3), bioassay media and cell homogenates (Publication 1 and
2). Although the components in these biomaterials are complex, PFAS are prone to bind
with proteins and lipids, suggesting the complex prediction of binding constants Dpjasmaw,
Dmediumw and Dceinw (at pH=7.4) can be simplified by MBMs with the distribution of PFAS
to proteins and lipids. Dpiasmaw Was further used to predict the Crree,piasma Of PFAS in the
human plasma with epidemiological data from literatures or national health surveys.
Dimediummw and Dceiw Were further used to predict the Ciree medium Of PFAS in the bioassay
medium. A comparison of Ctreemedium between experimental values or predicted values
with Dmediumw and Dcenw can verify the accuracy of the MBMs.

It is assumed that proteins and lipids are major sorption phases of PFAS in plasmas,

bioassay media and cell homogenates. Dpjasmaw, Dmediumw and Dceiiw were predicted by eq
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14 with protein binding constants Dproteinw @nd lipid binding constants Dipiaw, as well as
the volume fractions of proteins and lipids in these complex biomaterials.

\V - Vi
— protein,i lipid,i
Di/w_Dprotein/wx v +Dlipid/wx v (14)

protein+lipid,i protein+lipid,i

Notably, the surrogates of Dproteiniw fOr protein binding and Diiiaiw for lipid binding
need to be determined differently according to the components of the biomaterials. Dgsamw
is a proxy for all functional plasma protein distribution. Human plasma may contain
approximately 40% phospholipids and 60% neutral lipids

, where the binding constants of liposome and water Diip;w as a proxy for phospholipid
distribution, and binding constants of olive oil and water Doiw for neutral lipid distribution.

Dpiasmaiw can be predicted by eq 14-1.

V, i 0.40% V)i 0.60% Vjjp;i

— protein,plasma lipid,plasma lipid,plasma

Dplasma/w_DBSA/wx v . +Dlip/wx v . +Doi|/wx v . (14'1)
protein+lipid,plasma protein+lipid,plasma protein+lipid,plasma

However, the volume fractions of lipids in medium and cell homogenates were far
less than that of proteins, and the lipid types cannot be distinguished. Dipw is a proxy for
all lipid distributions. Dmediumw Can be predicted by eq 14-2.

Vprotei di Viipid,medi
Dinediumiw=Dasam* 7" +Djjpy, X - ——=—m— (14-2)

protein+lipid,medium protein+lipid,medium

Since the most abundant proteins in cells are structural proteins (SP), for which
muscle proteins are better surrogates than BSA. Dceiw can be predicted by eq 14-3 with
Dspw referring to the binding constants of SP and water.

\V . Vi

_ protein,cell lipid,cell

Deeiw=Dspw* 57— +Djip X ———— (14-3)
protein+lipid,cell protein+lipid,cell

The binding constants of 16 PFAS with human and trout plasmas (Table 3) were
derived from the binding isotherms (Figure 8) including specific and nonspecific values,
as well as the average values. These binding constants can also be predicted by MBMs
(eq 14-1). All the predicted log Dpasmaw Were within a factor of ten compared to the
experimental ones for human (Figure 9a) and trout plasmas (Figure 9b). The distribution
ratios of 11 PFAS with medium and cells were obtained experimentally at the
concentrations that triggered 10% cytotoxicity. The predicted log Dmediumw (€q 14-2, Figure
9c) and log Dcew (€q 14-3, Figure 9d) agreed well with experimental ones.
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Figure 9. Prediction of binding constants of PFAS with different biomaterials by mass
balance models (MBM). The binding constants of plasma and water, log Dpiasmaw (PH =
7.4) of 16 PFAS with (a) human plasma and (b) trout plasma were measured
experimentally (Exp) and plotted against predicted Dpasmaw by €q 14-1. The binding
constants of (¢) medium and water, 109 Dmediumw (PH = 7.4) and (d) cell and water, log
Dcenw (pH = 7.4) of 11 PFAS were measured experimentally and plotted against predicted
Dimediumw by €q 14-2 and Dceiw by eq 14-3. Detailed information of plasma binding can be
found in Publication 3, and medium and cell bindings can be found in Publication 2.

2.2.2 Mass balance models for free concentrations in plasma and in vitro

bioassays

Crreeplasma Was calculated by eq 15 with the nominal concentration of PFAS in

human plasma from the epidemiological investigations.

cnom,plasma x Vw

Cfree, plasma = Vi +D (1 5)

plasma/wx Vprot+|ip, plasma

The Cireemedum Of PFAS in bioassay medium after 24 h-exposed to cells can be
predicted for a serial dilution of concentration as the change of Cnom in the bioassays with

eq 16. Insertion of Dmediumw (€q 14-2) and Dcenw (eq 14-3) yields eq 17.

Chom X Vtot

Cfree,medium =
Vw"'Dmedium/wx Vprotein+|ipid,medium +Dce||/wx Vprotein+|ipid,ce|l

Chom X Vtot

Cfree,medium =
ViwtDgsajmw > Vprotein,medium +Dlip/wx VIipid ,medium +Dgppy* Vprotein,cell +Dlip/w x VIipid,ceII
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Meanwhile, the cytotoxicity and cell response of defined targets were measured to
derive the concentration-response curves (CRCs), where inhibitory concentration of 10%
cytotoxicity (IC1o, €q 18) or effect concentration of 10% response of defined targets (ECho,
eq 19) can be derived from the linear portions of the CRCs. Both Cnhom and Cfree medium are
used to develop the CRCs in the bioassays, resulting two concentrations of 1C1onom and
IC10,iee regarding the cytotoxicity for comparison. Similarly, both EC10,nom and EC1o free are

obtained regarding the cell response of defined targets.
10%
Slope (of CRC regarding cytotoxicity)

10%
Slope (of CRC regarding cell response of defined targets)

ICqo = (18)

ECyo = (19)

As shown in Figure 10, PFAS are prone to bind with medium components leading
lower Ciree medium than the associated Cnom (Figure 10). As the number of carbons of three
perfluoroalkyl carboxylic acid (PFCA) increased, the Cireemedium deviated more from the
1:1 line to corresponding Cnom (Figure 10a). The relationship between log Ciree,medium and
log Crom Was not linear, which was most pronounced for PFHxS and PFOS (Figure 10e)
because sulfonic acids were found to have specific binding to protein at low concentration
ranges resulting in lower Cree,medium-

The Ciree medium predicted by the MBM (eq 16) with Dmediumw and Dceiw agreed well
with experimental ones in a concentration-dependent way (Figure 10b-d, f-h, hollow
shapes). Ciree,medium predicted by the MBM (eq 17) with Dipw, Desaw and Dspw were also
consistent (Figure 10b-d, f-h, crosses) because the experimental Dmediumw wWere
represented well by log Desaw and log Diipw (Figure 9c), as well as the log Dcenw with log
Dspw and log Diipw (Figure 9d).The IC10 (eq 18) were derived with both Cnom and Ciree,medium
for comparison. A comparison of experimental values and predicted values in Figure 9
and Figure 10 validated the accuracy of MBMs in the prediction of binding constants and

free concentration in assay medium.
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Figure 10. Relationship between nominal (Crom) and measured free (Cree,medium)
concentrations of PFAS in the PPARy-GeneBLAzer assay. Cfree,medium Were measured
experimentally for (a-d) three perfluoroalkyl carboxylic acids and (e-h) three perfluoroalkyl
sulfonic acids. Crree,medium Were predicted concentration-dependently by the mass balance
models (MBMs) from Cnom with distribution ratio between medium and water (Dmediumw)
and cell and water (Dceiw) measured in this study (eq 16), or with distribution ratio between
BSA and water (Dssaw), between structural protein and water (Dspw) and liposome and
water (Dipw) (eq 17). Inhibitory concentration IC1ignom Or ICiofree Were derived from
concentration-response curves at 10% cytotoxicity with Cnom or measured Ctree,medium.

Detailed information can be found in Publication 2.
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2.2.3 QIVIVE ratios for risk assessment

Risk assessment of chemicals needs to consider both human exposed levels and
bio-effective concentrations. To inform a better risk assessment with cell-based HTS data,
QIVIVE ratio is defined as eq 20. QIVIVE ratio > 1 indicates in vitro effects likely occurred

in in vivo clinical effects.

QIVIVE ratio=—2asma_ (20)

Ecbioassay

As nominal concentrations are widely reported in the epidemiological investigations
and in HTS database, QIVIVEnnm ratio is easily obtained by eq 20-1.

QIVIVE,, ratio=c'“’EmC'—:('):m (20-1)

The exposure concentrations of PFAS detected in human plasma are usually at
nanomolar while the effect concentrations of PFAS in cell-based bioassays are at
micromolar. The great difference of the concentrations leads to different binding constants
because PFAS bound to proteins of medium and plasma in a concentration-dependent
way. The Dpjasamw and Dmediumw may result in different Ciree plasma@nd  Cree,medium. HOWever,
Cree is more relevant to bioavailability in both human bodies and bioassays. The
QIVIVEfee ratio by eq 20-2 is suggested to use to inform potential risk how PFAS exposed

in human is relevant to cell response.

QIVIVE,, ratio= % (20-2)

As an illustrative example, we calculated the QIVIVE ratio with the EC of PFAS in
the PPARy GeneBLAzer assay, as well as Cpasma Of PFBA, PFOA, PFHXS and PFOS in

workers and residents living near fluorochemical plants from Bao et al. and Gao et
al. or the general population in the usS
(https://www.cdc.gov/exposurereport/data_tables.html) and Gao et al . As shown

in Figure 11, for hydrophilic PFBA, the QIVIVEnom and QIVIVEsee ratios was similar, while
large differences were found between QIVIVEnom and QIVIVE#ee ratios for PFOA, PFHXS
and PFOS, because their protein bindings are highly concentration-dependent with a high-
affinity specific binding at low concentrations and lower nonspecific binding at higher

concentrations. Thus, the low concentrations in human plasma are strongly bound to
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proteins, while the high concentration needed to trigger effects in in vitro bioassays have
a higher fraction unbound. QIVIVE#ee ratios <<1 does not mean it is safe. Proteins and
lipids in plasma may act as reservoirs of PFAS, reducing the freely dissolved
concentration of PFAS. But a majority of bound PFAS still accumulate in the body and
can be remobilized to different tissues and organs via blood circulation. This may result in
long-term exposure at low free concentrations, suggesting that chronic toxic effects are

more of concern than the acute toxic effects of PFAS on human health.

Fluorochemical plant General
102 ‘
v :
1004 M <«—Risk
o :
T 5 O PFBA
£ 10 - R
u o 1 h B PFOA
> 10 a | PFHxS
€] : o
(05 I | v PFos
10-8 T T : T T

nom free nom free
Figure 11. Quantitative in vitro to in vivo extrapolation (QIVIVE) ratio of PFAS with nominal
and free concentrations. QIVIVE ratios for workers and residents living near
fluorochemical plants and general population were derived with nominal concentrations
(nom, eq 20-1) or free concentrations (free, eq 20-2) of human exposure level and effect

concentrations in the PPARy-GeneBLAzer bioassay. Detailed information can be found

in Publication 1.
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2.3Baseline toxicity as an anchor to define the specificity level of PFAS in cell-
based HTS

Cell-based HTS data can be used not only to inform risk assessment via QIVIVE
ratio, but also to develop PFAS-relevant AOPs if the specific responses of MIEs and KEs
can be identified in cellular level. In this subchapter, the nonspecific baseline toxicity
serves as an anchor to define the specificity degrees of cellular responses of PFAS.

Baseline toxicity prediction models are derived from the validated MBM that links
the [C10,membrane,baseline @Nd 1C10 free,baseline t0 1C10,nom baseline Of PFAS in the bioassay medium.
The nominal inhibitory concentration of tested chemicals that caused 10% cytotoxicity,
IC10,nom is derived from the linear portion of the concentration-cytotoxicity curve, as well as
effect concentration of defined targets, ECr nom is from the concentration-response curve.
Ratios of predicted IC10nom,baseline and experimental IC1o,nom or ECF nom are defied as toxic
ratio (TRnom) and specificity ratio (SRnom) to present the potent of cytotoxicity and
specificity of cellular responses. A relationship of TRhom and SRnom can be found in Figure
12.

Baseline toxicity prediction models were used in our experimental data of 24 PFAS
on four cell-based HTS, including three reporter gene assays targeting PPARy and the
aryl hydrocarbon receptor (AhR) and oxidative stress response of AREc32, as well as an
image-based neurotoxicity assay that quantifies inhibition of neurite outgrowth. Baseline
toxicity prediction models were also used to re-evaluate literature data of 16 PFAS on five
cell-based bioassays targeting human/rat PPARy, human/rat PPARa and human

estrogen receptors (hERs). Detail description can be found in Publication 2.
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Figure 12. An overview of the dose-metrics and baseline toxicity prediction models for
cell-based bioassays. Abbreviation: TR=toxic ratio, SR=specificity ratio, 1C=inhibitory
concentration, EC=effect concentration, MBM=mass balance model, SPME=solid phase
microextraction, nom=nominal concentration, free=free concentration, Djpw=distribution

ratio between liposome and water. Detailed information can be found in Publication 2.

2.3.1 Baseline toxicity prediction models

Chemicals inevitably accumulate in the membrane during the cellular uptake from
medium into cytosol. The partitioning to membrane lipid bilayers can be simulated by

phospholipid vesicles, so-called liposomes, Dipw as eq 21.

Cj;
Dlip/w=c%: (21)
Due to the high membrane permeability, passive diffusion has been proven to
dominate the cellular uptake of even the anionic PFAS . We assumed

the free concentration in the cytosol 1C1ofree,cytosol @nd in the medium that trigger baseline
toxicity IC1o free baseline are equal at steady state. If Cip is related to a constant cell membrane
concentration of baseline toxicants, namely IC10membrane baseline Of 69 mmol/Lip, the Cw
presents the IC1o free,cytosol @and [C1o free baseline Of baseline toxicants in the aqueous phase of
both cells and medium. Then, IC1ofree,baseline Can be calculated by transforming eq 21 to eq
22.

—_ IC10,membrane,baseline = 69 mmOI/I-Iip

I(-\'1O,free,baseline_ ) ) (22)
DI|p/w DI|p/w
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The nominal concentration 1C10nom,baseline can be derived from [C1o free,baseline DY

inserting eq 22 into eq 17 and moving the IC10,nom,baseiine t0 the left side as eq 23.

69 mmol/Lyj, % ViwtDesam* Vprotein,medium * Diip/w * Viipid, medium *Pspw * Vprotein,cell  Diipw* Viipid,cell

10,nom,baseline Diipiw Viot

(23)

Baseline toxicity usually occurs at high concentrations where the nonspecific
protein and lipid bindings dominate. There is a linear relationship between proteins (log
Dgsaw or log Dspiw) and lipids (log Diipw) for nonspecific binding as eq 24.

Iog Dprotein/wzaxlog Dlip/w"'b (24)

Our experimental data log Dproteinw Of @anionic PFAS were plotted against the log
Dipiw as eq 24-1 for functional proteins that BSA is as surrogate, as well as in eq 24-2 for

structural proteins.
log Dgsan(@nionic PFAS)=0.75x%log Dy, +1.01 (R2=0.88) (24-1)
log Dspyy (anionic PFAS)=0.46x%log D, *+1.50 (R2=0.85) (24-2)

The relationship of log Dssaw against log Diipw for neutral chemicals were derived

as eq 24-3, as well as log Dspw against log Diipw as
eq 24-4.
log Dgsamw(neutral)=0.70%log Djj,,+0.34 (24-3)
log Dspyy (neutral)=0.72xlog Djip,-0.47 (24-4)

Inserting eq 24 to eq 23, yields an equation that is only dependent on the log Dipw
and volume fractions of proteins and lipids in bioassay systems. The model can be fitted
by an empirical exponential equation to mathematically simplify the equation to reduce to
three adjustable parameters (eq 25). Parameters a, b and c are adjusted by inserting
bioassay-specific volumes of protein and lipids in cells and medium measured in this

thesis.

1

log ( )=a+bx(1-g7* 109 Dipiw ) (25)

IC10,n0m,base|ine
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Notably, anionic PFAS bind more strongly to proteins than comparable neutral
chemicals, leading a separate baseline toxicity QSAR for neutral and anionic PFAS.
Baseline toxicity prediction models for neutral and anionic PFAS derived from four
bioassays are listed in Table 4.

Table 4. Parameters of the empirical baseline toxicity prediction model (eq 25) of neutral
and anionic PFAS in four cell-based bioassays and the generic cell.

Anionic PFAS Neutral chemicals (PFAS)
Assay Medium 0 smmeeem-eeooeeo-eoooooooooo Fommmm e

a b c i a b c
PPARy (HEK293H) OptiMEM + 2% FBS 1.25 4.76 0.251 1 1.24 5.47 0.235
AREc32 (MCF7) DMEM Glutamax + 10 % FBS  1.22 3.78 0.263 1 1.26 4.43 0.278
AhR (H4lle) DMEM Glutamax + 10 % FBS  1.22 3.78 0.263 1.26 4.45 0.277
Neurotoxicity (SH-SY5Y) Neurobasal medium 1.22 4.07 0.247 1.23 5.61 0.209
Generic cell Generic medium 192 379 0.262 196 4.47 0.275

(6% proteins, 0.1% lipids) (0.3% proteins, 0.001% lipids)

As shown in Figure 13, the models differ because the protein and lipid contents in
the assay systems were different, resulting in separated lines of prediction models for
anionic PFAS (Figure 13a), as well as for neutral chemicals in general that includes neutral
PFAS (Figure 13b). If the baseline toxicity models were used to evaluate literature
bioassay data with undisclosed conditions, we assumed a generic cell model condition by
using defined experimental conditions as shown in Table 4 for both anionic and neutral
PFAS. Two generic models are compared in Figure 13c, where the two lines started to
separate at log Diipw > 2. This is due to anionic chemicals having higher affinity to proteins
despite baseline toxicity occurs at concentrations, where the protein binding is dominated
by nonspecific binding. At log Dipw < 2, IC10,nom Of the hydrophilic chemicals are close to
their IC10mree. Therefore, eq 23 are simplified to eq 26, which is similar to eq 22 and is valid

for neutral, anionic and cationic organic chemicals.

69 mmol/Lyi,

(26)

IC1O,nom,ba3eline ~ I(-\'10,free,baseline = D
lip/w
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Figure 13. Bioassay-specific baseline toxicity prediction models. Baseline toxicity
prediction models for (a) anionic PFAS and (b) neutral chemicals in general that includes
neutral PFAS in four cell-based bioassays: PPARy-GeneBLAzer (magenta), AREc32
(green), AhR CALUX (gold) and neurotoxicity (blue). (c) Baseline toxicity prediction
models with the generic cell model for anionic PFAS (solid line) and for neutral chemicals
(dashed line).

2.3.2 Specificity of PFAS in cell-based bioassays

The cytotoxicity IC10nom (€q 18) and the effect concentrations EC1onom (€q 19) from
these assays were compared with 1C10,nom baseline t0 derive toxic ratios (TRnom, €9 27) and
specificity ratios (SRnom, €q 28), which were used to determine if the effects of PFAS are

specific.

TRom= 1C10.nom paseline -

IC10,nom

Chemicals with TR < 10 are classified as baseline toxicants. TR > 10 suggests
there may be some specific mode of actions triggering the toxic effects before baseline

toxicity occurs

SR.._ = [C10n0mpaseiine (28)

nom ECnom

SR < 1 suggests the effects on the defined target may be nonspecific. 1 <SR <10

is considered as moderate specificity with uncertainty. SR > 10 is specific
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Four cell-based HTS were selected as experimental battery, including three
reporter gene assays targeting oxidative stress of AREc32, nuclear receptors of PPARy
and AhR, as well as an image-based neurotoxicity assay that quantifies inhibition of
neurite outgrowth of differentiated SH-SYSY cells. Because these targets may be relevant
to PFAS according to previous studies, but only several comment PFAS were tested

. Here,
24 PFAS were tested in 384-well plate format.

As shown in Figure 14, the measured 1C10nom Were within a factor of 10 to the
IC10,nom,baseline predicted by the four bioassay-specific models and all well within the grey
band of 0.1 < TRnom < 10 of the generic model, indicating that these PFAS did not show
specific effects but the cytotoxicity on four cell lines were caused by baseline toxicity.

(a) TR,,om of anionic PFAS (b) TRpom of neutral PFAS
3’ TRrom Z 7 TRnom
© 10 © I
£ s s E 5 e
’E ’-E >~ T Aw 01
2 0.1 2 W
S 3 s 3 -
o —e PPARY O L o PPARy
= —+ AREc32 = - i AREc32
—_— AhR > 1 AR
=} = Generic model —# Neurotoxicity o = = Generic model -#- Neurotoxicity
0 2 4 6 8 0 2 4 6 8
|Og Dliplw [Lw/LIip] log DIip/W [Lw/LIip]

Figure 14. Toxic ratios (TRnom, €q 27) of 24 PFAS in four cell-based HTS assays. (a)
Nominal inhibitory concentration at 10% cytotoxicity 1C1o0,nom Of 16 anionic PFAS in four
cell-based bioassays: PPARy (magenta circle), AREc32 (green triangle), AhR (gold
diamond), and neurotoxicity (blue square) and color-matched bioassay-specific baseline
toxicity prediction models, as well as the generic model (black line). The grey area depicts
the range for baseline toxicity of 0.1 < TRnom < 10. (b) IC10,nom Of neutral PFAS in four cell-
based bioassays compared with the baseline toxicity prediction models, as well as the
generic model (black broken line). All fit parameters of the empirical baseline toxicity
prediction model (eq 23) are given in Table 4. Detailed information can be found in
Publication 2.
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As shown in Figure 15a, the measured EC1onom Of the agonistic effects on PPARYy,
AREc32, AhR and neurotoxicity, as well as suppression ratio of 20% (ECspr20,nom) Of the
antagonistic effects on PPARy were compared with the [C10,nom,baseline from anionic or
neutral baseline toxicity prediction models. The SRnom of most PFAS were within 0.1-10,
indicating that the effects of PFAS in the tested assays are nonspecific and caused by
baseline toxicity. Only HFPO-DA had a SRnom >10 for the agonistic mode of PPARYy assay,
indicating HFPO-DA may be a specific PPARy agonist.

As shown in Figure 15b, Evans et al. studied agonistic effects of 16 PFAS
on five defined targets from human or rat, including hPPARYy, rPPARy, hPPARa, rPPARa
and hER. The EC1onom Were re-calculated from their data and divided by 1C10nom baseline
from the anionic- or neutral-generic models. HFPO-DA, HFPO-DA-AS, PFMOAA showed
SRnom > 10, and the other 13 PFAS either had no effects or had 0.1 < SRnm<10 and were
therefore classified as baseline toxicants.

(a) (b)
Z 10 g 10 :
n:g ¢ nég a
N [ R o : N. A w10 ¥ N. A.
8 « « PPARy @ > . ¢ + hPPARy
'(‘_i‘ o Lc0 I =T P SO P ARR ‘% 100 e B g ° o r-PPARy
s . L * jad *
= ’ " o= & .. .+ h-PPARG
E 10-14 . '- = = Neurotoxicity E 104 e . s r-PPARa
§ é . + h-ERs
0 10 w10

2 4 5 8 1 2 3 4 5 8
109 Diipyu [Lu/Lip] 109 Diipy [Lu/Lip]

o
[a]

Figure 15. Specificity ratios (SRnom, €9 28) of PFAS in cell-based bioassays. (a) SR of 16
anionic (A.) and 8 neutral (N.) PFAS in cell-based bioassays of PPARy, AhR and
neurotoxicity measured in this thesis. (b) SRnhom of 12 anionic and 4 neutral PFAS in cell-
based bioassays of human (h) PPARYy, rat (r) PPARy, hPPARa, rPPARa and human
estrogen receptors (hERs) from Evans et al. . Detailed information can be found in
Publication 2.
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3. Implications of findings

In this chapter, key findings are collected to present the achievement of doctoral
study. Implications from these findings are discussed for further applications. A better
understanding of bioavailability and species differences of PFAS in cell-based bioassays
and human plasma would improve the accuracy of QIVIVE. The identification of specific
from nonspecific effects would facilitate risk assessment of PFAS using data from cell-
based bioassays.

3.1Key findings

The SPME methods were developed and optimized in this thesis to study the
binding of PFAS to various biomaterials over 3-4 orders of magnitude in concentrations
with small sample volumes. Only 180 uL of samples of non-volatile PFAS were needed
for C18-SPME and BioSPME combined with LCMS, and 5 mL of samples of semi-volatile
FTOHSs for head-space SPME combined with GCMS. These volumes are lower than the
volumes used in traditional dialysis experiments. The versatile C18-SPME are expected
to apply for PFAS with more biomaterials.

The nonlinear binding isotherms of anionic PFAS with proteins and plasmas were
characterized by a Freundlich-type model and the specific and nonspecific binding
constants were further derived by the combined binding/partitioning model (Table 3). The
binding isotherms of PFAS over a wide concentration range depict a broader view to better
understand the concentration-dependent protein binding (Figure 6). The binding constants
of anionic and neutral PFAS derived by different binding models demonstrated their
different binding behaviors.

Differences were found between the binding isotherms of some anionic PFAS with
human and trout (fish) plasma in low concentrations (Figure 8), which can be explained
by different contents of proteins and lipids. Their binding constants were predicted by
MBMs and all the predicted results were within a factor of ten compared to the
experimental values for human and trout plasmas (Figure 9a-b), suggesting that the
plasma binding across species or between individuals could be predicted if the binding
constants of proteins and lipids for PFAS and volume fractions of proteins and lipids in the

plasmas are known.
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QIVIVE ratios are defined with nominal and free concentrations of chemicals in
human plasma and in bioassays. QIVIVE#ee ratios << QIVIVEnom ratios (Figure 11) can be
explained by the concentration-dependent protein bindings of anionic PFAS, where a
high-affinity specific binding with plasma proteins at low concentrations and lower
nonspecific binding with medium proteins at high concentrations. The free concentrations
are bioavailable and can be predicted well with MBMs, which facilitates the realization of
using QIVIVE#ee ratio with cell-based HTS database to inform risk assessment for human
beings.

PFAS were found to have toxic effects in cell-based HTS, but the ratios between
|C10,nom,baseline Of baseline toxicity and [C1o,nom Of cytotoxicity or ECnom Of defined target
response, namely TRnom (Figure 14) or SRnom (Figure 15) of most PFAS in this thesis or
from literatures were within 0.1-10. This indicates the effects of these PFAS in the tested
bioassays were nonspecific and more likely to be caused by baseline toxicity. The
bioassay-specific baseline toxicity prediction models are supposed to predict the
IC10,nom,baseline that serves a reference to define the cytotoxicity and specificity for more
chemicals if more raw data of cell-based HTS are publicly available.

3.2Species difference in plasma binding

Animal cell lines are widely used because they are easily available and can be
derived for disease-specific animal models . Besides,
In vitro cell responses can be verified by in vivo animal studies. Understanding species
difference of PFAS in plasma binding would contribute to the effective extrapolation from
in vitro animal cell model and in vivo animal model to potential human adverse outcomes.

Trout (fish) plasma was used as a case study in this thesis because PFAS are
widely detected in aquatic environment and the trout is commonly used as a model
organism for health assessment of aquatic ecosystems. The trout plasma used in this
study contained 1.5 time more lipids than human plasma lipids, while the proteins less
than half of the human plasma proteins, leading to the different binding constants of trout
and human plasmas. Binding constants are important parameters for the free
concentration that is relevant to bioavailability. The binding of PFAS to plasma

dependents not only by the affinities to proteins and lipids but also the amount of proteins
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and lipids in the plasma. For risk assessment it should also be considered that the amount
of proteins and lipids in plasma is influenced by many factors, such as diet, environmental
conditions and health status, which exist not only between species but may also exist

between individuals.

3.3 Quantitative in vitro to in vivo extrapolation

The conventional process of QIVIVE is complex because it needs to consider the
concentration changes of chemicals in the absorption, distribution, metabolism and
excretion, as well as species differences. The simulation involves a series of physiological
parameters, which limits the application of QIVIVE. In a simple way, the QIVIVE ratio of
plasma concentrations in vivo divided by the effect concentrations in vitro, directly links
the cell-based HTS data to inform risk assessment. Even though many intermediate steps
are skipped, the results are still informative if the free concentrations can be used to
present the bioavailability (i.e. internal concentrations) of PFAS in plasma and bioassay
medium.

As an illustrative example, PFBA, PFOA, PFHxS and PFOS were selected to
demonstrate the significance of using free concentrations for the QIVIVE ratio. The
Ciree,plasam and ECrree pioassay Can be predicted by MBMs well with the experimental binding
constants of Dpiasmaiw, Dmediumw @nd Deceiw, all of which can be further simplified with
distributions of proteins and lipids, where Dgsaw and Dipw are used. Compared with
complex biomaterials, the binding constants of proteins and lipids are easier to measure
and predictable with mature experimental and computational methods, yielding reliable
Dgsaw and Dipw for neutral chemicals. But for ionizable chemicals, a concentration-
dependent Dgsaw was observed. Still a (more complex) MBM could be developed to
predict Cree. That means, it will not always be necessary to measure Ciee of PFAS but
existing epidemiological data and cell-based HTS data based on nominal concentrations
can be converted to free concentrations using the MBMs for quick assessment of large
scale for PFAS and other chemicals.
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3.4Baseline toxicity in cell-based bioassays

Baseline toxicity can be widely used in various cell-based bioassays because it is
caused by the nonspecific accumulation of chemicals on membrane exceeding critical
membrane burden which is independent of cell lines and chemicals. Baseline toxicity
prediction models are derived from MBMs that link the constant critical membrane
concentration to the nominal concentrations of chemicals in bioassay medium. This
process considers two kinds of factors, namely chemical characteristics of the affinities to
proteins and lipids, as well as bioassay-specific conditions of medium and cells.

Four cell-based HTS were used as cases to demonstrate the development process
of baseline toxicity prediction models for anionic PFAS and neutral chemicals. The
baseline toxicity prediction models can be adapted to any kind of cell-based bioassays if
the volume fractions of proteins and lipids in assay medium and cells are known.
Otherwise, the generic model developed in this thesis is competent to provide a reference
concentration of baseline toxicity to evaluate bioassay data with disclosed conditions. The
Diipiw is the only input parameter to predict the 1C10nom baseline under specific experimental
conditions. TRnom and SRnom can help to define the specificity level of cytotoxicity and
defined target responses. Such information is useful to screen out individual chemicals
with obvious toxic effects for PFAS regulation, as well as to identify the specific MIEs and
KEs for the verifications of AOPs related to PFAS.
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4. Recommendations for future studies

In the final chapter, some recommendations based on current research are put
forth to explore the intricate toxic mechanisms of PFAS-induced adverse outcomes on
human and environmental health. A testing strategy that considers the baseline toxicity of
PFAS may help to avoid some artifacts of cellular response in the era of high-throughput
screening. A conceptual framework of PFAS-AOP networks may serve for single and
mixed PFAS in the prediction of toxic mechanisms. Acute and chronic effects of PFAS
mixture may better represent the actual exposure of PFAS in human bodies.

4.1Testing strategy for PFAS in cell-based bioassays

A large number of chemicals in cell-based HTS are usually tested with a constant
concentration range using automated pipetting systems and the Crom were used in CRCs
to evaluate the bioeffects of tested chemicals in most of case studies. This may
underestimate the effects of chemicals or cause artifacts of cell responses.

Chemicals bind to components of bioassay medium and cells leading the Ctree
lower than the Cnom, especially for hydrophobic chemicals. The potency of hydrophobic
chemicals will be underestimated if a constant range with only Crom were used in CRCs
to derive the ICnom or ECrom for all chemicals. Lower concentrations suggest higher
potency of chemicals on the cytotoxicity or cell response of defined targets. For example,
IC10,iree O hydrophilic PFBA (log Dipw = 1) was 2-time lower than its IC10,nom in the PPARy-
PPARy-GeneBLAzer reporter gene assays, while the 1C1oee Of hydrophobic PFOS (log
Dipmw = 4.85) was 12-time lower than its IC1o,nom. It is suggested to use Cireein the CRCs to
derive the IC1ofee Or ECiee for data evaluation. In addition, a negative artifact may be
caused by too low Ciree to trigger cell response for some hydrophobic chemicals that highly
bind to proteins and lipids in the bioassay systems. For example, the hydrophobic PFUnA
(log Diipw =4.54) had Ciree medium Up to 90 times lower than Crom. If the dosed concentrations
(Cnom) Were not high enough, there may not be much bioavailable Ciee for cellular uptake.

The design of concentration range should consider both chemical characteristics
and bioassay-specific conditions, which are well integrated into our baseline toxicity
prediction models. The highest exposure concentration is suggested to be slightly higher

than 1C10,nom,paseline if the solubility of chemicals allows, to avoid recording no response
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because the dosage was too low. The evaluation of cellular response is suggested to

consider a positive artifact if the IC10,nom is near 1C10,nom baseline Where cytotoxicity burst may

occur when cell are close to death.

A process of experimental design for cell-based HTS:

a) Model development. A bioassay-specific baseline toxicity prediction model can be
obtained by inserting the volumes of proteins or lipids of the medium and cells to derive
system parameters a,b,c in eq 25 via exponential fit.

b) Baseline toxicity. 1C1o,nom aseline Can be predicted with Dijpw of individual chemicals
with baseline toxicity prediction models for either anionic or neutral chemicals.

c) Chemical grouping. Tested chemicals with similar 1C10nombaseine are grouped
together and a value as the highest dosing concentration is determined for the group,
so that all chemicals can be measured in the same concentration ranges under similar
operations but avoid artifacts.

d) Solubility testing. Chemicals with the highest dosing concentration are prepared in
bioassay medium. It is important to make sure the chemical is dissolved well before
the exposure. Some acidic or alkaline chemicals require pH adjustment to 7.4 before
being checked for their solubility and used for bioassays.

e) Dilution process. A dilution factor depends on the highest dosing concentration and
the number of concentration points for individual chemicals in one testing plate. It is
suggested to develop CRC with a wide range covering 2-3 orders of magnitude in
concentrations in order to catch effect concentrations for chemicals with different
potencies.

f) Toxicity evaluation. 1C1onombaseine Of baseline toxicity serves as a reference to
compare with IC10,nom Of cytotoxicity and ECnom Of selected target responses to define
the degree of cytotoxicity and specificity of tested chemicals.

If it is difficult to obtain the bioassay-specific volumes of proteins and lipids in the
medium and cells, the generic models that are derived with a general condition using 10%
fetal bovine serum in Publication 2, can provide IC1o,nom paseline @s a reference value. The
Diipw from experiments is given priority, otherwise, it can be predicted by models, such as
COSMOtherm , poly-parameter linear free energy relationships (PP-
LFERS) or simple QSARs based on the octanol-water partition constant
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(Kow) . There are several options to improve the solubilization of the
tested chemical in bioassay medium, such as preheating dosing medium to the
temperature for the cell incubation (e.g. 37°C), as well as sonication in warm water for 10
min. This does not affect the solubility itself but may speed up the process of solubilization.

IC10,n0m,baseline IS @ reference to design the concentration range for bioassay and it
needs to be adjusted according to the cellular responses. The sensitivity of specific targets
may be different for the tested chemical. A good concentration-response curve can be
obtained after adjusting concentration ranges with suitable dilution factors. For those
chemicals with specific effects, especially of the effect occurs in a concentration range far
below [C10nom baseiine, the minimum concentration needs to be lower until catching the
lowest effect concentration (e.g. 10% cell responses). If there is no effect observed at
IC10,nom,baseline, the maximum concentration needs to be higher until the limit of solubility,
because there may be one order of magnitude of deviation in the baseline toxicity
prediction model.
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4.2 Specific effects of PFAS in adverse outcome pathways

The AOP concept illustrates how chemical exposure initiate the molecular event
and disrupt the key events through the pathway, leading to adverse outcomes in molecule,
organs, organisms and ultimately in populations and the ecosystem. PFAS are qualified
candidate for a case study due to a big data support in the past decades from globally
epidemiological investigations suggesting correlations of PFAS exposed and biomarkers
related to specific diseases, as well as various toxicological studies proving signaling
pathways mediated by PFAS. The persistence and bioaccumulation of PFAS allow
continuously external exposure to human and gradually internal accumulation of PFAS to
the levels that may induce adverse outcomes. Validated PFAS-relevant AOPs can inform
risk assessment based on intermediate effects without going through the whole pathway,
thereby avoiding the need for in vivo testing. Since cell responses can serve as early
warning signals, new methods targeting the MIE or KEs developed from cell-based
bioassays, such as cell-based HTS, enable the next generation risk assessment (NGRA)
of chemicals. Some recommendations for the development of AOPs for PFAS are
discussed.

(1) Qualitative AOPs based on epidemiological and toxicological studies
Escher et al. complemented AOP concept with exposome and aggregate
exposure pathways (AEP), which allocated the MIEs or KEs to steps from the source of
exposure to adverse outcomes. Integrating information of PFAS from environmental
monitoring, toxicological and epidemiological studies into the AEP-AOP framework,
depicted Figure 16 as an illustrative case, demonstrating a qualitatively causal link at
human exposure level of PFAS to the adverse outcome observed, namely qualitative
AOPs. There are six categories of PFAS that are widely found in environment media

. The concentrations of PFAS from different environmental media
and foods were the sum of all the mean values of
PFAS in the studies as external exposure. The internal exposure concentrations of plasma,
urine and organs were collected from general populations

, as well as firefighters and workers or
residents near the chemical plants . Many common MIEs, KEs and AOs

have been found to be relevant to PFAS according to previous review studies
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, and hence the
relationship of these bioeffects can present some common pathways for toxic PFAS.
Linear AOPs can be developed by connecting the bioinformatics correlation of the
MIE and different KEs, and the AOP network can be further developed by overlaying the
same KEs from different linear AOPs. To obtain more detailed information for the AOP
network developments, hepatotoxicity was selected as the defined AO. Literature studies
related to hepatotoxicity were collected to link PFAS to AOPs

These experimental results included molecular interactions, genomics, proteomics,
enzyme activities, cellular signal detections, animal histopathology. Integration of these
information depicted Figure 17 as an illustrative case. The AOP networks are relevant to
hepatotoxicity of PFAS. Since these studies were carried out for different research
purposes, the pathways usually started or ended at different levels, but it is obvious that
many PFAS shared same MIEs and KEs, leading to similar AOs. A common mechanism
of hepatotoxicity is the interactions of PFAS with receptors, which may disrupt the
subsequent receptor-mediated signaling pathways, for example the expression of genes
that regulate the triglyceride production or metabolism. These signals may further change
the cell states or cellular activities, such as fatty acid beta-oxidation and fatty acid
trafficking. A long-term accumulation of triglyceride would cause cell inflammation, cell
necrosis and even liver steatosis. Notably, Figure 17 is not derived from a systematic
literature review or strictly developed as the AOP wiki (https://aopwiki.org/), but the

demonstrated case for the rapid development of AOP network based on the common
pathways collected from literature studies.

The development from linear AOPs to AOP networks provides a strategy to study
toxicity of PFAS from individual to mixture. PFAS share molecular targets that lead to
similar outcomes, albeit with different potency. For example, the competitive protein
bindings of PFAS with thyroid hormone transport proteins (TTR and TBG)

, peroxisome proliferator activated receptors (PPARS) , membrane G
protein-coupled receptor (GPR) 40 , demonstrated well that the potency

in interacting with protein receptors had some relationship with PFAS chain length.
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Considering the structural similarity of highly fluorinated PFAS, it is easy to infer PFAS
mixtures can act on the same pathway. Besides, individual PFAS can act on multiple
targets simultaneously. Therefore, a total concentration of PFAS mixture can be the sum
of all individual PFAS measured from the same samples, which is considered as a whole
exposome, and then AOP networks can be used to reveal the toxic mechanisms of
mixtures via concentration addition, which further explains that low concentrations of

individual PFAS in human blood are yet correlated to human diseases (Figure 16).
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(2) Quantitative AOPs with quantified specificity degree

The selectively initiating of PFAS among AOP networks is expected to be
characterized by the quantified specificity degree of the MIE and KEs. In general, lower
effect concentration of the defined targets stimulated by individual chemicals is related to
higher specificity. Although the concentration-response and time-course relationships of
the individual KE can be found in many toxicological studies, there is insufficient scientific
data or evidence to indicate the response of upstream KE can trigger the occurrence of
downstream KE, gradually leading to observed AOs. More authoritative AOPs can be
found in the AOP wiki (https://aopwiki.org/), which relies on the collective weight of

evidence and consensus of the scientific community. The key event relationship (KERs)
is a critical element in AOPs but challenged by intricate interactions between different
biological components (genes, proteins, cells, tissues and organs), as well as the
limitations of experimental conditions and the variabilities of data evaluations. The
development of quantitative AOPs needs continuous efforts.

At present Tox21/ToxCast is performing HTS for 430 PFAS on hundreds of targets
(https://comptox.epa.gov/dashboard/chemical-lists/EPAPFASINV), providing an

opportunity for the development of PFAS-relevant AOPs. As the case study in subchapter
2.3.2, IC10,nom paseline from the baseline toxicity prediction model considering the chemical
characteristics and bioassay-specific conditions, can be a reference concentration to
derive a dimensionless specificity ratio SRnom with effect concentration (e.g. EC10,nom)
once these screening data become publicly available. It will advance the quantitative
AOPs if the SRnom of hundreds of targets be derived for PFAS and allocated appropriately
in the AOP networks. As signalling from linear to network, the SR values of junction KEs
may act as traffic light to indicate the direction of signal path, leading to different or related

outcomes.

A process of PFAS-relevant AOP development:

a) Qualitative AOPs: Linear AOP can be developed by integrating information from
literatures that are collected and grouped for one specific adverse outcome each time.
AOP networks can be developed by converging same and similar KEs from different
linear AOPs.
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b)

Quantitative AOPs: Concentration-response and time-course relationships of the
KEs with frequent repetition in different AOPs are collected. The effect concentrations
of the defined targets need to be converted to equivalent values that can be compared
among experiments. For example, a specificity ratio (SR) for cell-based bioassays.
The conversion criteria should be designed according to the experimental conditions.
Expansion of AOPs: Specific effects of defined targets can be identified with the SR
value from Tox21/ToxCast database. These targets are integrated into the established
AOPs based on their bioinformatics correlations to further upgrade AOP networks.

Prediction potential risk with AOPs: Human exposure of PFAS are presented by
concentrations of individual PFAS and mixture in human blood and urine. Established
AOPs link the human exposure concentrations to potential outcomes if the probability

of occurrence of individual AOPs can be predicted.
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4.3 Mixture effects and concentrations of PFAS

Currently, in vitro effect data of 160 PFAS from EPA have been published, including
activation on nuclear receptor-mediated signaling pathways ,
immunotoxicity , developmental neurotoxicity ,
thyroid disruption . These results indicated bioactivity for less than 30%
of the tested PFAS (< 50/160), while a majority of PFAS (> 100/160) was inactive or
equivocal. The bioactivation may include the effects from both specific and nonspecific
(e.g. baseline toxicity) pathways. If the inactivation of individual PFAS is due to not enough
Crree to trigger any cell responses, it is still possible that PFAS mixture trigger the effects
via concentration addition.

Some ionized PFAS may be actively transported into cells via ion channels or
transport proteins, but due to their high membrane permeability, passive diffusion has
been proved to dominate the cellular uptake of PFAS from medium into cytosol

. Some PFAS with high bioactivity may specifically trigger signalling pathways at
very low intracellular concentrations, where the cell membrane is still intact and
functionable. While most of PFAS that act like baseline toxicants are prone to accumulate
in the cell membrane until to induce cytotoxicity by disrupting the membrane functions and
even destroy the integrity of membrane. The establishing of mixture concentration-
response relationship is important to study the mechanism of mixture effects. Here, two
exposure strategies for studying the toxic effects of PFAS mixture are suggested for future
studies.

(1) Acute stimulation.

The affinities of PFAS to proteins can vary by orders of magnitude depending on
their hydrophobicity. The free concentration of PFAS mixture in protein-rich medium may
be significant differences between hydrophilic and hydrophobic ones, and thus difficult to
quantify. One strategy is to prepare PFAS mixture in protein-free medium (e.g. no foetal
bovine serum) until the highest solubility of mixture, and then to dilute the sample for a
series of concentrations. The cells are exposed to the PFAS mixtures for several hours
(e.g.0.5,1, 2,4, 6,12 h) to trigger cellular stress response.
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This method ensures a sufficiently high Cree Of the PFAS mixture. The Ciree is
measurable because the matrix is rather simple. The Ciee can also be predicted by
validated MBMs assuming all PFAS dissolved well and negligible loss to other
compartments. It is possible to observe some cellular stress response during acute

exposure (< 24 h) without the obfuscation due to cellular self-repair or adaptation.

(2) Sub-chronic exposure.

The process of PFAS binding to medium protein is usually reversible, which
maintains Cree at a relatively stable level within the typical exposure time of 24 h. A second
strategy can be used to study the long-term effects of PFAS mixture by serially diluting
the mixture with protein-containing medium. The cells are exposed to the PFAS mixtures
for days (e.g. 1, 2, 3 days) to induce measurable signals.

This method can be used to study some complex AOPs in cellular level, such as
receptor-mediated signal pathways. The protein binding would increase the apparent
solubility of hydrophobic PFAS in dosing medium, making it possible to study the baseline
toxicity of hydrophobic PFAS at high concentrations.

Comprehensive assessment of cellular responses to PFAS mixtures requires a
consideration of both acute and chronic changes. Time-course relationship can be
obtained by detecting the cellular responses over a designed time period. The Ciree Of
PFAS mixtures after exposure can be extracted with SPME and quantified by LCMS to
establish the concentration-response curves. Both time-course and concentration-
response relationships would contribute to a better understanding of how toxicokinetic and
toxicodynamic processes of PFAS are connected.
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ABSTRACT

Perfluoroalkyl substances (PFAS) are persistent and pose a risk to human health. High throughput screening
(HTS) cell-based bioassays may inform risk assessment of PFAS provided that quantitative in vitro to in vivo
extrapolation (QIVIVE) can be developed. The QIVIVE ratio is the ratio of nominal (Cpom) or freely dissolved
concentration (Cfee) in human blood to Cpom Or Chree in the bioassays. Considering that the concentrations of
PFAS in human plasma and in vitro bioassays may vary by orders of magnitude, we tested the hypothesis that
anionic PFAS bind to proteins concentration-dependently and therefore the binding differs substantially between
human plasma and bioassays, which has an impact on QIVIVE. Solid phase microextraction (SPME) with C18-
coated fibers served to quantify the Cfee Of four anionic PFAS (perfluorobutanoate (PFBA), perfluorooctanoate
(PFOA), perfluorohexane sulfonate (PFHxS) and perfluorooctane sulfonate (PFOS)) in the presence of proteins
and lipid, medium components, cells and human plasma over five orders of magnitude in concentrations. The
C18-SPME method was used to quantify the non-linear binding to proteins, human plasma and medium, and the
partition constants to cells. These binding parameters were used to predict Cgee of PFAS in cell bioassays and
human plasma by a concentration-dependent mass balance model (MBM). The approach was illustrated with a
reporter gene assay indicating activation of the peroxisome proliferator-activated receptor gamma (PPARy-
GeneBLAzer). Blood plasma levels were collected from literature for occupational exposure and the general
population. The QIVIVE,o, ratios were higher than the QIVIVEf., ratios due to the strong affinity to proteins and
large differences in protein contents between human blood and bioassays. For human health risk assessment, the
QIVIVEge ratios of many in vitro assays need to be combined to cover all health relevant endpoints. If Cee
cannot be measured, they can be estimated with the MBM and concentration-dependent distribution ratios.

1. Introduction

(DeWitt et al., 2009).
Traditional toxicology based on in vivo animal testing is expensive

Per- and polyfluoroalkyl substances (PFAS) are used in commercial,
industrial and military products for waterproofing, grease- and heat-
resistance (Gluge et al., 2020). PFAS are persistent in the environment
(Evich et al., 2022), which has led to diffuse worldwide contamination,
e.g., in rainwater, that regularly exceed health-based advisory values
(Cousins et al., 2022). Epidemiological investigations and toxicological
studies have revealed associations between exposure to PFAS and
human diseases, caused by endocrine disruption (Mokra 2021), repro-
ductive (Calvert et al., 2021) and developmental toxicity (Rappazzo
et al., 2017), neurotoxicity (Mariussen 2012) and immunotoxicity
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and time-consuming, making it impossible to generate safety informa-
tion for thousands of commercial PFAS. High-throughput screening
(HTS) cell-based bioassays proposed by the Tox21 and ToxCast program
may inform risk assessment provided that quantitative in vitro to in vivo
extrapolation (QIVIVE) can be developed for HTS (Bell et al., 2018; Sipes
et al., 2017). In vitro concentration-response curves (CRC) and thereof
derived effect concentrations can be converted by QIVIVE models into
equivalent in vivo concentrations which are further compared to the
human exposure levels or translated by reverse dosimetry to external in
vivo oral exposure (Wetmore 2015).
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Currently, QIVIVE models use nominal concentrations (Cpom), but
PFAS strongly bind to proteins and lipids in bioassays and blood, which
will lower their bioavailability and hence the freely dissolved concen-
trations (Cfree) in different ways in bioassays and blood. This problem
might be more severe for the anionic PFAS due to their strong and
specific binding to proteins.

Effect concentrations in HTS assays are typically based on Chom
because there is no routine method available to measure Cfee in the
1536-well plates used by Tox21 and most reported Cgee Stem from 96-
well plates (Huchthausen et al., 2020) or larger formats or were
merely predicted (Proenca et al., 2021). Negligible-depletion solid phase
microextraction (SPME) has been the choice for quantification of Cgee Of
neutral organic chemicals for almost two decades (Heringa et al., 2004;
Kramer et al., 2012), and the development of C18-coated fibers and
SPME based on mass balances allowed the extension to ionizable
chemicals in cell-based bioassay, as well as the experimental quantifi-
cation of Cgee Of ionizable chemicals in complex bioassay media (Hen-
neberger et al., 2019b; Huchthausen et al., 2020).

If Cgree cannot be measured directly, it can be predicted with mass
balance models (MBM) (Fischer et al., 2017; Proenca et al., 2021).
Chemicals may specifically bind or non-specifically partition to medium
components and cells, resulting in Cfee lower than Cpop, (Henneberger
et al., 2019a; 2020). Distribution ratios of chemicals between protein
and water (Dprot/w), lipid and water (Dyip/w), cell and water (Deeli/w), and
their corresponding volumes (Vprotein, Viipid and Veen) serve as input
parameters in these MBM (Fischer et al., 2017). SPME has also been used
to measure the binding and partition constants of ionizable chemicals to
diverse biological materials and cells (Henneberger et al., 2019a).
Anionic chemicals are particularly challenging because they show non-
linear binding isotherms to proteins and protein-rich biomaterials
(Henneberger et al., 2019a) and while the non-linearity of protein
binding of diverse organic ions has been investigated, no such studies
exist for anionic PFAS.

PFAS have been reported to cause numerous toxic effects in vitro and
in vivo (Zeng et al., 2019). Specific interactions of PFAS with functional
proteins dominate their molecular initiating events, including activation
of receptor-mediated signaling pathways (Behr et al., 2020; Qin et al.,
2020), interference of activities and functions of enzymes (Liu et al.,
2020; Wang et al., 2014) and competitive binding with transport pro-
teins (Ren et al., 2016). Nuclear receptors are universal in HTS testing
because reporter gene technology makes the interaction of chemicals
with functional proteins measurable. The peroxisome proliferator-
activated receptor (PPAR) family comprises endogenous receptors of
fatty acids and is involved in the homeostasis of lipid and glucose
metabolism. Due to the structural similarity of PFAS and fatty acids,
PPARs have been widely proven to be the specific targets for certain
PFAS (Vanden Heuvel et al., 2006). A PPARy reporter gene assay was
selected as an example to show how to characterize the difference of
Cnom and Cgree of PFAS in HTS cell-based bioassays.

In vitro specific effects of PFAS can be linked to in vivo effects via
QIVIVE. For example, Loizou et al. (2021) predicted in vivo benchmark
doses (BMD) of perfluorooctanoic acid (PFOA) from in vitro concen-
tration-response curves of the U.S. Environmental Protection Agency
(EPA) HTS database using physiologically based pharmacokinetic
(PBPK) model-reverse dosimetry. Typical PBPK models use a large group
of parameters involving chemical absorption, distribution, metabolism
and excretion processes (Loizou et al., 2021; Worley and Fisher, 2015).
This greatly limited the application of QIVIVE for the assessments of
large numbers of PFAS in screening type assessments. Sipes et al. (2017)
developed an intuitive model, a ratio of maximum blood concentration
in vivo (Cmax,blood) to half-maximum effective concentration (AC50)
directly from in vitro Tox21-HTS assay. The ratio > 1 indicated that the
in vitro effect likely also occurred in in vivo. In its simplest form, a QIVIVE
ratio can be calculated by dividing the plasma concentrations by the
effective concentrations in vitro (Henneberger et al., 2021).

We selected perfluorobutanoic acid (PFBA), PFOA, perfluorohexane
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sulfonic (PFHxS), perfluorooctane sulfonic acid (PFOS) as representa-
tives of acidic PFAS. They are fully deprotonated at physiological pH to
the corresponding anions, perfluorobutanoate, perfluorooctanoate,
perfluorohexane sulfonate and perfluorooctane sulfonate. They were
selected because anionic surfactants are known for their non-linear
binding to proteins. The four selected anionic PFAS are a special case
of anionic surfactants and represent a wide range of hydrophobicity due
to the differences in alkyl chain length and two different acid groups.
Therefore, they serve for a proof of principle if existing knowledge of
anionic organic chemicals can be translated to anionic PFAS.

Typically, the octanol-water partition coefficients (log Koy) are used
as measure of hydrophobicity, but they can only be predicted and not
measured for surface-active anionic PFAS (Table 1). The octanol-water
distribution ratio (log Doy,) is strongly dependent on pH and the con-
entration of counterions (Park et al., 2020) and the predicted log Doy
(pH 7.4) cover four orders of magnitude (Table 1). A more suitable
predictor of hydrophobicity of surfactants is the distribution ratio be-
tween liposomes and water (Dj;p/w). The experimental log Dj;p/w of PFBA
is 1.48, which is considered to be hydrophilic, while other three PFAS
with log Dyjpw > 2 are more hydrophobic (Table 2, data from Ebert et al.
(2020), measured with equilibrium dialysis).

The protein binding of PFAS and partitioning to medium and cells, as
well as Cgee in the in vitro bioassay were studied by SPME using C18-
coated fibers. The measured binding parameters were further used to
predict Cgee by MBM. Literature blood levels of PFAS of workers and
residents living near fluorochemical plants (Bao et al., 2022; Gao et al.,
2015) and the general population (Gao et al., 2019, https://www.cdc.go
v/exposurereport/data_tables.html) were converted to Cgee in blood
with an adjusted blood-MBM using experimental plasma binding con-
stants. An overview of the current approach can be found in Fig. 1. The
cytotoxicity and specific effects of PFAS were characterized in a PPARy
reporter gene assay in agonistic and antagonistic model as a proof of
principle. For a comprehensive risk assessment, a large set of responsive
in vitro assays would need to be applied but this study is a demonstration
of the importance and impact of nonlinear protein binding of anionic
PFAS on QIVIVE.

2. Materials and methods
2.1. Materials

Four PFAS (purity > 98%) were used in this study. Perfluorobutanoic
acid (PFBA, CAS. 375-22-4) was purchased from J&K. Perfluorooctanoic
acid (PFOA, CAS. 335-67-1), perfluorohexane sulfonate potassium
(PFHxS-K, CAS. 3871-99-6) and perfluorooctane sulfonate potassium
(PFOS-K, CAS. 2795-39-3) were from Sigma Aldrich. All PFAS were
dissolved in methanol as stock solution. Bovine serum albumin (BSA,
CAS. 9048-46-8) was from Sigma-Aldrich, Rosiglitazone (CAS. 122320-
73-4) and C18-coated fibers (CAT. 5728I-U) were purchased from
Sigma-Aldrich. DC™ protein assay kit (CAT. 500-0114) was from Bio-
red. GeneBLAzer® FRET Assay kit (LOT. 21972428) was from Invi-
trogen. GeneBLAzer PPARy-UAS-bla 293H Cells (HEK293H) were
purchased from Thermo Fisher. The GeneBLAzer assay medium con-
tained 98% Opti-MEM (LOT.11058-021, Gibco), 2% charcoal-stripped
FBS (cs-FBS, LOT. 2001639, Gibco) and 100 U/mL Penicillin-
Streptomycin (LOT. 15140-122, Gibco). Solvents used in the assays
were methanol (CAS. 67-56-1, Chemsolute), acetonitrile (CAS. 75-05-8,
Chemsolute) and formic acid (CAS. 64-18-6, Honeywell).

2.2. Methods

2.2.1. Method development

Fibers with low C18-coating volume (5 mm coating length, 173 nL
coating volume) were used for the hydrophobic PFOS as it showed very
strong affinity for the fibers. PFOS samples were incubated at 37 °C
using high-speed vortex shaker (DMS-2500, 1200 rpm around a 3.6 mm
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Table 1

Predicted octanol-water partition coefficients (log K, of the neutral and anionic species, octanol-water distribution ratios (log Do) at pH 7.4, and experimental data
for binding to bovine serum albumin (BSA) of PFBA, PFOA, PFHxS and PFOS. The non-linear binding to BSA was described with a non-linear mechanistic combined
binding/partitioning model, where Ky is the dissociation constant and Cyax corresponds to the number of binding sites Eq. (14). log Kpecific EQ. (15) and 10g Dpon-specific
Eq. (16) refer to the specific and non-specific binding to the BSA according to v, the molar ratio of PFAS to BSA (molppas/molgsa, Eq. (13)). The measured bovine serum
albumin (BSA) to water distribution ratios (log Dgsa,w) were also fitted as a function of the aqueous concentration C,, with a Freundlich-type model (Eq. (12)), where
the slope corresponds to ng-1 and the intercept to the Freundlich constant K,

log Kow log Kow 10g Doy Mechanistic combined binding/partitioning model Freundlich-type model
(neutral (anionic (pH7.4)
species) species)
Chemical Kg [pmol/ Crnax Cmax [mol/  10g Kopecific 108 Dpon-speciic 108 Dpsa/w [Lw/ R2
Ll [pmol/ molgsal [Lw/Lgsal v [Lw/Lgsal v Lgsal (Cw in uM)
Lgsal <1 >1
PFBA 2.60°/2.95" -3.76" ~1.22¢ 18.3 9.22 x 10°  0.450 2.40 1.63 logDpsa/w = — 0.67
0.391 x logCy, +
2.80
PFOA 5.68"/5.73" ~0.585" 1.58° 0.317 254 x 10 1.24 4.60 3.70 logDgsa/w = — 0.98
0.381 x logCy, +
4.32
PFHxS 3.69%/5.29" -1.77° 1.65° 7.44 x 1072 1.88 x 10*  0.919 5.10 3.47 logDpsaw = — 0.97
0.480 x logCy, +
4.32
PFOS 5.77° -0.153" 3.05° 6.24 x 107> 8.01 x 10°  0.391 5.81 4.84 logDpsa/ = — 0.96
0.381 x logCy, +
491

? log Kow predicted average by OPERA from https://comptox.epa.gov.
Y log Ko, predicted by COSMOtherm.
¢ log Doy were from Park et al. (2020) and predicted by MarvinSketch from https://chemaxon.com/.

Table 2

Distribution ratios of PFBA, PFOA, PFHxS and PFOS between liposomes and water (Dj;p,v) (Ebert 2020), cells and water (Deeiisw) (Eq. (11)) and plasma and water
(Dplasma/w)- 108 Dplasma/w (v < 1) refer to the specific binding and were from experiments (Eq. (15)). 10g Dpjasma/w (v < 1) were also predicted by the mass balance model
(MBM, Eq. (17)) with log Kgpecific of BSA (Table 1) and log Dyjp,w. Contributions of protein and lipid to the Dpjagma/w (v < 1).

10g Dyjp/w [Lw/ log Deetiyw [Lw/Leen, 10g Dplasma/w [Lw/ 10g Dplasma/w [Lw/ Contribution of protein Contribution of lipid
Liipl prot+1lip] Lyrot +1ip] Lyrot+1ip] binding binding
(experiment) atv < 1 (MBM) atv <1
PFBA 1.61°¢ 2.56 2.12 2.36 98.3% 1.68%
PFOA 3.52 3.27 4.60 4.56 99.1% 0.867%
PFHxS 4.13 3.23 5.18 5.06 98.9% 1.12%
PFOS 4.89 4.19 5.96 5.77 98.7% 1.26%

? log Dyjp,w of PFBA was predicted with a linear relationship of log Dy;p,w and the number of fluorinated carbons of PFBA (Figure Al).
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b LDmemumfw ﬁ gBSNW _> = % H QIVIVEncm % z i
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Desorption: 2h PFAS exposure: 24h

Fig. 1. An overview of the models and experiments needed to derive quantitative in vitro to in vivo extrapolation ratios (QIVIVE ratio) based on free and nominal
(nom) concentrations (Cgee and Cpom). Abbreviations: BSA = bovine serum albumin; D;, = distribution ratio between i and water; EC = effect concentration; lip =
liposome; MBM = mass balance model; SPME = Solid phase microextraction.

orbit) to accelerate adsorption. Pure solvent (100% MeOH) was used to desorption. A summary of SPME method is given in Table Al.

desorb PFOS from fibers. For moderately hydrophobic PFOA, PFHxS and There were three steps in the SPME process: adsorption, desorption
hydrophilic PFBA, fibers with a larger capacity (15 mm coating length, and sample measurement. According to Henneberger et al. (2019a),
520 nL coating volume) and a less vigorous shaking on an orbital shaker C18-coated fibers were conditioned in methanol (2 h) and water (0.5 h)
(MaxQ 6000, 250 rpm around a 19 mm orbit) was used for adsorption, before being inserted to the samples.

and a mixed solvent (50% MeOH and 50% MilliQ water) was used for
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2.2.2. Fiber uptake kinetics and sorption isotherm

Methanolic PFAS stock solutions were diluted with phosphate buff-
ered saline (PBS). The concentrations of each PFAS are listed in
Table A2. The final percentages of MeOH in samples were < 1%. The pH
value of samples was adjusted to pH 7.4 using sodium hydroxide (NaOH)
and hydrogen chloride (HCl) before SPME.

For adsorption kinetics, 18 aliquots of 1 mL for each PFAS solution
were filled into 1.5 mL HPLC vials (ART. 7,654,554 or 7663230, Lab-
solute). The initial concentrations of each PFAS are listed in Table A2.
The fibers were inserted into the vials individually using blunt cannulas.
The samples were incubated at 37 °C using high-speed vortex shaker
(1200 rpm) or orbital shaker (250 rpm) for 0.25, 0.5, 1, 2, 4, 6, 24, 48 h.

For sorption isotherm measurements, PFAS stock solutions were
diluted with PBS serially with a factor of 2. The concentrations of each
PFAS varied by 2-3 orders of magnitude. The concentration ranges are
listed in Table A2. Duplicates of 1 mL for each concentration were filled
into 1.5 mL HPLC vials. All the samples were shaken with the fibers for
16 h to reach equilibrium for adsorption.

The desorption and measurement were described in 2.2.4. Concen-
trations of PFAS in PBS and solvent extracts were used to calculate the
recovery of the SPME method and distribution ratios of PFAS between
fiber and water.

2.2.3. Partitioning to biological materials

The SPME measurement for PFAS partitioning to biological materials
(BSA, plasma, medium, cells) were similar as above but different in
sample preparations. For determination of protein-water distribution
ratios, BSA was dissolved in PBS at a concentration of 5 g/L to aim at a
fraction of PFAS bound to protein > 20%. The highest concentrations for
PFBA, PFOA, PFHxS and PFOS were 2000, 500, 500 and 166 pmol/L and
these concentrations were serially diluted by BSA buffer with a dilution
factor of 2 to obtain 10 concentration points (Table A2). The concen-
tration ranges of PFAS were designed to include both concentrations
below and above saturation of the primary binding site as v values
(molppas /molpss) ranged from 0.01 to 2. All the samples were shaken
for 15 min (37 °C, 250 rpm) before aliquoting duplicates of 1 mL PFAS
solution into 1.5 mL HPLC vials. The fibers were inserted into vials
individually and the samples were shaken for 16 h to reach equilibrium
between SPME fibers and all other components.

For determination of plasma-water distribution ratios, human
plasma was diluted by PBS buffer to 20% or 4% plasma contents. PFAS
solutions were serially diluted in PBS with a dilution factor of 2 to obtain
5 concentration points. 100 uL plasma buffer were transferred to HPLC
vials with insert and 100 pL PFAS solution were added. The final plasma
contents were then 10% or 2% and highest concentrations of PFBA,
PFOA, PFHxS and PFOS were 500, 125, 125 and 50 pmol/L (Table A2).
Samples were vortexed for 5 s to mix and then shaken for 15 min (37 °C,
250 rpm) before SPME.

For determination of medium-water distribution ratios, the highest
concentrations for PFBA, PFOA, PFHxS and PFOS were 4000, 500, 500
and 200 pmol/L (Table A2) and GeneBLAzer assay medium was used to
serially dilute PFAS in a 96-well plate with a dilution factor of 2 to obtain
10 concentration points. The bioassay medium contained 2% cs-FBS,
which had proteins and lipids as sorptive phases, and the charcoal
stripping (cs) was used to remove hormones and other compounds that
would cause a background effect in the bioassay. Nominal PFAS con-
centrations ranged over 2-3 orders of magnitude while the contents of
protein and lipid were constant in the experiments. 180 pL of PFAS so-
lution were transferred from each well to HPLC vials with insert (CAT.
7648146 or 7651116, Labsolute). All the samples were shaken for 15
min (37 °C, 250 rpm) before SPME fibers were inserted.

For determination of cell-water distribution ratios, HEK293H cells
were harvested by trypsinization and the number of cells was counted by
CASY Counter (Roche Innovatis, Reutlingen, Germany) before centri-
fugation for a cell pellet. The cell pellet was resuspended with PBS at the
density of 2 x 107 cells/mL. 1 mL cell suspension was homogenized by
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ultrasonic treatment (Sonoplus 2070, Germany) in an ice-water bath for
3 x 30 s to avoid protein denaturation due to localized overheating. 100
pL of cell homogenate were transferred to HPLC vials with insert and
another 100 pL PFAS solution in PBS were added. Samples were vor-
texed for 5 s to mix and then shaken for 15 min (37 °C, 250 rpm) prior to
inserting the SPME fibers.

2.2.4. Desorption and quantification of PFAS

For desorption, fibers were transferred to new vials with 100%
MeOH (PFOS) or a mixture of 50% MeOH and 50% MilliQ water (PFOA,
PFHxS, PFBA). The volume of samples and desorption solvents for
different assays are listed in Table A3. Then, these vials were shaken
with vortex or orbital shakers for another 2 h.

PFAS in PBS and all extracts were analyzed by a 1260 Infinity liquid
chromatograph (LC) equipped with a Kinetex 1.7 pm, C18, 100 A, LC
column (50 x 2.1 mm) and coupled to 6420 Triple Quad mass spec-
trometer (MS) from Agilent. Detailed information of LC/MS analysis can
be found in Table A4. All samples were diluted to concentrations in the
calibration range of PFAS (1-10000 ng/L).

2.2.5. Lipid and protein quantification

Lipid and protein content of medium, cell homogenates, human
plasma was determined according to Fischer et al. (2017). Protein and
lipid content were quantified with protein assay kit and sulpho-
phospho-vanillin reaction, respectively. Samples were diluted with
MilliQ water to assure that the protein and lipid contents were within
calibration ranges.

2.2.6. PPARy reporter gene assay

The commercially available GeneBLAzer PPARy-UAS-bla 293H cells
(ThermoFisher) were cultured as described previously (Neale et al.,
2017). There were four steps in GeneBLAzer Assay: cell attachment,
PFAS exposure, cytotoxicity measurement and reporter protein
detection.

2.2.6.1. Cell attachment. HEK293H Cells were harvested by trypsini-
zation and the number of cells was counted by CASY Counter. Cell pellet
was resuspended with assay medium at the density of 2.1 x 10° cells/
mL. 100 pL of the cell suspension were seeded in each well of the 96-well
plates (Corning® BioCoat™ Poly-D-Lysine). After the seeding, the plates
were left to rest for 10-30 min at room temperature and incubated at
37 °C and 5% CO2 and 100% humidity for 24 h to let the cells attach to
the plate before dosing with PFAS.

2.2.6.2. PFAS exposure. PFAS stocks were prepared in MeOH. MeOH
was evaporated with a gentle stream of nitrogen, leaving only PFAS
precipitaties at the bottom of dosing vials. Assay medium contained 2%
cs-FBS, which has a low background signal caused by hormone (data not
shown), and was added to dissolve the PFAS before being serially diluted
with medium in a 96-well plate. 120 pL solution from each well were
transferred to previous 96-well plate with adhered cells using a 12-chan-
nel pipette. For antagonistic assay, medium containing rosiglitazone
(agonist of PPARy) was used to prepare PFAS solution (Table A2). The
dilution process of PFAS was the same as above. The final concentration
of rosiglitazone in the cell plate was 7 nmol/L, which was expected to
trigger approximately 80% of the maximum effects. An 80% effect level
was chosen following the recommendations of Neale et al. (2015) and
because some chemicals may have potential weak activation effects at
low concentrations. Both agonist and antagonistic effect could be
recorded. After PFAS dosing, cell plates were incubated for another 24 h.

2.2.6.3. Cytotoxicity measurement. Cells were imaged non-invasively
with the IncuCyte S3 (Essen BioScience) before dosing and the con-
fluency of the cells was calculated by software (IncuCyte S3 v2019A)
with details provided in Escher et al. (2019). The confluency of the cells



W. Qin et al.

was measured again by IncuCyte S3 24 h after dosing. The cell viability
was determined by comparing the confluency of the exposed and un-
exposed cells 24 h after dosing.

2.2.6.4. Reporter protein detection. Before the detection of reporter
protein, 200 pL of supernatant from each well were transferred to a new
96-well plate and then used for SPME measurement (2.2.3). The acti-
vation signal of PPARy coupled to a reporter gene encoding for p-lac-
tamase was measured by fluorescence after addition of the
GeneBLAzer® FRET reagent and additional 2 h incubation. The detailed
protocol can be found in Neale et al. (2017).

2.3. Data evaluation

2.3.1. Fiber uptake kinetics

PFAS on the C18-coated fiber were desorbed by solvents and the
extract was measured directly by LC/MS. The concentration of PFAS in
the fiber (Cf) was calculated from the concentration measured in the
extract (Cextract) and the volume of extract (Vextract) divided by the vol-
ume of fiber coating (V) (Eq. (1)).

Cexlrac[ X Vexlract

Cr = - v (€]

Adsorption kinetics determine the time required to reach equilib-
rium. In a single adsorbate system, the rate of adsorption process is
expressed based on the amount of chemicals. The amount of PFAS in
water as a function of time ny,(t) can be defined by Eq. (2):

}’lw([) = nw(eq) X (1 - eiklx‘) +ﬂw(t0) x e Fixt &)

ny(eq) and ny(to) are the amounts of PFAS in water at equilibrium
and at the start of the experiment. k; is the rate constant for kinetic
model. Since n¢(ty) = 0, the amount of PFAS in fiber n¢(t) can be fitted
by Eq. (3):

ne(t) = ne(eq) x (1 —e™™) 3

The time to reach 95% of equilibrium of fiber absorption (t( 95) was
derived by Eq. (4).

In0.05

o @

to.gos =
The recovery of PFAS during the SPME extraction was calculated by
Eq. (5).

ng + Ny,
Mot

()

recovery ratio =

2.3.2. Sorption isotherms to the SPME fiber

Sorption isotherms can be used to describe the binding of chemicals
to surfaces. The binding of anionic chemicals to C18 fibers is an
adsorption process with limited binding sites. In this case the sorption
isotherms of C against the aqueous concentration Cy, are non-linear and
experimental sorption data can be fitted with an empirical model,
known as Freundlich isotherm (Eq. (6)).

Cr = Kpe X (Cy)™ (6)

Kpr and npg are Freundlich constant and exponent, which can be
deduced from experimental data by the logarithmic form of Eq. (6),
which is (Eq. (7)):

logCt = ng; x logCy, + logKp, @

The apparent distribution ratio of PFAS between fiber and water Dy,
Eq. (8) at equilibrium is dependent on the concentrations and can be
calculated with Kgg and ngg Eq. (9).

Cy

Dy = ol

®
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logKg,
088e 9)
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1

logDy/y = (1 - —) x logCr +
2.3.3. Binding of PFAS to biological materials

SPME measurements were used to quantify the aqueous concentra-
tion in presence of biomaterials (i = proteins, lipid, human plasma,
medium or HEK293H cells) and the mass balance ny = n¢ + ny + Npound
was used to derive the distribution ratios of PFAS between biomaterials i
and water. Concentration of PFAS bound to sorptive phases i (Chound,i)
can be calculated by Eq. (10):
Niot=Nt-Nyy

Vi T v (10)

pmol _ Mpoundi
| =

Cbcund‘i |:—

The distribution ratios of PFAS between phase i and water (Dj/ )
were calculated from experimental data by Eq. (11) for each concen-
tration and experiment.

L1 Cows (%—1>xD,~/vaf—vw
Di/w{r}: i _ L an

Cy Vi

The experimental concentration-dependence of D;, was fitted with
a Freundlich-type model using Eq. (12). The distribution to biomaterials,
unlike binding to the SPME fiber, is not a pure surface sorption process
but a mix of specific binding to proteins and non-specific partitioning to
proteins and lipids. Therefore, Eq. (12) is only a phenomenological fit of
the experimental data, and in case of ng, deviated from 1, a mechanistic
model was invoked to describe the non-linear binding. However, the
empirical model of the non-linear binding will suffice for developing a
mass balance model for the bioassays and to derive the dissolved con-
centration Cy,.

logD;), = (nre—1) x logCy + logKg: 12)

2.3.4. Mechanistic model for protein/plasma binding

Protein binding is known to be concentration-dependent and there-
fore Dpga,w Was also modeled with a mechanistic combined binding/
partitioning model. PFAS may bind specifically to one or more specific
binding sites on proteins at low concentration and partition non-
specifically to the protein and lipid at high concentrations. At a ratio v
of bound PFAS molecules to protein molecules (eq. (13), [molpgas
/mMOlprotein]) of v < 1, a saturation binding model (Eq. (14)) can be used
to describe the binding curves of the bound concentration (Cpoung) as a
function of Cy, with the dissociation constant Kq and Cpax as maximum
bound concentration. Cp,x reflects the number of binding sites on the
protein in case of BSA after the concentrations in [molpras/Lprotein] Were
converted to [molppas/molgsa] using the molecular weight of BSA of
66463 Da and a density of 1.36 kg/L (Eq. (13)).

_ Mbound (1 3)

npro!ein

Cmax 3 Cw

14
K, +C, as

Cbound,specific =
The low-concentration linear range of the binding curves extends
approximately to Cpyax/2 and can be described by Kgpecific (Eq. (15)).

Cmax
2 x Ky

Kspecific = (15)

After obtaining the K4 and Cpax from the low-concentration portion
of the binding curve (v < 1) the non-specific distribution constant Dyop.
specific was fitted to the full sorption model by keeping the previously
determined K4 and Cpax constants (Eq. (16)).

Cmax'cw
Kq+Cy

+ Dnon—speciﬁc X Cw (16)

Cbcund,lmal =
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2.3.5. Mass balance model for distribution to biomaterials

The biomaterial-water distribution ratio D;, can also be predicted
by a mass balance model (MBM, Eq. (17)) from the concentration-
dependent protein binding constants and the concentration-
independent distribution to the lipid phases, assuming that protein
and lipid are the major sorptive phases in the tested biomaterials (me-
dium, cells, plasma).

Vro Vi
P 4 Diipjy X 2 a7

Dijw = Dgsajw %
prot-+lip melHip

The volume of protein (Vpro) and lipid (Vjjp) in plasma, medium,
HEK293H cells were measured for the materials used in this study as
described by Fischer et al. (2017).

Dpsa,w measured here served as proxy for protein distribution and
the liposome (phospholipid vesicles)-water distribution ratio Dj;p,w from
Ebert et al. (2020) as proxy of lipid distribution. The Dj;p/w of PFBA was
predicted from a linear relationship between log Dipw of per-
fluorocarboxylic acids and the number of fluorinated carbon (C-F)
(Figure A1). The R-squared of this linear regression was 0.95, the slope
was 0.476 and intercept was 0.172.

2.3.6. Freely dissolved concentration in the bioassays

The aqueous concentration in the bioassay medium was quantified at
the end of the bioassay experiment. Since the SPME extraction leads to a
substantial depletion of some of PFAS, one needs to back-calculate to the
original aqueous concentration in the bioassay using Eq. (18) (Henne-
berger et al., 2019b). In in vitro toxicology, this aqueous concentration is
often termed freely dissolved concentration (Cfree bioassay) and we use
this terminology for consistency. The Dy used for this conversion was
calculated from Cr using the equations given in Table A6.

Mot
Mior
Dy x (= Vi)

Cfree,bioassay €an also be predicted by a mass balance model (Eq. (19))
with the Dj/, of different biomaterials i (medium, cells) and their cor-
responding volume V;.

18

Cfree.hiuussay =

Mot = Afree 1 Moound,i = Cl’rcc,bioassa)' x (VW + Z(Di/w X V')> 19
i=1

The Cfree,bioassay can be calculated by rearranging Eq. (19) and
introducing the measured Dpediym,w Of GeneBLAzer assay medium and
Deell/w of the HEK293H cell line (Eq. (20)).

Mot
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curve below 30% cytotoxicity with Eq. (22) (Escher et al., 2018).

10%
IChp=——" (22)
slope,

‘cytotoxicity

The specific effect was the reporter gene activation or suppression of
PPARy. For agonistic effects, effective concentration that triggered 10%
of the maximum PPARy activation induced by the positive control
rosiglitazone (ECy, Eq. (23)) was calculated from the linear portion of
concentration-effect curve (eq. (23)), at non-cytotoxic concentrations, i.
e., at concentrations below IC;o and below 30% of maximum effect, with
Eq. (24).

10%

ECp= —— (23)
SIOperec,

% of maximum PPARy activation = slope g, X concentration (24)

For antagonistic effects, 7 nM rosiglitazone (agonist of PPARy) was
added in all wells to trigger approximately 80% of the maximum effects
and a dilution series of the PFAS was run against that background. The
suppression ratio (SPR) of PFAS can be calculated by the reduction of the
activation signal of the constant concentration of rosiglitazone (Eq.
(25)).

Activationgmpie

SPR = 100%- (25)

ACtivationrusiglilazune

The effective concentration causing a SPR of 20% (ECgpr2o, Eq. (26))
was derived from the linear portion of the concentration-suppression
curve (similar to Eq. (25)).

20%

ECsprao = ———
slope

(26)

3. Results and discussions
3.1. Fiber uptake kinetics and sorption isotherm of PFAS

To establish a SPME method specifically for PFAS, we performed
kinetic uptake and sorption isotherm experiments (Figure A2) to study
adsorption characteristics of PFAS to C18-coated fibers. All four PFAS
reached equilibrium status within 16 h (Eq. (4), Fig. A2a-d and
Table A1) and their average recovery ratios (Eq. (5)) were 95%-120%.
Hydrophobic PFHxS, PFOA and PFOS showed strong affinities to fibers
in a concentration-dependent way. The sorption isotherm was linear for
PFBA but non-linear for the other PFAS with Freundlich exponents ng,

Cfree.hiuussay = (

2.3.7. PPARYy bioassay

Cytotoxicity was expressed as a percentage of reduced cell numbers
(confluency) compared to the unexposed cells (eq. (21)). The
concentration-cytotoxicity curve, which is typically linear up to 30%
reduction of confluency (Escher et al., 2018) was fitted with Eq. (21).

confluency(sample)
confluency(unexposedcells)

%Cytotoxicity = 100% —

= SI0P€,yooxicity X CONCENtration 21

The inhibitory concentration that caused 10% of cytotoxicity (IC1¢)
was calculated from the linear portion of the concentration-cytotoxicity

Deeitpw X Veell, protstip + Veelt, w) + (Dinediumw X Vinedium,prot+1ip + Vinedium,w )

(20)

ranging from 0.641 to 0.764 (Eq. (7), Fig. A2e-h, Table A6). The Dy, of
PFHxS, PFOA and PFOS hence showed a strong concentration depen-
dence (Eq. (9), Fig. A2j-1 and Table A6).

3.2. Binding to proteins

The concentrations of PFAS bound to BSA (Cpoundsa) (Eq. (10))
increased non-linearly with C,, (Fig. 2a-d). In the experiment, the volume
of BSA was kept constant, while the concentration of PFAS ranged over
four to five orders of magnitude. The binding curves of PFOA, PFHxS and
PFOS showed three phases. The PFAS appeared to bind to the high-affinity
sites of BSA at low concentrations. When these sites gradually saturated, a
transition stage in the middle part of curve appeared. At high concentra-
tions, non-specific partitioning was observed. For hydrophilic PFBA, the
transition phase was affected by non-specific binding. The binding curves
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Fig. 2. Protein (BSA) binding curves. The concentrations of (a) PFBA, (b) PFOA, (c) PFHxS and (d) PFOS bound to bovine serum albumin (Cpound,psa, circles) were
fitted with a mechanistic combined binding/partitioning model (Eq. (16)). Distribution ratios between BSA and water (Dgsa /w) for (e) PFBA, (f) PFOA, (g) PFHxS and
(h) PFOS. log Dgsa,w (black circle) was fitted phenomenologically by a Freundlich-type model (Eq. (12)). The experimental data were compared with previous
dialysis experiments from Allendorf et al (2019) (orange upward triangles) and Xia et al (2013) (green downward triangles) for comparison. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

were fitted with Eq. (16). The specific saturation binding Kspecific (Eq. (15))
and the non-specific distribution ratio Dyon-specific (Eq. (16), Table 1) were
not as distinctly differentiated as for other anionic organics such as nap-
roxen (Henneberger et al., 2019a). The Cyax of PFBA, PFOA, PFHxS and
PFOS were 0.450, 1.24, 0.919 and 0.391 molpgas/molpga, respectively
(Table 1), indicating that there is most likely only one high-affinity
binding site for PFAS. PFOS showed the highest potency of specific pro-
tein binding with a log Kspecific of 5.81. The 1og Dyon-specific (v > 1) (Table 1)
were lower than log Kspecific but were remarkably similar to the log Dyip/w
for PFBA, PFOA and PFOS (Table 2).

Since PFAS binding to BSA was non-linear, Dgga w (Eq. (11)) of PFAS
were concentration-dependent (Fig. 2e-h). The decrease of experimental
Dgsa,w with increasing C, was phenomenologically fitted with Eq. (12)
and the resulting Freundlich parameters Kg; and ng; are listed in Table 1.
Note that this very simplified linearization of the three-phasic binding
curve does not reflect the complex binding mechanism, but the resulting
linear regressions may serve as input function for the MBM.

There are two studies using dialysis experiments to investigate the
protein binding of PFAS. Allendorf et al. (2019) measured BSA-water
partition coefficients for seven PFAS at one constant concentration.
Their experimental data of PFBA, PFOA, PFHxS and PFOS are compared in
Fig. 2 with the present binding curves measured with SPME. All are sit-
uated at different regions of the binding curves. PFBA (Fig. 2a, orange
upward triangle) was measured at very low linear specific binding at
concentrations that were two orders of magnitude lower than the con-
centration range measured here, PFOA (Fig. 2b, orange upward triangle)
and PFHxS (Fig. 2c, orange upward triangle) were situated at the linear
specific binding concentration range, and PFOS (Fig. 2d, orange upward
triangle) at the transition zone, where specific binding was going towards
saturation and non-specific binding contributed to the overall binding.

Xia et al. (2013) studied the protein binding of six PFAS with
different protein concentrations of BSA and found non-linear binding
curves of PFOA and PFOS. Their binding curves for PFOA (Fig. 2b, green
downward triangles) were in the range of specific binding and their
experimental data from dialysis experiments agreed remarkably well
with our data from SPME experiments. PFOS binding was measured at
the same concentration range as PFOA but fell into the transition zone
between saturation of specific binding and non-specific binding (Fig. 2d,
green downward triangles). The present SPME experiment indicated
stronger binding in the same concentration range as the dialysis
experiment data from Allendorf et al. (2019) and Xia et al. (2013).

Bischel et al. (2010) found up to eight binding sites in PFAS-BSA
complexes at v > 4 (molppag:molpgs) using Nano-electrospray ioniza-
tion mass spectrometry. Human serum albumin (HSA) and BSA are 76%
conserved in sequences (Theodore 1985) and thus some PFAS showed
similar affinity to both BSA and HSA (Bischel et al., 2010). Chen and Guo
(2009) further investigated the affinities of PFAS on three binding sites
of HSA using site-specific fluorescence. PFBA, PFOA, PFOS had different
preferences among these binding sites with orders of magnitude differ-
ence in binding constants. If the strongest binding site contributed the
most of the PFAS binding to protein, the binding model can be simplified
as one high-affinity binding site model as we did here.

Several models have been used in previous studies to analyze how
PFAS-protein binding is affected by hydrophobicity, steric limitation
and number of fluorinated carbon (ncg) (Alesio et al. 2022; Almeida
et al., 2021; Qin et al., 2020; Ren et al., 2016). Their results suggested
that nc g plays an important role in PFAS-protein binding because it has
positive correlations with chemical hydrophobicity and molecular size
(Alesio et al., 2022). In our study, the value of 10g Dyon-specific Showed a
good relationship with n¢ g, PFOS (nc.g:8) > PFOA (nc:7) > PFHXS (nc.
F:6) > PFBA (ncy:3), suggesting ncr may dominate the non-specific
binding of PFAS to protein (Figure A3). Different functional groups (e.
g., sulfonic, carboxylic or hydroxy group) were also reported to impact
the interactions of PFAS with protein, such as van der Waals in-
teractions, electrostatic interactions and hydrogen bonding (Almeida
et al., 2021; Qin et al., 2020; Ren et al., 2016). The higher values of log
Kspecific (Table 1) of PFHxS and PFOS suggest that sulfonic acids may
have stronger binding affinity to the ligand binding pockets, which is
consistent with previous studies using nuclear protein (e.g., PPARy),
membrane protein (e.g., GPR40) and transport protein (e.g. trans-
thyretin) (Almeida et al., 2021; Qin et al., 2020; Ren et al., 2016).

Overall, the comparison with literature data demonstrates that it is
important to measure protein binding at a wide concentration range to
assure that all aspects of binding, including specific saturable binding as
well as nonspecific partitioning are captured. We extended the con-
centration range over five orders of magnitude and chose appropriate
concentration ranges for each of the tested PFAS to capture all phases of
the binding curves. The drawback of literature data was that it was
typically measured at a narrower concentration range, which resulted in
measurements at different phases of the binding curves, which limits
comparisons of the experimental binding constants.
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Fig. 3. Partitioning to biological materials (plasma, medium, cells). The concentration of (a) PFBA, (b) PFOA, (c) PFHxS and (d) PFOS bound to plasma (Cbound,plamsas
circles) were fitted with a mechanistic combined binding/partitioning model (Eq. (16)). Distribution ratios between plasma and water (Dplasma/w) Of (€) PFBA, (f)
PFOA, (g) PFHxS and (h) PFOS were fitted phenomenologically by the Freundlich-type model (Eq. (12), black solid line) and predicted by the mass balance model
(MBM, Eq. (17)) with concentration-dependent BSA-water distribution ratios, Dgga/w from the Freundlich-type model (Eq. (12), Table 1, green dotted line) or from
the mechanistic combined binding/partitioning model (Eq. (16), green hollow circle), and the liposome-water distribution ratio, Dj;/w (Table 2). Distribution ratio
between medium and water (Dmedium/w) Of (i) PFBA, (j) PFOA, (k) PFHxS and (1) PFOS were fitted phenomenologically by the Freundlich-type model (Eq. (12), black
solid line) and predicted by the MBM (Eq. (17), green dotted line) with the Dgsa/w from the Freundlich-type model (Eq. (12), Table 1) and the Dy, (Table 2).
Distribution ratios between cell and water (Dcej,w) of (m) PFBA, (n) PFOA, (o) PFHxS and (p) PFOS were calculated by Eq. (11) (black circle) from experiments and
predicted by the MBM (Eq. (17), green dotted line) with Dyon.specitic Of BSA (Table 1) and Dyp, (Table 2). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Freely dissolved concentration of (a) PFBA, (b) PFOA, (c) PFHxS and (d) PFOS in GeneBLAzer medium (220 pL) in presence of 21,000 cells after 24 h cell
exposure. 10g Cree bioassay Of PFAS were quantified with SPME (Eq. (18), filled circles) and predicted by mass balance model (MBM, Eq. (20), empty diamond) with the
concentration-dependent medium-water distribution ratio, Diedium/w (EqQ. (12), Table A6) and cell-water distribution ratio, Deejj,w (Table 2). Inhibitory concentration
(ICq0, Eq. (22)) for cytotoxicity and effect concentration (ECyo in agonist mode (Eq. (23)) or ECgproo in antagonistic mode (Eq. (26))) were measured with the PPARy-
GeneBLAzer assays.
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3.3. Binding to human plasma

C18-SPME was also used to measure Cfee in plasma samples and to
derive binding curves. As shown in Fig. 3a-e, the plasma binding curves of
all four PFAS were also concentration-dependent and could be fitted by
the mechanistic combined binding/partitioning model. To align the units,
the saturation binding (Eq. (14)) was multiplied by the volume fraction of
protein (Vprot /Vprot+1ip = 0.909) in the plasma. Dpjasma/w (v < 1) in Table 2
refers to the specific binding constant Kgpecific (Eq. (16) and was derived
from the low-concentration portion of the binding curves with Eq. (14).
Dplasma/w (v > 1) refers to non-specific binding (Eq. (16)). All fit param-
eters of the mechanistic binding model are listed in Table A7.

The binding curves to BSA and to plasma overlapped for PFBA
(Fig. A4a) and PFOS (Fig. A4d), but only overlapped at the low con-
centration range of protein-specific binding and gradually separated as
the concentration increased for PFOA (Fig. A4b) and PFHxS (Fig. A4c).
The good agreement is an indication that the plasma binding is domi-
nated by protein binding with a low contribution of the lipids to the
overall plasma binding, which justifies the application of the mecha-
nistic combined binding/partitioning model that was derived for BSA.

Despite the non-linearity of plasma binding, we also fitted the
experimental Dpjasma/w With the Freundlich-type model (Eq. (12)) and
compared the logDpasma/w — 10gCyw relationship with the prediction by
the MBM (Fig. 3e-h, Table 2, and Table A7). There was a decent
agreement between the experimental Dpjasma/w (black circle) and the fit
with the Freundlich-type model (black solid lines) and the MBM pre-
diction that was based on the Freundlich model for Dgga /v (green dashed
lines) as well as the MBM prediction that were based on the mechanistic
protein binding model (green circles) in Fig. 3e-h.

The MBM for plasma based in the mechanistic combined binding/
partitioning model for BSA was also used to analyze how lipids and pro-
teins contribute to the bound PFAS. Dplasma/w (v < 1) predicted for real-
istically low concentrations with Kgpecific sa (Table 1) were comparable to
the experimental ones with>98% contribution by protein binding
(Table 2). This also rationalizes the overlay of the binding curves to BSA
and plasma. Dpjasma/w (v > 1) predicted for high concentrations with Dyon.
specific Bsa Of PFBA, PFOA, PFOS agreed well with the experimental Dpjasma/
w and the contribution of lipid increased from approximately 1% for low
concentrations and specific binding (Table 2) to 10% for high concen-
trations and dominant non-specific binding (Table A7).

Forsthuber et al. (2020) analyzed 11 PFAS bound to albumin and
lipoproteins in human blood samples and concluded that albumin was
the main carrier in plasma. However, this study only analyzed the blood
concentration and did not investigate any binding mechanism. C18-
SPME combined with MBM can not only obtain partition constants,
but also differentiate the specific and non-specific binding within wide
concentration ranges and predict the contribution of lipids and proteins.

3.4. Partitioning in medium

We further studied the partitioning of PFAS in GeneBLAzer assay
medium that is commonly used for reporter gene assays in Tox21.
Binding curves are depicted in Figure A5. Volume fractions of protein
and lipid in the GeneBLAzer assay medium were 0.08% and 0.0007%
(Table A5). The Chound,medium of PFAS was also fitted with the combined
binding/partitioning model (Eq. (16)). The saturation binding portion of
Eq. (14) was multiplied by the volume fraction of protein (Vprot
/Vprot+lip = 0.992) in the medium to align the units. Apart from PFOS
(Figure A5d), which showed an excellent fit, the other three PFAS did
not show the pronounced non-linear binding and a much lower quality
of the fit (Figure A5 a-c). The highest concentration of PFOA and PFHxS
were excluded from the fit, but the model was still not able to explain the
shape of the binding curves. This may be caused by protein denaturation
at high concentrations due to the surface-active properties of PFOA and
PFHxS, which may have caused unfolding of the protein (MacManus-
Spencer et al., 2010).
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Since PFAS binding to protein was concentration-dependent and the
protein content was 140 times higher than lipid content in the Gene-
BLAzer assay medium, the 10§ Dpedium,w 0f PFOA, PFHxS and PFOS (Eq.
(12)) were also concentration-dependent. The 108 Dyedium/w Of PFOA,
PFHxS and PFOS predicted with the MBM (Eq. (17), Table A6) showed
the same trends as the experimental results but predictions resulted in
slightly higher Dpedium/w than experiments (green dashed line in Fig. 3j-
k). For the hydrophilic PFBA, the 10g D edium/w Was nearly constant over
the tested concentration range and the predicted Dyedium/w Of PFBA was
lower than experimental ones (Fig. 3i), which might have been caused
by the slightly higher recovery of the SPME (95-120%, Eq. (5)),
resulting in lower Chound,medium and Dmedium/w calculated for the MBM
(Egs. (10) and (11)).

3.5. Partitioning to cells

The concentrations of PFAS bound to HEK293H cells (Cpound,cell, Eq-
(10)) were measured at two nominal concentrations that differ by a
factor of eight (Table A2). The volume fractions of water, protein and
lipid of cells were 91.6%, 8.14% and 0.432% (Table A5), which were
comparable to the values determined in previous study (Fischer et al.,
2017). Deentyw derived from different concentrations of the same PFAS
did not show any statistical difference (Student’s t test, p > 0.05) and an
average value of log Dce|1,w for each PFAS is listed in Table 2.

A previous study pointed out that structural proteins (e.g. cytoskel-
eton) are abundant in mammalian cells and organic acids have lower af-
finity to structural proteins compared to BSA (Henneberger et al., 2016).
Non-specific binding of PFAS to structural protein and lipid may dominate
their partitioning to the cells. Based on this assumption, Deejjw Was pre-
dicted by the MBM (Eq. (17)) with Dpon.specific (Table 1) as a surrogate for
partitioning to structural proteins and Dy (Table 2) for lipid.

The predicted Dceli/w (green dashed line in Fig. 3m-p) were not much
different from the experimental D))+ for PFOA, PFHXS and PFOS with
discrepancies within 15%. For PFBA, the predicted Dcejj/w Was around
35% lower than the experimental D similarly to what has been
observed for medium. Here, we considered only proteins and lipids of
the cell homogenate as the main sorptive phase for Dcejj/w, Which is
different from Henneberger et al (2019a) where the cells were recog-
nized as an entity containing water, protein and lipid and all of them
contributed to cell-water distribution.

3.6. Freely dissolved concentration of PFAS in PPARy reporter gene
assays

In the bioassay, the partitioning of PFAS to medium components and
cells inevitably resulted in substantial differences between freely dis-
solved concentration (Cfree,bioassay) and nominal concentration (Chom,
bioassay)- The log Dgsy in Table A6 were used to derive Cfree bioassay i
complex assay medium from measured concentrations in the fiber by Eq.
(18). As shown in Fig. 4, if Cfree bioassay iS €qual t0 Cpom,bioassay> data
points fell on the 1:1 diagonal. For the hydrophilic PFBA, 10g Cfree,bioassay
and 10g Crom,bicassay Were almost equal with deviations below 10%, but
for hydrophobic PFHxS, PFOA and PFOS, Cfree bioassay Were up to 100
times lower than Cpom,bioassay- Our results are consistent with a recent
study that hydrophilic chemicals and highly protein-bound chemicals
behave differently on Cge (Dimitrijevic et al., 2022).

Considering medium components and cells may be contributing to
PFAS depletion in bioassays, a MBM (Eq. (20)) with Dpyedium/w and Dcelly
w for these PFAS (Table A6 and Table 2) was used to predict the values of
Ctree,bioassay Of PFAS. The 10g Cfree,bioassay Predicted with the MBM agreed
well with experimental data (Fig. 4). This means that existing PFAS ef-
fect data can be assessed for their freely dissolved effect concentrations
in the future by the simple MBM, provided that the distribution ratios
(Dsa/w and Dyjp/) and experimental conditions (lipid and protein
content of medium and cells) are available.
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Table 3
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Nominal and freely dissolved concentration of PFBA, PFOA, PFHxS and PFOS in PPARy reporter gene assays and human plasma. Quantitative in vitro to in vivo
extrapolation (QIVIVE) ratio for workers and residents living near fluorochemical plants and general population.

PPARY reporter gene assay

Workers or residents near fluorochemical plant

General residents

Cytotoxicity PPARy-activation Human plasma Human plasma
IC10,n0m Agonism Antagonism Cnom,plasma QIVIVE,,om, ratio Crom,plasma QIVIVE,,o, ratio
[pmol/L] EC10,nom ECspr20,nom [pmol/L] [pmol/L]
[pmol/Ly] [umol/Ly]
PFBA 2.20 x 10° 316 0.408° 1.29 x 1073 5.30 x 107°¢ 1.68 x 10™°
PFOA 91.0 18.2 35.8" 1.96 1.23 x 10 6.74 x 1074
PFHxS 125 70.7 26.4" 0.373 1.40 x 10~ 1.98 x 1074
PFOS 29.5 5.54 126" 22.7 3.30 x 10724 5.95 x 1072
IC10,free Agonism Antagonism Ceree,plasma QIVIVE. ratio Cfree, plasma QIVIVE(,,, ratio
[pmol/L] ECio,free ECspr20, free [pmol/L] [pmol/L]
[pmol/Ly] [pmol/Ly]
PFBA 1.61 x 10° 259 5.72 x 1072 2.21 x 107* 7.42 x 1074 2.87 x 107°
PFOA 27.0 3.64 1.93 x 1072 5.31 x 1072 6.63 x 107° 1.82 x 107
PFHxS 81.6 31.9 3.76 x 102 1.18 x 107 2.00 x 107¢ 6.25 x 1078
PFOS 2.98 0.243 2.94 x 1073 1.21 x 1072 7.71 x 1077 3.17 x 107°

¢ Data from Gao et al. 2019.

4 Data from https://www.cdc.gov/exposurereport/data_tables.html.
@ Data from Bao et al. 2022.
b Data from Gao et al. 2015.

3.7. Effect concentrations of PFAS in PPARy reporter gene assays

All PFAS were cytotoxic at the highest exposure concentrations
(Figure A6). Inhibitory concentration that caused 10% of cytotoxicity
(IC10,free) (Egs. (21) and (22)) of PFBA, PFOA, PFHxS and PFOS were
1610, 27.0, 81.6 and 2.98 uM respectively (Table 3). To avoid artefacts
on the PPARy activation caused by the cytotoxicity, the cellular effects
were evaluated in the non-cytotoxic concentration range below ICy.

Both agonistic and antagonistic effects in the PPARy-GeneBLAzer
reporter gene assay were observed after 24 h exposure to PFAS
(Figure A6). PFBA showed agonistic effects up to 30% at lower con-
centrations and then suppression at higher concentrations, which were
already impacted by cytotoxicity (Figure A6a). The effective concen-
tration that triggered 10% of the maximum PPARYy activation (EC1g free)
(Egs. (23) and (24)) of PFBA was 259 pM.

PFOA, PFHxS and PFOS showed antagonistic effects on PPARy
(Figure A6b-d), that were measured at a background of 80% activation
effect of rosiglitazone. PFHXS suppressed nearly half of the signal from
rosiglitazone, and PFOA and PFOS almost eliminated the signal. Sup-
pression ratios (SPR) (Eq. (25)) of 20% of PFHxS, PFOA and PFOS were
observed at ECsproo,free Of 3.64, 31.9 and 0.243 pM (Eq. (26), Table 3).

PPARy-regulated signal pathways have been demonstrated to
involve in PFAS disrupting lipid metabolism in many studies (Abbott
2009; Ma et al., 2018; Pan et al., 2021). Some researchers further
investigated the interaction of PFAS with PPARy by using reporter gene
assays but their activities on the receptor were inconsistent. For
example, no significant activation of PPARy by PFOA and PFOS were
observed on Cos-1 cells (Takacs and Abbott, 2007), which were trans-
fected with plasmid DNA using lipofectamine reagent, while other
studies proved they were potential agonists of PPARy using transient
transfected 3 T3-L1 cells (Vanden Heuvel et al., 2006) or HEK293 cells
(Li et al., 2019, 2018; Zhang et al., 2014). PFOA, PFHxS and PFOS
showed very faint activation effects in the PPARy GeneBLAzer assay at
the low concentration range in absence of rosiglitazone (data not shown)
but obvious suppression without prior increase of the rosiglitazone
signal when co-exposed with rosiglitazone.

3.8. Freely dissolved concentration of PFAS in human plasma

Many PFAS have been detected at micromolar levels in human
plasma of firefighters and workers engaged in PFAS utilization and
manufacturing facilities (Costa et al., 2009; Gao et al., 2015; Rotander

10

et al., 2015; Sakr et al., 2007; Wang et al., 2012). For example, the
maximum level of PFOA, PFHxS and PFOS of workers from one of the
largest PFAS-related producers in China (Henxin Chemical Plant) were
35.8, 26.4 and 126 pmol/L (Table 3) (Gao et al., 2015). The hydrophilic
PFBA was seldomly measured in plasma samples, but it was one of the
dominant PFAS in urine (Peng et al., 2021). However, some studies
applied more sensitive methods and found PFBA in maternal and cord
serum (Bao et al., 2022; Gao et al., 2019). The maximum level of PFBA
was 0.408 pmol/L among 50 pregnant women living near the fluo-
rochemical industrial plant-Fuxin in China (Bao et al., 2022).

PFAS were also found in the general population at nanomolar level
according to national health surveys among developing and developed
countries (Cakmak et al., 2022; Gockener et al., 2020; Lin et al., 2019;
Petriello et al., 2022; Yu et al., 2020; Zhang et al., 2019). The U.S. Center
for Disease Control and Prevention conducted PFAS monitoring of the
general U.S. population and their latest results (2017-2018) showed
that the maximum concentration of PFHxS, PFOA and PFOS were 12.3,
14.0, 33.0 nmol/L respectively (https://www.cdc.gov/exposurereport
/data_tables.html). The maximum concentration of PFBA was 5.30
nmol/L among 132 non-occupationally exposed pregnant women in
Beijing, China (Gao et al., 2019).

Cfree,plasma Was calculated with Eq. (27). Since the v (molppas/mol-
protein) Of PFAS in human plasma samples were usually «1 and most of
PFAS may bind highly specifically to proteins, leading to very low free
PFAS concentrations.

Cn\)m lasma VW
plasma X @7)

Chre plamn = Vi + Dptasmasw X Virotslip,plasma

We derived the log Dpjasma/w at v < 1 (Table 2) from the binding
curves of PFAS to human plasma (Fig. 3a-d) and used these values to
calculate Cfree plasma by the MBM (Eq. (27)). As shown in Table 3, Cfyee,
plasma Was predicted to be lower than Cpom,plasma but the ratio was highly
chemical-specific. Cree plasma Of PFBA was only seven times lower than
Chom,plasma but this ratio increased with protein binding affinity to
almost 40,000 for PFOS. There was little difference in this ratio for each
PFAS between the exposed workers and the general population.

3.9. Quantitative in vitro to in vivo extrapolation

The QIVIVE ratio is the ratio of concentration of PFAS in human
plasma and effect concentration EC (ECy¢ or ECgprog) in the bioassay
(Henneberger et al., 2021). The QIVIVEon, ratio was calculated with Eq.
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(28). Nominal concentration of PFAS in human plasma samples (Cpom,
plasma) were collected from epidemiological studies and EC,om were
measured as illustrative example with the PPARy GeneBLAzer assay.

) Coor ol
ratio = nom, plasma (28)

IVIVE
Q nom ECnom

The corresponding QIVIVEg.. ratio was calculated with Eq. (29)
from Cfree,plasma (EQ. (27) and ECgree (calculated with Eq. (18)).

C Tee. asma
—free plasmma (29)

IVIVE,, ratio =
Q free chme

As an illustrative example, we calculated the QIVIVE ratio for plasma
concentrations (Cplasma) of PFBA, PFOA, PFHxS and PFOS in workers
and residents living near fluorochemical plants from Bao et al. (2022)
and Gao et al. (2015) or the general population in the US (https://www.
cdc.gov/exposurereport/data_tables.html) and Gao et al. (2019), and
the EC of PFAS in the PPARy GeneBLAzer assay (Table 3).

A QIVIVE ratio > 1 would indicate that the particular in vitro effect on
the PPARy receptor may have the potential of causing associated adverse
outcomes in in vivo (Sipes et al., 2017). Notably, this assay is only one
example - for a full QIVIVE, one needs to measure many in vitro endpoints
and evaluate the distributions of QIVIVE ratios. This can be done in the
future when more bioassay data become available from HTS studies.

The QIVIVE,,, ratios of PFOA and PFOS were 1.96 and 22.7, sug-
gesting PFOA and PFOS might cause an in vivo effect after occupational
exposure with respect to this particular biological endpoint (Table 3,
Fig. 5). In epidemiological studies, associations between decrease of
PFOS and PFOA concentrations in serum and low-density lipoprotein
cholesterol have been demonstrated (Fitz-Simon et al., 2013), which
hints at the relevance of lipid metabolism and hence binding to PPARy as
relevant molecular initiating event.

The QIVIVEge, ratio of PFOA and PFOS were reduced to 5.87 x 1073
and 1.34 x 1072 (Table 3, Fig. 5), indicating that proteins and lipids in
plasma may act as reservoirs of PFAS, reducing the freely dissolved con-
centration of PFAS. But this does not mean it is safe since a majority of
bound PFAS still accumulate in the body and can be remobilized. The large
difference between QIVIVE o, and QIVIVEg.e for anionic PFAS is because
protein binding is highly concentration-dependent with a high-affinity
specific binding at low concentrations and lower non-specific binding at
higher concentrations. Thus, the low concentrations in human plasma are
strongly bound to proteins, while the high concentration needed to trigger
effects in in vitro bioassays have a higher fraction unbound.

Since the concentrations of these PFAS in general population were
thousands of times lower than those in workers or residents living near
fluorochemical plants, both QIVIVE o, and QIVIVE.. ratios of general
population were thus calculated to be thousands lower (Table 3, Fig. 5).

Fluorochemical plant General
102
1004... +—Risk
fe!
S 1024 1 v O PFBA
u>_| fo) ° = H PFOA
% 1041 ; 5 PFHxS
10-6- ] v PFOS
10_8 T T - T T
nom free nom free

Fig. 5. Quantitative in vitro to in vivo extrapolation (QIVIVE ratio) for workers
and residents living near fluorochemical plants and general population based
on nominal concentrations (nom, (Eq. (28)) or free concentrations (free, (Eq.
(29)) of human exposure level and effective concentrations in the PPARy-
GeneBLAzer bioassay.
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4. Conclusion

The use of PFAS has improved the quality of our life, but their
persistence and continued usage perpetuate their adverse impact on
humans and the environment. HTS cell-based bioassays can be used to
characterize the potential toxicity of PFAS, and the associated QIVIVE
ratios allow one rank their relative risk (Bell et al., 2018). This may be a
practical strategy to deal with a conflict between commercial needs and
environmental health protection.

PFAS bound to proteins in plasma can also be transported to cells or
different tissues in bound form with the blood and released at other
organs and sites. There is an equilibrium distribution of Cgee and Chound
(Fischer et al., 2018) due to the reversible binding of PFAS to proteins.
Receptors with high affinity could trigger the dissociation from serum
albumins acting as transporters. Such redistribution can occur in blood
and in the in vitro bioassays and therefore Cgce can be considered still a
useful parameter from comparisons.

The binding of PFAS to proteins is strongly concentration-dependent.
All biomaterials that have much higher protein than lipid content
showed also concentration-dependent binding curves, which is a great
experimental challenge if many anionic PFAS need to be characterized.
Given the small contribution of lipid binding in case of human plasma, it
is possible to use Dpga/w as a surrogate for Dpjasma/w but for plasma of
other environmental organisms with higher lipid content, lipid parti-
tioning would need to be included.

The MBM yielded an adequate prediction of Cgee in cell-based bio-
assays. Although we demonstrated the validity of the MBM only for four
anionic PFAS, one type of bioassay medium and one cell line, previous
work on other organic anions has demonstrated that models can be
transferred to other bioassay setups if the lipid and protein content has
been quantified (Henneberger et al., 2019b; Huchthausen et al., 2020).
Again, it must be stressed that the nonlinear binding behavior of anionic
PFAS to proteins is not a feature of the perfluorination of the molecules
but caused by the deprotonated carboxylic acid or sulfonic acid group of
the tested PFAS. Thus, with respect to protein binding, our results and
comparison to protein binding of non-fluorinated organic ions demon-
strate that the anionic PFAS behave like other organic anions.

The PPARYy reporter gene assay is just one exemplary HTS assay that
was included in Tox21. The Tox21 collaboration has employed>60 HTS
assays for chemical assessments, including assays for cytotoxicity, cell
stress, mitochondrial function and nuclear receptor activation (Sipes
et al., 2017). A bioassay test battery that covers a range of relevant
modes of action may be used for overall toxicity evaluation for
commercially available PFAS. 75 PFAS were selected for high-
throughput effect screening (Patlewicz et al., 2019) conducted by re-
searchers of U.S. EPA and the National Toxicology Program
(https://www.epa.gov/pfas, accessed January 2023) and the results are
still pending. Furthermore, more complex in vitro models such as models
derived from human induced pluripotent stem cells (Corbett 2019) may
serve in the future as a more suitable point of departure for QIVIVE.

As the anionic PFAS have shown such a strong and non-linear
binding to proteins, their true internal effect concentrations might be
much different from neutral PFAS and the toxic effects of hydrophobic
anionic PFAS may be underestimated as compared to the hydrophilic
ones. Therefore, Cree,bioassay may be a more appropriate dose-metric for
comparative effect assessment and QIVIVE of PFAS. The MBM was
successfully used to predict Cree bioassay Of PFAS in one bioassay, which
will greatly improve the accuracy of HTS to identify specific effects and
compare effects across bioassay types. It will not always be necessary to
measure Cgee 0f PFAS but existing HTS effect data based on nominal
concentrations can be converted to free effect concentrations using the
MBM.
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ABSTRACT: High-throughput screening is a strategy to identify
potential adverse outcome pathways (AOP) for thousands of per-
and polyfluoroalkyl substances (PFAS) if the specific effects can be
distinguished from nonspecific effects. We hypothesize that
baseline toxicity may serve as a reference to determine the
specificity of the cell responses. Baseline toxicity is the minimum
(cyto)toxicity caused by the accumulation of chemicals in cell Effective concentration (EC)
membranes, which disturbs their structure and function. A mass °”a'get T
balance model linking the critical membrane concentration for
baseline toxicity to nominal (i.e., dosed) concentrations of PFAS in
cell-based bioassays yielded separate baseline toxicity prediction
models for anionic and neutral PFAS, which were based on Easeliefloxlchy

liposome-water distribution ratios as the sole model descriptors.

The specificity of cell responses to 30 PFAS on six target effects (activation of peroxisome proliferator-activated receptor (PPAR)
gamma, aryl hydrocarbon receptor, oxidative stress response, and neurotoxicity in own experiments, and literature data for activation
of several PPARs and the estrogen receptor) were assessed by comparing effective concentrations to predicted baseline toxic
concentrations. HFPO—DA, HFPO—DA-AS, and PFMOAA showed high specificity on PPARs, which provides information on key
events in AOPs relevant to PFAS. However, PFAS were of low specificity in the other experimentally evaluated assays and others
from the literature. Even if PFAS are not highly specific for certain defined targets but disturb many toxicity pathways with low
potency, such effects are toxicologically relevant, especially for hydrophobic PFAS and because PFAS are highly persistent and cause
chronic effects. This implicates a heightened need for the risk assessment of PFAS mixtures because nonspecific effects behave
concentration-additive in mixtures.

more cytotoxic than baseline toxicity?

KEYWORDS: PFAS, membrane concentration, liposome-water distribution ratio, potential adverse outcome pathways,
peroxisome proliferator-activated receptors

B INTRODUCTION including reactive (oxidative stress),” specific (receptor-

The threat that per- and polyfluoroalkyl substances (PFAS) medlate.d s1gna.hr.1g pathways)," and nonsp ec,lﬁc. toxicity.

pose to human health has been a great concern for society. The Basehfle toxicity, also known as narcosis, 1s a common,
concern has expanded from perfluorooctanoic acid (PFOA) nonspecific effect caused by an accumulation of chemicals in
and perfluorooctanesulfonic acid (PFOS) to thousands of
PFAS with diverse structures and unclear toxicological effects.
The OECD broadened the definition of PFAS to at least one toxicants can trigger specific effects at critical membrane
perfluorinated carbon,’ which implies that there are now more concentrations. Baseline toxicity does not equate to low
than 14,000 PFAS chemicals in the CompTox Chemistry toxicity; very hydrophobic chemicals can still be very potent

cell membranes that interfere with membrane function and
destroy membrane integrity.” Chemicals that act as baseline

Dashboard.” Traditional methods can no longer cope with the through baseline toxicity, i.e., act in low concentrations. Hence,
risk assessment of such large numbers of PFAS. New approach

methodologies (NAM), especially those based on high- Received: November 27, 2023 E%Hﬂgﬂ[nmw
throughput screening (HTS) with cellular assays, provide a Revised: ~ February 11, 2024 1
strategy of extensive screening for molecular initiating events Accepted: February 12, 2024 @
and key events in adverse outcome pathways (AOP) because Published: February 23, 2024 '

cell responses can serve as early warning signals. PFAS may
trigger cell responses through several cellular toxicity pathways,

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.3c09950
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Figure 1. An overview of the dose-metrics and baseline toxicity prediction models for cell-based bioassays. Abbreviation: Vi, .gium 0rVe = volume of

medium or cells, C

nom

= nominal concentration, C,, = free concentration, SPME = solid-phase microextraction, MBM = mass balance model, IC =

inhibitory concentration, EC = effect concentration, Dy, = distribution ratio between liposomes and water, TR = toxic ratio, and SR = specificity

ratio.

baseline toxicity may serve as an anchor or reference state to
determine the degree of specificity of PFAS in cell-based
bioassays because specific effects occur at even lower
concentrations.

Baseline toxicity occurs when critical membrane burdens are
exceeded. Escher et al.’ derived the critical membrane
concentration of baseline toxicants that causes 10% of
cytotoxicity IC;gmembranebaseline 5 69 mmol/Ly, from eight
different cell lines. IC;o yembranebascline Was independent of the
cell line and constant for all organic chemicals. As in vitro
bioassay responses are reported as nominal (i.e., dosed)
concentrations in bioassay medium, one needs to link
IC0,membrane,bascline and freely dissolved concentrations
(ICIO,free,baseline) to nominal concentrations (ICIO,nom,baseline)l
which can be accomplished by mass balance models (MBM).”
While ICIO,membrane,baseline is constant, ICIO,free,baseIine is dependent
on the partitioning of chemicals into membrane lipid bilayers,
which can be simulated by phospholipid vesicles, so-called
liposomes. The ICqgeepaseline €an vary over many orders of
magnitude. Hydrophobic chemicals have much lower
IC )0 freepaseline values than hydrophilic and charged chemicals.
IC )0 nompasetine i determined by the experimental conditions
and binding affinities of PFAS to proteins and lipids in the
medium and cells. An overview of these metrics can be found
in Figure 1.

The inhibitory concentration at 10% cytotoxicity (ICgp0m)
can be derived from the concentration—cytotoxicity curves
using nominal concentrations in the bioassay. The ratio
between IC g ompaseline and experimental IC;y ., is called the
toxic ratio (TRm,m).S’9 At lower, noncytotoxic concentrations,
many in vitro bioassays trigger specific effects, such as the
activation of receptors or adaptive stress responses. The effect
concentration at 10% effect (EC,g0m) can be compared to the
cytotoxicity ICig ompaseline tO derive the specificity ratio
(SR,,,).” If TR, or SR, are close to 1, cell death or
response may be caused by baseline toxicity. A positive artifact
due to the so-called cytotoxicity burst may appear when cells
are close to death. High TR, or SR, values suggest that
chemicals specifically trigger cytotoxicity or defined targets at
lower concentrations than baseline toxicity.

The specific effects refer to the signals from defined targets,
which can be distinguished from the nonspecific baseline
toxicity. Here are several cases among the numerous
toxicological studies. Oxidative stress is a common mechanism
of PFAS-induced cytotoxicity.” For example, acute exposure to

5728

PFOS induced excessive production of reactive oxidative
species, resulting in the apoptosis of mouse islet /-TC-6 cells'’
and human neuroblastoma SH-SYSY cells.'"' As a cellular
defense, PFOS was found to trigger the nuclear factor
erythroid 2-related factor 2 (Nrf2)-antioxidant response
element (ARE) pathway, which plays a critical role in cellular
protection against toxicity and oxidative stress from chemical
stressors.'” Besides, PFAS may disrupt endocrine homeostasis
by interacting with receptor-mediated signaling pathways.* For
example, PFOS promoted adipogenesis via peroxisome
proliferator-activated receptors (PPARs) in mouse preadipo-
cyte 3T3-L1 cells;'> PFDA and PFDoA might disrupt the
function of the thyroid hormone system via aryl hydrocarbon
receptor (AhR) in rat pituitary GH3 cell;'* PFOS stimulated
insulin secretion via membrane G-protein coupled receptor
(GPR) 40 in mouse islet f-TC-6 cells."> Neurotoxicity is also
of concern; for example, PFOS enhanced nerve growth factor-
induced neurite outgrowth in rat pheochromocytoma PC12
cells.'® To relate the observed effects to baseline toxicity is a
way to allow comparison between different test systems and
end points and to identify effects that are of particular concern
due to high TR, or SR .

Tox21 and ToxCast are programs of multiple federal
agencies, including the U.S. Environmental Protection Agency
(EPA) and the National Toxicology Program,'” aiming at
efficiently identifying potential AOPs for specified chemicals at
molecular, cellular, and organ levels through HTS to facilitate
risk assessments of chemicals. Currently, in vitro effect data for
160 PFAS from the EPA have been published.'®™*' Trans-
activation assays encompassing 81 diverse transcription factors
were screened with 142 PFAS to describe the activation of
nuclear receptor-mediated signaling pathways.'® 148 bio-
markers relevant to the immune system were measured with
147 PEAS to inform mechanisms of immunotoxicity.'” A NAM
battery for developmental neurotoxicity was developed to
evaluate the effects of 160 PFAS on neural network formation
and function.”® Radioactive iodide uptake high-throughput
assay was used to test 149 PFAS for potential thyroid
disruption.”’ However, data evaluation and ranking scores
were done independently with diverse conclusions, which
makes it difficult to determine which PFAS are of the highest
concern and which in vitro end points are relevant for human
health.

In the present study, we systematically assessed the role of
PFAS distribution in bioassay systems and how this affected

https://doi.org/10.1021/acs.est.3c09950
Environ. Sci. Technol. 2024, 58, 5727-5738
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the different dose-metrics in bioassays (Figure 1). The free
concentrations of 10 anionic and one partially charged PFAS in
the bioassays run in a 96-well plate format were measured by
solid-phase microextraction (SPME) to derive IC,y,, from a
free concentration—cytotoxicity curve. Experimental ICqg.,
values were compared with IC,yg,. predicted by the MBM. A
validated MBM was used to link the known critical membrane

concentrations for baseline toxicity IComembranebaseline tO

ICIO,nom,baseline‘
Four cell-based HTS were selected as experimental batteries,

including three reporter gene assays targeting oxidative stress
(AREc32 assay), nuclear receptors of PPARy and AhR, as well
as an image-based neurotoxicity assay that quantifies inhibition
of neurite outgrowth of differentiated SH-SYSY cells, because
these targets may be relevant to PFAS according to previous
studies.''~'*'® 24 PFAS were then tested in a 384-well plate
format. The cytotoxicity ICyq ., and the effect concentrations
ECjpnom from these assays were compared with the
IC) 0 nompasetine to derive TR, and SR, which were used
to determine if the effects of PFAS are specific. We also
demonstrated the applicability of the approach to other assays
by evaluating the bioassay responses of 16 PFAS from the
literature for their degree of specificity.

B THEORY

Free Concentrations of PFAS in Bioassays. The
nominal concentration (C,,,) in a bioassay is the total
amount of chemicals (n,,) dosed divided by the total volume
of the bioassay system (V,,,), which is composed of medium
(Vmedium) and cells (Vcell) .

Mot Mot

+‘/ce]]_V

tot

V.

medium

1

Fetal bovine serum (FBS) in medium serves as a reservoir of
reversibly bound chemical and also facilitates a faster
equilibrium of chemical between medium and cells,”” and
thus, the free concentration of PFAS in medium (Cpee medium) 18
usually lower than C,,,. An MBM that accounts for the
binding of chemicals to proteins and lipids in the medium and
cells (eq 2) has been developed and validated experimentally
for chemicals.”

Miot = Mree + nbound,i

= Cfree,medium X (Vw + Z (Di/w X ‘/1))

Chree;medium 15 related to the C
yielding eq 3 with distribution ratios between the medium and

hom DY inserting eq 1 in 2
water (Dpedium/w) and between the cells and water (D), as
well as volumes of protein and lipid (VProtein +hpid) in cells and
medium. The detailed derivation of eq 3 is in Supporting
Information Text S1.

Cfrce,

medium =
Cnom X ‘/lot
Vw + Dmedium/w X ‘/])rotein+lipid,medium + Dce]l/w X Vprotein+lipid,ce].l (3)
Diedium/w and Dy, can be measured experimentally or

predicted by MBMs with the assumption that proteins and
lipids are the main sorption phases in the medium and cells.
Bovine serum albumin (BSA) serves as a surrogate for protein
binding in medium (Dggas,) and liposomes for partitioning to
membrane lipids (Dy/,). Then, Degiymw can be predicted by
eq 4.

v

protein, medium

Dmedium/w = DBSA/w X

protein+lipid, medium

Viipid,medium

+ Dlip/w X
(4)

protein+lipid, medium

The most abundant proteins in cells are structural proteins
(SP), for which muscle proteins are better surrogates than
BSA.** Analogously, Dy, can be predicted by eq 5 with Dgp,,,
referring to the distribution ratio between SP and water.

‘/protein,cell
<

De]l/w = DSP/W X
protein+lipid, cell

Vipi
pid, cell
+ Dlip/w X

(5)

protein+lipid, cell

Note that in the previous baseline toxicity model,” we had
defined the D, .giym/w and D

protein, and lipid volumes in medium and cells, but here only

by including the water,

cell/w

protein and lipid volumes were defined as the sorption phases.
Creemedium €an be calculated from C,,,, by inserting eqs 4 and 5

i=1 () in eq 3.
Cf " — Cnom X ‘/tot
ree,medium
Vw + DBSA/w X ‘/protein,medium + Dlip/w X ‘/lipid,medium + DSP/W X V;arotein,cell + Dlip/w X Viipid,cell (6)

Membrane and Free Concentrations Related to
Baseline Toxicity. Chemicals inevitably accumulate in the
membrane during the cellular uptake from the medium into
the cytosol. The partitioning to membrane lipid bilayers can be
simulated by phospholipid vesicles, so-called liposomes. The
distribution ratio (Dy,,, (pH = 7.4)) is the ratio of the
concentration of a chemical bound to liposomes (C;,) divided
by the free concentration in the water phase (C,).

(7)

5729

Some ionized PFAS may be actively transported into cells
via ion channels or transport proteins, but due to their high
membrane permeability, passive diffusion has been proven to
dominate the cellular uptake of even the anionic PFAS.*
There is no pH gradient under typical bioassay conditions;
thus, even charged or%anic chemicals reach a steady state in
cells within hours.”” It is safe to assume that free
concentrations in cells (Cﬁee,cymsol) and Cpeemedium are equal
at the steady state.

If Gy, is related to a constant cell membrane concentration

of baseline toxicants, namely, IC g nembranebaseline ©f 69 mmol/

https://doi.org/10.1021/acs.est.3c09950
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th,é the C,, presents the free concentration of baseline
toxicants in the aqueous phase of both medium and cells,

IC 10 free baselins Which can be calculated by transforming eqs 7 to

8.

IC

10,nom,baseline

69 mmol/Ly,

X ‘/protein,medium + Dlip/w X ‘/lipid,medium + DSP/W

IC

baseline —

10,membrane,baseline

69 mmol/Ly,
ICIO,free, =

Dijp e Dijp e
(8)
Nominal Concentrations Related to Baseline Toxicity.
Combining egs 6 and 8 yields eq 9, which predicts the nominal

baseline toxicity.

X V.

protein,

el T Dlip/w X ‘/lipid,ce]]

Vw + DBSA/W
X

Dlip/w

There is a linear relationship between proteins (log Dgga
or log Dgp/,,) and lipids (log Dy,,,) for nonspecific binding, as
shown in eq 10.

log D,

‘protein/w

=a XlogDy,,, +b (10)

Inserting eqs 10 to 9 yields an equation that is dependent
only on the log Dy, and system parameters of the bioassay.
The model can be fitted by an empirical exponential equation
to mathematically simplify the equation to reduce it to three
adjustable parameters (eq 11). Previously, Lee et al.’
developed an empirical baseline toxicity prediction model for
neutral and cationic chemicals. As anionic PFAS bind stronger
to proteins than comparable neutral chemicals, the model will
need to be updated for anionic PFAS, and there will be a
separate baseline toxicity QSAR (quantitative structure—
activity relationship) for neutral and anionic PFAS.

log{ IC (11)

Toxic Ratio and Specificity Ratio. The ratio of cytotoxic
concentrations (IC,,) between predicted baseline toxicity and
experimental cytotoxicity is the toxic ratio TR (Figure 1),%’
which can be derived from the free (TR,.) or the nominal
effect concentrations (TR,,,) according to eq 12.

1 ] =a+bx(1- e_CXIOgD“P/w)

10,nom, baseline

_ ICIO,nom,baseIine

TR .. =
1C

_ ICIO, free,baseline

free —
ICIO, free

nom
10,nom

(12)
In theory, TRg,. and TR, are the same, but the empirical
values might differ due to different points of departure for their
calculations. Chemicals with a TR < 10 are classified as
baseline toxicants. TR > 10 suggests that there may be some
specific mode of action triggering the toxic effects before
baseline toxicity occurs.”
Any effect concentration (EC) for reporter gene activation
or other defined targets can also be related to baseline toxicity
by defining a SR, as shown in eq 13.

IC nom,baseline
SR — 10, ,basel
EC

nom (13)

F is typically 10%, and EC,, is defined as the effective
concentration triggering 10% of the maximum effect. For
antagonism, the suppression ratio SPR of 20% is often used,
and in the present study, ECgpr,, is the suppression
concentration leading to 20% inhibition of the background
signal of rosiglitazone on PPARy.>® SR < 1 suggests that the
effects on defined targets may be nonspecific. One < SR < 10

F,nom
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V

tot

(9)

is considered as moderate specificity with uncertainty. SR > 10
is specific.”

B MATERIALS AND METHODS

Materials. Eleven PFAS (perfluorobutanoic acid (PFBA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid
(PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic
acid (PFNA), perfluoroundecanoic acid (PFUnA), perfluoro-
2-methyl-3-oxahexanoic acid (HFPO—DA), perfluorohexahex-
anesulfonic acid (PFHxS), perfluorooctanesulfonic acid
(PFOS), 6:2 fluorotelomer sulfonic acid (6:2 FTSA), and
perfluorooctane sulfonamide (PFOSA)) were investigated in
detail. Their structures are shown in Figure S1. Additional 13
PFAS (10 per- and three polyfluorinated chemicals) were
evaluated only in the cell-based assays (Table S1). All PFAS
were dissolved in methanol (1428, Chemsolute) as a stock
solution (Table S2).

Free Concentration and Cytotoxicity of PFAS in
PPARy-GeneBLAzer Reporter Gene Assays. A detailed
description is in Supporting Information text S2, and an
experimental workflow is shown in Figure S2. Briefly, on day 1,
cells were seeded in a 96-well plate (655946, Greiner) for 24 h
of incubation. On day 2, PFAS stock solutions in methanol
were pipetted into dosing vials (2214340, Labsolute), and the
methanol was blown down gently with nitrogen. The PFAS
precipitate at the bottom of each vial was dissolved again with
1000 puL assay medium and serially diluted in a 96-deep-well
plate (7696548, Labsolute) with a dilution factor of 2 to obtain
10 concentration points. Then, 120 uL of PFAS dosing
medium was transferred from a 96-deep well plate to a cell
plate for 24 h of exposure. The concentration exposed to cells
is shown in Table S2. On day 3, the cell plate was imaged with
the IncuCyte S3 live cell imaging system (Essen BioScience,
USA). The cytotoxicity was determined by comparing the
confluency of exposed cells and unexposed cells. Then, 200 uL
of the supernatant from each well in the cell plate was
transferred to a 96-deep-well plate (P-DW-500-C, Labsolute)
for SPME to measure the free concentrations of PFAS in the
medium. The experimental conditions for Supelco BioSPME
96-Pin Devices (59683-U, Sigma-Aldrich) are listed in Table
S3a, and the calculation details for free concentrations of PFAS
are as Henneberger et al.”®

PPARy-GeneBLAzer Medium Binding of PFAS. A serial
dilution of PFAS in a 96-deep well plate (7696548, Labsolute)
was prepared as above. A second 96-well plate (655946,
Greiner) was filled with 100 uL of fresh assay medium. 120 uL
of PFAS dosing medium was transferred from the 96-deep well
plate to the second 96-well plate to make the concentrations of
PFAS the same as those exposed to cells (Table S2). Then, 200

https://doi.org/10.1021/acs.est.3c09950
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Table 1. Cytotoxicity of 11 PFAS in the PPARy-GeneBLAzer Assay and Distribution Ratios of PFAS between Different
Biomaterials and Water”

Conom 1C g free log Dyedium v, log Dy, log Dggp y log DSP/W log Dy,

DTXSID malD) fmel) o oot P T BT TR TR
PFBA DTXSID4059916  3.19 X 10 1.78 X 103 2.60 2.40 1.94 211 100¢ 236 3.8
PFHxA  DTXSID3031862  9.95 x 107 472 x 10 278 3.45 2.70 245 232° 049 070
PFHpA  DTXSID1037303 375X 10  6.76 x 105 321 3.69 3.40 2,65 291° 086 126
PFOA DTXSID8031865  1.30 X 10™*  1.84 x 105 3.67 3.94 3.98 3.14 3.52¢ 132 113
PENA DTXSID8031863  9.07 X 1075 7.72 x 109 414 374 439 3.39 425° 168 050
PFUnA  DTXSID8047553  2.16 X 10~  3.83 X 1077 474 3.78 475 3.97 4.54° 504 520
HFPO—  DTXSID70880215  6.54 x 10~ 220 x 10* 3.18 3.09 228 277 241 047 122

DA

PFHxS DTXSID3037709 146 x 10~ 4.22 x 10~ 3.14 3.56 3.52 2.95 413 017 012
PFOS DTXSID8037706 478 X 10~ 3.89 X 10 404 432 452 3.94 489° 030 023
62 FTSA  DTXSID6067331  3.07 X 107 425 x 10~ 3.45 3.90 371 3.39 387 025 022
PFOSA  DTXSID3038939  7.85 x 10~  3.28 x 10~ 418 3.81 433 3.52 494 225 243

“Nominal and free inhibitory concentrations of PFAS triggering 10% cytotoxicity (ICjgnom and IC ;g ). Distribution ratios of PFAS between
PPARy-medium and water (Dyyeqium/w), Detween HEK293H (PPARy) cells and water (D), between BSA and water (Dgga ), and structural
protein and water (Dgp/,). Literature and predicted distribution ratios between liposome and water (th /w)- Toxic ratios (eq 12) with free (TRg,.)
and nominal (TR,,,,) concentrations in the PPARy-GeneBLAzer assay. The concentration- dependent distribution ratios D edium/w and Dgga sy at
IC ) e Were derived from the empirical equatlons given in Table S6. “log D\, and 1 Dgp,,, were measured at PFAS concentrations near ICy
(Table S2). log Dy, were from Droge et al’' “log Dy, were from Ebert et al.”* flog Dyyp/y, of 6:2 FTSA and PFOSA was predicted from the
linear relationship of experimental log Dy, from literature 25,31 against the number of fluorinated carbons (Figure S8, eq S10).

uL was transferred to the third 96-deep-well plate (P-DW-500- Protein and Lipid Content of Medium and Cells.
C, Labsolute) for SPME with a Supel BioSPME 96-Pin device. Protein concentrations of assay mediums and cell homogenates
The distribution ratios of PFAS between medium components for four assays were determined by a Pierce BCA Protein Assay
and water (Dyyedium/w) Were determined as described by Qin et Kit (23228, Thermo Scientific). Their lipid concentrations
al” were determined by the sulfo-phospho-vanillin reaction, as
Cell Binding of PFAS. The detailed description is in described previously.”” Units of protein and lipid were
Supporting Information text S3, and the experimental converted from mass concentration (mg/L) to volume
workflow for cell binding experiments is shown in Figure S3. concentration (mL/L) using a density of protein of 1.36 kg/
HEK293H cells (modified in the PPARy-GeneBLAzer reporter L and a density of lipid of 1 kg/L.
gene assay) were homogenized by ultrasonic shattering High-Throughput Screening of PFAS in 384-Well

(Spnoplus 2070, Germany). PFAS stock solutions were diluted Plates. An experimental workflow for four cell-based bioassays
with PBS. 100 uL of cell homogenate and 100 uL of PFAS with different targets (PPARy-GeneBLAzer, AREc32, AhR-
solution were added and vortexed in a 1.5 mL HPLC vial with CALUX, and neurotoxi city) is shown in Text SS and Figure
insert (7648146, 765116, Labsolute). Céell homogenates were SS. These assays were performed in 384-well plates as
derived from app remmately 1.25 x ,10 eells per experiment, described previously.”**~*° Experimental conditions, including
and jche concentra.\tlo.ns of PFAS are listed in Table 52. We elso assay medium, cell lines, and cell number, are in Table S4, and
studied the cell binding of PFAS with the other three cell lines PFAS concentrations are in Table SS. Briefly, on day 1, cells
. . . ) )
(MCE?7, Hdlle, and SH-SYSY), which were used in three cell- were seeded in a 384-well plate by a MultiFlo Dispenser

based HTS ( c32, AhR-CALUX, and neurotoxicity). The (BioTek,Vermont, USA). On day 2, PFAS stock solutions were

distribution ratios of PFAS between cells and water (D g, .
were analyzed as described by Qin et al.>> (Do) prepared with methanol. Defined volumes of PFAS stock were
transferred to dosing vials (2214340, Labsolute) and blown

Structural Protein Binding of PFAS. The detailed o ] e
descripti .. . . down with nitrogen. PFAS were dissolved again in the assay
escription is in Supporting Information text S4, and the ; ; ) ) °
medium. Then, serial concentrations of PFAS in a medium

experimental workflow is shown in Figure S4. The structural i

protein binding assay applied ground powder of chicken breast were p reparec? and dosed to cells by H.amllton Star Robat

fillet, which was prepared as described previously.”* Chicken (Bonaduz, Switzerland). Cell plates were imaged by IncuCyte
S3 at the start of exposure. On day 3, cell plates were imaged

protein was suspended with PBS by a high-speed vortex. The )
pH value of the suspension was adjusted to neutral (pH = 7.4). by IncuCyte S3 again after 24 h of PFAS exposure. The

500 uL of protein suspension and S00 uL of PFAS solution cytotoxicity of three reporter gene cell lines was determined by
were added and vortexed in a 1.5 mL HPLC vial (7654554, comparing the confluency of exposed cells and unexposed cells.
7663230, Labsolute). The concentration of protein in each The cell responses targeting PPARy, AREc32, and AhR were
sample was SO mg/mL, and the concentrations of PFAS are quantified from the signals of reporter proteins with an Infinite
listed in Table S2. The binding affinity of PFAS to cells and M1000 plate reader (Tecan, USA). The neurite length of
structural proteins is considered weak,”* and thus, the C18- differentiated SH-SYSY cells was quantified by phase-contrast
SPME fiber (57281-U, Sigma-Aldrich) with a larger volume of imaging using an IncuCyte S3. Then, Nuclear Green LCS1
C18-particles embedded metal alloy was used. The exper- (ab138904, Abcam) and propidium iodide (81845, Sigma-
imental conditions for the C18-SPME fiber are in Table S3b. Aldrich) were used to stain the total cells and death cells,
The distribution ratios of PFAS between structural protein and which were quantified with the IncuCyte S3 to determine the
water (Dgp/,,) were analyzed according to Qin et al.”’ cytotoxicity.

5731 https://doi.org/10.1021/acs.est.3¢09950
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Figure 2. Relationship between nominal (C,,,,) and free (Cgeemedium) concentrations measured in the PPARy-GeneBLAzer reporter gene assay for
(a) three perfluoroalkyl carboxylic acids and (b) three perfluoroalkyl sulfonic acids. (c) Experimental (Exp) distribution ratios between medium

and water (Degium/) and cell and water (Dy,,) of 11 PFAS plotted against predicted D, cqiumw

and D /w- Dinedium/w Was predicted by eq 4 with

experimental distribution ratios between BSA and water (Djg, ) and between liposome and water (th ) (Table 1). D gy, values were predicted
by eq S with distribution ratios between structural protein and water (Dgp,,,) and Do (Table 1). (d) Inhibitory concentration IC,y . values were
derived from concentration—cytotoxicity curves at 10% cytotoxicity with measured Cpee medium- Experimental (Exp) IC g, plotted against IC g,

predicted by the MBM (eq 6) with Dy, Dgsa/ws and Dgp,,.

B RESULTS AND DISCUSSION

Binding to Medium Components, Cells, Liposomes,
and Proteins. D, gum/w and Dy, of ten anionic PFAS and
the partially anionic PFOSA were determined exclusively with
PPARy-medium and the HEK293H cell line. The D, giym/w
values of hydrophilic PFBA, PFHxA, and PFHpA and of the
hydrophobic PFUnA were independent of concentration
(Figure S6) and were used in the MBM (eq 3) to predict
the Cgeemedium- I contrast, the Dpegium/w Of seven other PFAS
(PFOA, PFNA, HFPO—DA, PFHxS, PFOS, 6:2 FTSA, and
PFOSA) were found to be concentration-dependent (Figure
S6). PFAS-specific regression equations of 10g Dyedium/w
against log C,, were derived from the Freundlich-type model
(Table $6).2°

As the protein content in the medium was 64 times higher
than the lipid content (Table S7), the concentration-
dependent protein binding of anionic PFAS dominated the
medium binding.”* IC g o 0r IC g g (Table 1) were derived
from the concentration—cytotoxicity curve at 10% cytotoxicity
with a nominal or free concentration of PFAS in the medium
(Figure S7). The 1og Dyediumyw 2t 1C g p0m Was calculated from
the regression eqs (Table S6) with measured Cg,, at ICggec-
log D, of HEK293H cells were measured at constant
concentrations close to the ICj ., (Table 1). As the protein
and lipid are major sorption phases of the medium component
and cells, Dgga vy Dsp/vs and Dy, /,, were used as representatives
of Dpediumyw @nd Degyyjyy for the MBM (eq 6). Log Dggy , were
calculated with IC, .. from the regression equations listed in
Table S6, and log Dsp,,, were measured at concentrations close
to ICigpom- log Dy, were collected from literature™" or
predicted from other experimental descriptors (Figure S8, eqs
$9—S11).

Free and Nominal Concentration of PFAS in the
PPARy-GeneBLAzer Reporter Gene Assay. PFAS are
considered proteinophilic and lipophilic,” and thus, PFAS
are prone to bind to components of medium and cells in
bioassay systems, indicating Cpee medium WOuld be lower than the
associated C,,.>° As the numbers of carbons in the three
perfluoroalkane carboxylic acids increased, the Cpeemedium
deviated more from the 1:1 line to the corresponding C,..,
but the deviation was independent of the concentration
(Figure 2a). The measured Cgomeqim values of the more
hydrophilic PFHxA were close to C,,,, while the hydrophobic

5732

PFUnA had Cg.. medium Values up to 90 times lower than C
The relationship between log Cg e medium and log C
linear, which was most pronounced for PFHxS and PFOS
(Figure 2b). The difference can be explained because sulfonic
acids were found to have specific binding to proteins at low
concentration ranges, resulting in a higher deviation of
from C

nom

nom*

nom Was not

Cfree‘medium at low concentrations.

The observed differences between Cgeemedium a0d Cpop can
be explained by the MBM. The Cg,medim Predicted by the
MBM (eq 3) with D egiumw (Table S6) and D, g, (Table 1)
agreed well with the experimental ones in a concentration-
dependent way (Figure S9). Cgee medium Predicted by the MBM
(eq 6) with Dy, Dpsape and Dgp, were also consistent
(Figure S9) because the experimental log D, gium/w (Table 1)
at IC,, and were represented well by log Dyg, /y, at IC, and log
Dy (eq 4), as well as the log Dy, with log Dy, and log
Dy, (eq ) in Figure 2c. The volume fractions of proteins and
lipids in the medium and cells are shown in Tables S7 and S8.
Consequently, the experimental and predicted IC,y .. values
by the MBM (eq 6) also agreed well (Figure 2d).

Toxic Ratios: Baseline Toxicity and Cytotoxicity of
PFAS. The toxic ratio TR (eq 12) allows an estimation if PFAS
act as baseline toxicants or exert cytotoxicity due to a specific
effect. All experimental IC,y .. (Table 1) values were close to
the IC) eebascline Values (Table S9) predicted from the critical
membrane concentration of 69 mmol/Ly;, (eq 8). TR, of the
11 PFAS were within the range of baseline toxicants of 0.1—10,
suggesting that the cytotoxicity of these PFAS is caused by
baseline toxicity (diagonal lines in Figure 3a).

TR,,n is more practical than TR, because nominal
concentrations are widely reported in the literature.
ICIO,nom,baseline (Table 59) were PrediCted from ICIO,free,baseline
by eqs 3 and 6 with the experimental parameters in Table 1.
Consistently, the TR, of the PFAS was still within the range
of 0.1-10 (Figure 3b), confirming that PFAS behave like
baseline toxicants in the cytotoxicity endpoint of the PPARy-
GeneBLAzer assay.

Development of a Baseline Toxicity Prediction Model
for Nominal Cytotoxicity. Log Dy, and log Dgp, are
both linearly correlated (eq 10) against log Dy, ,, (Table 1) for
the nine anionic PFAS (Figure S10a,b). 6:2 PFSA and PFOSA
were excluded from the regressions in eqs 14 and 15 because

https://doi.org/10.1021/acs.est.3c09950
Environ. Sci. Technol. 2024, 58, 5727-5738


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09950/suppl_file/es3c09950_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09950?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09950?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09950?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09950?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c09950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

~ 4 (a)
-
= Q ’
S A
= 21 NN
2 RABGEES
[0} R4
[72] o
8 -4 R
o Y A
f» Ry
o
Q '8 T T T
-8 -6 -4 -2 0
Exp_log IC1q free [MOI/L]
b
=4 0 (b) -
= Q. L
: S
& [N K
"o & <
El 2] S5 o
=} KPR §
L_‘J_ . ?',O..o.
o Rt
o -6 T T
-6 -4 -2 0

log IC10 nom [Mol/L]
MBM with Dmedium/w and Dcell/w

o MBM with DBSA/W, DSF’/W and DIip/W

Figure 3. TR (eq 12) of PFAS in the PPARy-GeneBLAzer assay. (a)
Measured free concentration at 10% cytotoxicity 1C .. (Table 1)
plotted against the IC; ee baseline Predicted from the critical membrane
burden of 69 mmol/Ly, (eq 8). The diagonal line depicts the TRy, of
1, and the dotted lines represent the range for the baseline toxicity of
10 > TR, > 0.1. (b) Nominal concentration at 10% cytotoxicity
IC )0 nom Plotted against the IC g, om baseline Predicted from IC g e baeline
by eq 3 (filled circle) or eq 6 (empty circle). The diagonal line depicts
the TR, of 1, and the dotted lines represent the range for the
baseline toxicity of 10 > TR, > 0.1.

their log Dy, were only predicted, but they are plotted in
Figure S10a,b for comparison.

log Dggp /. (non-specific, anionic PFAS)

= 0.75 X log Dy, ,,

+ 1.01 (R* = 0.88) (14)
log Dgp ., (anionic PFAS)
= 0.46 X log Dy, .,
+ 1.50 (R* = 0.85) (15)

Previously, a relationship of log Dxgg, ,, against log Dy for
neutral chemicals was derived by Endo and Goss™* (eq 16,
rescaled from K,,). The higher affinity of anionic PFAS for
proteins is evident by the larger slope and intercept in eq 14
than in eq 16. The binding of anionic PFAS to structural
proteins (eq 15) was also stronger than that of neutral
chemicals (eq 17)*° for log Dy < 5.

log Dgg, / (neutral) = 0.70 X log Dy, + 034 (16)

047 (17)

log Dgp ., (neutral) = 0.72 X log Dy, —
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Insertion of eqs 14 and 15 in eq 9 leads to eq 18 with sDy,,,
as the sole input parameter to derive baseline toxicity
predictions for anionic PFAS. The volume of cells is much
lower than the volume of the medium, and the volume fraction
of protein and lipid in the medium is <1% (Tables S7 and S8).
Therefore, Vo, ® V,edqium =~ V., and the volume fraction (Vf) of
protein and lipid in the medium and cells were used to present
the distributions of protein and lipid in the baseline toxicity
prediction model.

IClO,nom,baseIine (anionic PFAS)

69 mmol /Ly,

% (1 4 10%75X10g Dy, +101
Dlip/w

X Vf

protein,medium

+D lip/w X Vf]jpid,medium

V.
0.46Xlog Dy, /,,+1.50 cell
+ 10 v X prrotein,cell v

medium

|4 ell

+ Dlip/w X Vflipid,cellv 2 ]

medium

(18)

For comparison, a baseline toxicity prediction model for
neutral chemicals was developed by the insertion of eqs 16 and
17 into eq 9.

IC (neutral chemicals)

10,nom, baseline

69 mmol/ th

X (l + 100.70)(10g th/w+0.34
D lip/w
X V£,

protein,medium

+ Dlip/w X Vflipid,medium

V. ell

0.72Xlog Dy, ., —0.47 [
+ 10 i X prrotein, cell v

medium

V::eH J
Vmedium (19)

Analogously to Lee et al,” empirical baseline toxicity
prediction models for anionic PFAS were derived for all four
cell lines by inserting bioassay-specific volumes of protein and
lipids in cells and medium measured in the present study
(Tables S7 and S8) into eq 18. The models differ because the
protein and lipid contents in the assay systems are different.
The resulting predictions for anionic PFAS are depicted in
Figure 4a. It can be expected that any anionic chemicals behave
similarly to anionic PFAS, but as the model was calibrated with
anionic PFAS data only, we consider it a PFAS-specific model.
The model holds for neutral chemicals (Figure 4b) in general
and includes neutral PFAS. These bioassay-specific empirical
baseline toxicity models for neutral chemicals and anionic
PFAS for the four cell lines were derived by exponential fit (eq
11), and the adjustable parameters a, b, and ¢ are listed in
Table 2.

If the baseline toxicity models were used to evaluate
literature bioassay data with undisclosed conditions, we
assumed the volume fractions of protein and lipid in medium
are prrotein,medium of 3 mLprotein/Lmedium and Vflip,medium of 0.07
leipid/Lmedium (Table 87)) and prrotein,cell is 30 mLprotein/LceH
and Vi, is § mLya/Ley (Table S8). The volume of
medium V.4, and volume of cells V, are dependent on
microtiter plates in 96-, 384-, or 1536-well formats, e.g., Vi cdium
of 40 uL and V_y of approximately 30 nL for the 384-well plate

+ Dy e X Vhiia cen
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Figure 4. Baseline toxicity prediction models for (a) anionic PFAS (eq 18) and (b) neutral chemicals (eq 19) in four cell-based bioassays: PPARy-
GeneBLAzer (magenta), AREc32 (green), AhR CALUX (gold), and neurotoxicity (blue). (c) Baseline toxicity prediction models with the generic
cell model (egs 18, 19). (d) Nominal inhibitory concentration at 10% cytotoxicity IC g o of 16 anionic PFAS in four cell-based bioassays: PPARy
(magenta circle), AREc32 (green triangle), AhR (gold diamond), and neurotoxicity (blue square) and color-matched bioassay-specific baseline
toxicity prediction models as well as the generic model (black line). The gray area depicts the range for baseline toxicity of 10 > TR, > 0.1. (e)
IC}gnom Of partially charged and neutral PFAS in four cell-based bioassays compared with the baseline toxicity prediction models as well as the
generic model (black broken line). All fit parameters of the empirical baseline toxicity prediction model (eq 11) are listed in Table 2.

Table 2. Parameters of the Empirical Baseline Toxicity Prediction Model (eq 11) of Anionic and Neutral PFAS in Four Cell-
Based Bioassays and the Generic Cell Assay

Anionic PFAS Neutral PFAS

assay Medium a b c a b c
PPARy (HEK293H) OptiMEM +2 % FBS 1.25 4.76 0.251 1.24 5.47 0.235
AREc32 (MCF7) DMEM Glutamax + 10% FBS 1.22 3.78 0.263 1.26 4.43 0.278
AhR (H41le) DMEM Glutamax + 10% FBS 1.22 3.78 0.263 1.26 4.45 0.277
neurotoxicity (SH-SYSY) neurobasal medium 122 4.07 0.247 1.23 5.61 0.209
generic cell (6% proteins, 0.1% lipids) generic medium (0.3% proteins, 0.001% lipids) 1.22 3.79 0.262 1.26 4.47 0.275

format. The fit parameters of this generic bioassay model are
also listed in Table 2.

These two models are compared in Figure 4c, where the two
lines started to separate at log Dy, > 2. This is due to anionic
chemicals having a higher affinity for proteins despite baseline
toxicity occurring at concentrations where the protein binding
is dominated by nonspecific binding. At log Dy, < 2 (e.g,
PFBA), IC g om is close to IC g4, (Table 1 and Figure S9a).
Therefore, eqs 18 and 19 are simplified to eq 20, which is
similar to eq 8 and is valid for neutral, anionic, and cationic
organic chemicals.

69 mmol/Ly,
IC e

10,nom,baseline —
D lip/w (20)

Sensitivity analysis was performed to study how various
parameters contribute to the baseline toxicity prediction
model. The protein and lipid contents of these four cell lines
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were similar (Table S8), and thus, the Dy, of single PFAS
(Table S10) among the four cell lines did not differ much.
Besides, the ratio of V_.i/V,edium is usually <0.001. Therefore,
the differences between baseline toxicity prediction models
(eqs 18 and 19) with cells and without cells are negligible
(Figure S10c).

By contrast, medium components make a difference. Models
for AREc32 and AhR CALUX assays were overlaying because
the same medium was used in the assays, while less protein and
lipid were in the media for PPARy-GeneBLAzer and
neurotoxicity assays (Table S7). The difference is more
pronounced as the chemical hydrophobicity increases (Figure
4a,b). The lipid-bound fraction is smaller compared to protein,
but it still influences the predicted ICg,om baseline FOT example,
if Vi, mediom changed from 0.07 mL/L to 0, the model for
anionic PFAS did not change much because the concentration
of anionic PFAS bound to protein is much higher than that
bound to lipid, but the model for neutral chemicals deviates for
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cell-based bioassays of human (h) PPARy, rat (r) PPARy, hPPAR«, rPPAR@, and hERs from Evans et al®

chemicals with log Dy, > 4 (Figure S10d). We recommend to
measure the volume fractions of protein and lipid in the
medium used for bioassays on a routine basis as they are the
main determinants of the model.

Is the Cytotoxicity of PFAS Merely Baseline Toxicity?
24 PFAS (Table S1) were measured in this study. These PFAS
have diverse functional groups, including sulfonic acid,
carboxylic acid, oxide dimer acid, fluorotelomer alcohol, and
sulfonamide, as well as some fluorinated pesticides that contain
individual C,F,,-groups. Their log Dy, ranges over 6 orders
of magnitude (Table S11). Log Dy, values of these PFAS
were used in the baseline toxicity prediction model to derive
the IClO,nom,baseIine (eq 11)

The IC;g o of 24 PFAS were measured in four bioassays in
384-well plates (Table S12). The IC g pompascline ©f 15 anionic
PFAS were predicted with eq 18, while IC;q,ombaseiine Of the
other four partially charged and five neutral PFAS were
predicted with eq 19. As shown in Figure 4d,e, the measured
ICipnom were within a factor of 10 to the ICg,ombaseline
predicted by the four bioassay-specific models and all well
within the gray band of 10 > TR, > 0.1 of the generic model,
indicating that these PFAS did not show specific effects but
baseline toxicity was the cause of their cytotoxicity. The
generic cell model is adequate to provide IC;g ,ombaseline Values
as a reference for general experimental conditions.

Application of the Baseline Toxicity Prediction Model
to Evaluate the Specificity of Effects. The measured
EC)gnom Vvalues of the agonistic effects on PPARy, AREc32,
AhR, and neurotoxicity, as well as the ECgprygnom values of the
antagonistic effects on PPARy, are listed in Table S12, which
were derived from the concentration—response curves of the
24 PFAS investigated experimentally in this study (Figure
S11). No activation of the oxidative stress response was
detected for all 24 PFAS in AREc32 before cytotoxicity started
to kick in. A few PFAS showed weak activation of AhR and
neurotoxicity. In contrast, PPARy was a specific target for 19 of
the 24 PFAS (Table S12), but the specificity was low. If the
ECIO,nom or ECSPRZO,nom were Compared with the ICIO,nom,baseline
from anionic or neutral baseline toxicity prediction models for
PPARy, AhR, and neurotoxicity (Table 2), as in Figure Sa,
SR,om (eq 13) of most PFAS were within 0.1—10, indicating
the effects of PFAS in the tested assays are nonspecific and
caused by baseline toxicity. Only HFPO—DA had a SR, > 10
for the agonistic mode of the PPARy assay, indicating that
HFPO—DA may be a specific PPARy antagonist.

Evaluation of Literature Data for Specificity of
Effects. Evans et al.’® studied the agonistic effects of 16
PFAS (Table S13) on five defined targets from humans or rats,
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including hPPARy, rPPARy, hPPARq, rPPARa, and human
estrogen receptors (hER). The IC g ombascline ©f 16 PFAS was
calculated by the generic model (Table 2) from their Dy,
(Table S11). Their EC,g,,, were recalculated from a linear
portion of concentration—response curves because most of the
effects were lower than 50% and the linear model is more
suitable to derive 10% effects than a four-parameter logistic
model.”” hPPARa was more likely to be activated than
rPPARa (Figure Sb). HFPO—DA, HFPO-—DA-AS, and
PFMOAA showed SR, > 10, while the other 13 PFAS
either had no effects or had 0.1 < SR, < 10 and were
therefore classified as baseline toxicants. The literature data set
showed a clear tendency that SR, decreased with increasing
hydrophobicity (Figure Sb). This phenomenon can be
explained by hydrophobic PFAS with strong affinity to
membranes, which they may mostly accumulate in the cell
membrane before reaching any intracellular-specific target
sites. The FTOHs should be excluded from the analysis as they
might have escaped from the well-plates or cross-contaminated
neighboring wells because they are semivolatile.”***’

430 PFAS have been selected for a series of bioassay tests in
the Tox21/ToxCast program with hundreds of targets
(https://comptox.epa.gov/dashboard/chemical—lists/
EPAPFASINV). The baseline toxicity prediction model of the
present study can be used to evaluate the specificity of different
targets once raw data from these bioassays becomes publicly
available. Those PFAS with high values of TR and SR on
defined targets may provide some hints on initial molecular
events and key events, which will facilitate the in vitro to in
vivo extrapolation to adverse outcomes and thus promote the
development of AOP related to PFAS. However, current
results of cell-based HTS from EPA su§gest that a majority of
160 PFAS were inactive or equivocal.'*~>'

Although some PFAS showed specific effects on defined
targets, their intrinsic specificities appear to be rather low. This
does not mean that specific effects are absent. There are many
reports about the specific effects of PFAS, but if they are not
selective but occur at concentrations similar to baseline
toxicity, these effects are easily predictable by the baseline
toxicity prediction models derived here. Even if individual
PFAS are merely baseline toxicants, their potency can still be of
concern because baseline toxicants also cover several orders of
magnitude in effect potency.

The biological effects of PFAS were usually detected at the
micromolar level in toxicological studies. The blood concen-
trations of PFAS in some workers and residents livin% near
fluorochemical plants have already reached such levels,” even
though that in the general population was at a nanomolar
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level."" PFAS are highly persistent and have been termed
“forever chemicals”. If their production is not stopped, they
will continue to build up over time and may eventually reach
levels where they cause effects, especially under chronic
exposure, where PFAS are known to adversely affect the
immune system®” and cause liver cancer,”’ as well as other
health impacts.***> Baseline toxicants act concentration-
additive in mixtures, which means that not only the thousands
of PFAS but also all other organic chemicals act together in
mixtures. Mixture effects may lead to visible effects even if the
individual PFAS’ concentrations are below their individual
effect threshold.
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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) strongly 2 - PN
bind to proteins and lipids in blood, which govern their accumulation % RS N
and distribution in organisms. Understanding the plasma binding 5 z ’8? 3%
mechanism and species differences will facilitate the quantitative in g i & o
vitro-to-in vivo extrapolation and improve risk assessment of PFAS. We & R
studied the binding mechanism of 16 PFAS to bovine serum albumin 8 1
(BSA), trout, and human plasma using solid-phase microextraction. 3
Binding of anionic PFAS to BSA and human plasma was found to be R § 5

Free concentration of PFAS E g

highly concentration-dependent, while trout plasma binding was linear — - 3 E

for the majority of the tested PFAS. At a molar ratio of PFAS to protein ’
v < 0.1 molppyg/mol,o.ir, the specific protein binding of anionic PFAS HH U U U “H
dominated their human plasma binding. This would be the scenario for )
physiological conditions (v < 0.01), whereas in in vitro assays, PFAS are

often dosed in excess (v > 1) and nonspecific binding becomes dominant. BSA was shown to serve as a good surrogate for human
plasma. As trout plasma contains more lipids, the nonspecific binding to lipids affected the affinities of PFAS for trout plasma. Mass
balance models that are parameterized with the protein—water and lipid—water partitioning constants (chemical characteristics), as
well as the protein and lipid contents of the plasma (species characteristics), were successfully used to predict the binding to human
and trout plasma.
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1. INTRODUCTION

Blood is one of the major carriers for many per- and
polyfluoroalkyl substances (PFAS) in human beings' and
animal species.” The freely dissolved and protein-bound PFAS
in blood can be transported with the blood flow to tissues and
organs.”" Binding of PFAS to blood components is reversible.
Competitive binding between human serum albumin and
organ-specific proteins’ may result in the selective accumu-
lation of PFAS in specific tissues and organs. PFAS accumulate
in liver,’ and even more alarmin§ are detections of PFAS in
brain”® and umbilical cord blood,”"° indicating that PFAS can
cross the blood—brain and placental barrier due to their high
cell membrane permeability.'’ Unlike most persistent organic
pollutants (POPs) that mainly accumulate in the lipid phase,
PFAS have high affinities to both lipids and proteins.'”
Therefore, understanding the binding of PFAS to blood
components (e.g, lipids and proteins) is crucial for the
prediction of the distribution of PFAS in the body and
improving the health risk assessment of PFAS.

The unbound fraction in plasma is an important input
parameter for the simulation of the absorption, distribution,
metabolism, and excretion (ADME) of PFAS via physiolog-
ically based pharmacokinetic (PBPK) modeling.s’13 The ratio
of the bound and free concentrations in plasma is defined by

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

the partition constant between plasma and water (Kplasma/w).
There are now more than 14000 PFAS chemicals in the
CompTox Chemistry Dashboard with different structures and
speciation.* PFAS may be present as different molecular
species at a physiological pH of approximately 7.4.
Perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl
sulfonic acids (PFSAs) are fully deprotonated and anionic at
this pH. The distribution ratio D,j,sma/w at pH = 7.4 should be
used for ionizable PFAS. The unbound fraction of PFAS is
available for redistribution or excretion, while the bound
fraction of PFAS in tissues and organs has raised concerns
about the bioaccumulation and chronic exposure.'’

To facilitate the quantitative in vitro-to-in vivo extrapolation
(QIVIVE) for PFAS, the concentration—response curves from
in vitro bioassays should be derived with free concentrations of
PFAS to obtain freely dissolved effect concentrations, which
can be compared to the actual PFAS levels that human are
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exposed to (ie, freely dissolved concentrations in human
plasma)."*~'* Fetal bovine serum (FBS) is typically used as the
nutrient supply in an in vitro cell-based bioassay, while fish and
mice are common in vivo animal models. To make the results
from the different in vitro and in vivo models comparable and
to allow extrapolation to humans, plasma binding of PFAS
among different species needs to be known, but it has not been
assessed for PFAS systematically so far.

Human biomonitoring studies suggested that the human
blood concentrations of PFAS were at the nanomolar level,"”
while toxicological studies detected the biological effects of
PFAS at widely different concentration ranges from upper
nano- to millimolar concentrations.”® For example, a mean
value of 40 nmol/L perfluorooctanoic acid (PFOA) in the
plasma of breastfed children was associated with reduced
antibody responses to childhood vaccines, e.g, production of
interferon y by lymphocytes.”" A reduction of interferon was
found to be regulated via nuclear factor kappa B pathways in
zebrafish after a 21 day exposure of PFOA at 2 umol/L.*
Other mechanisms of immunotoxicity were proved by in vivo
animal models after week- or month-administration of PFAS at
mg/kg levels, as well as in vitro cell models under acute
stimulation by PFAS in the ymol/L concentration range.23 As
binding of anionic PFAS to proteins in bioassay medium and
human plasma is highly concentration-dependent,'” the
typically large differences between exposure and effect
concentrations will have an impact on QIVIVE.

Equilibrium dialysis is widely used to determine the binding
of chemicals to BSA and human serum albumin.”*~** The
binding of anionic PFAS to different types of albumin was also
identified by ligand blotting,”® mass spectrometry,”® and
spectroscopy.”” However, the binding or dissociation constants
of PFAS to albumin were derived from single concentrations or
limited concentration ranges, which limits an overall under-
standing of the nonlinear binding behavior of PFAS. Bischel et
al.”® depicted nonlinear binding curves with PFOA and PENA
in a concentration range from 1.6 to 2700 uM, but they only
provided specific binding constants at a physiological
PFAS:protein molar ratio (v < 0.001 molpgsg/ molpmtein).
Solid-phase microextraction (SPME) has been used to develop
binding isotherms of ionizable chemicals with a small volume
of samples over 4 orders of magnitude in concentrations,”
where the specific and nonspecific binding constants can be
differentiated by modeling."®

In the present study, we studied the binding mechanism of
16 PFAS to BSA, which was used as a reference for analyzing
binding behaviors of PFAS to trout and human plasma. The 16
PFAS covered a wide range of chemical classes including seven
PFCAs, two PFSAs, one fluorotelomer sulfonic acid (FTSA),
one sulfonamide, three fluorotelomer alcohols (FTOHs), and
two fluorinated pesticides with the individual C,F,, group.
Protein and plasma binding isotherms of 13 nonvolatile PFAS
were measured in a high-throughput format using a BioSPME
96-Pin Device combined with liquid chromatography mass
spectrometry (LCMS).”" Protein and plasma partition
constants of three semivolatile FTOHs were measured with
headspace (HS)-SPME combined with gas chromatography
mass spectrometry (GCMS). Mass balance models (MBMs)
were developed to describe plasma binding from system
parameters and chemical-specific parameters. System parame-
ters were volume fractions of proteins and lipids in different
plasmas that were experimentally quantified. Chemical-specific
parameters were the measured binding constants to the

surrogate protein BSA and lipid—water distribution ratios
from the literature.

2. MATERIALS AND METHODS

2.1. Materials. Sixteen PFAS (perfluorobutanoic acid
(PFBA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic
acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorono-
nanoic acid (PFNA), perfluoroundecanoic acid (PFUnA),
perfluoro-2-methyl-3-oxahexanoic acid (HFPO—DA), per-
fluorohexanesulfonic acid (PFHxS), perfluorooctanesulfonic
acid (PFOS), 6:2 fluorotelomer sulfonic acid (6:2 FTSA),
perfluorooctane sulfonamide (PFOSA), 2-perfluorohexyl-etha-
nol (6:2 FTOH), 2-perfluorooctyl-ethanol (8:2 FTOH), 2-
perfluorodecyl-ethanol (10:2 FTOH), hexaflumuron and
flubendiamide) were investigated (Table S1). All PFAS were
dissolved in methanol (1428, Chemsolute) as a stock solution.
Acetonitrile (34863, Honeywell) and formic acid (Honeywell)
were used as eluents for sample measurements. Bovine serum
albumin (BSA, 05470, Sigma-Aldrich), trout, and human
plasma (S4189, Biowest) were used for protein and plasma
binding assays. Rainbow trout (Oncorhynchus mykiss) plasma
was kindly provided by Pavel Sauer from the University of
South Bohemia in Ceské Budéjovice, Czech Republic.

Plastic (7696548, Labsolute) and glass-coated (60180-P336,
Labsolute) 96-deep-well plates and Supelco BioSPME 96-Pin
Devices (59683-U, Sigma-Aldrich) coated with C18 particles
were used for 13 nonvolatile PFAS. Headspace crimp vials (20
mL, 762926, Labsolute), a reassembled cover with a magnetic
cap (44512, Wicom), and aluminum-coated silicone septa
(6086772, Labsolute) and PDMS/DVB fiber (57345-U,
Sigma-Aldrich) were used in SPME assays for 3 semivolatile
FTOHs. Experiments of uptake kinetics and sorption
isotherms were carried out for method development and
validations. Experiments of BSA and plasma binding were
carried out to derive the binding isotherms and constants.

2.2. Uptake Kinetics of PFAS into C18 Coating of
BioSPME. Five or 10 mg of each PFAS was dissolved in 1 mL
of methanol as stock solutions. PFAS solution was prepared by
diluting the methanolic stock solution with phosphate-buffered
saline (PBS) to the concentrations listed in Table S2. The pH
value of the PFAS solution was adjusted to 7.4 using sodium
hydroxide for each acidic PFAS. The methanol content in the
PFAS solution was always <1%. Three aliquots of 600 L were
filled in the first 96-deep well plate, and 600 uL of desorption
solvents was filled in the second 96-deep well plate. Glass-
coated 96-deep well plates were used for hydrophobic PFUnA,
PFOSA, hexaflumuron, and flubendiamide to avoid loss due to
binding to plastic, and plastic 96-deep well plates were used for
the other 9 PFAS (Table S2). The total concentrations of
PFAS samples were quantified by a 1260 Infinity liquid
chromatograph coupled with a 6420 Triple Quad mass
spectrometer (LCMS, Agilent, USA) for mass balance before
SPME. The detailed LCMS parameters can be found in Table
S3.

The experimental process of BioSPME conditioning, PFAS
extraction from the aqueous solution, and desorption of the
PFAS from BioSPME were performed automated by a
Hamilton Star Robot (Bonaduz, Switzerland) as described by
Huchthausen et al.*” Briefly, the BioSPME 96-Pin Device was
conditioned in isopropanol for 20 min and then in Milli-Q
water for 10 s. The extraction and desorption processes were
performed on a high-speed shaker with a shaking speed of
1000 rpm. The temperature of the shaker was set to 37 °C for
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extraction and room temperature (25 °C) for the desorption.
The shortest extraction time was 10 min, and the desorption
time was always 20 min. After the first cycle, the extracted
PFAS solution and desorption solutions were transferred to a
third 96-deep well plate for instrumental analysis. The whole
process was repeated for different extraction times (20, 40, 80,
and 120 min). The experimental device is not airtight, and the
extraction time should not be longer than 120 min to avoid the
evaporation of the sample. After all of the samples were
collected, the PFAS concentrations in the extracted aqueous
solution and in the desorption solutions were measured by
LCMS.

2.3. Sorption Isotherms for BioSPME. Methanolic stock
solutions (10 or S mg/mL) containing the individual PFAS
were diluted with methanol first to 100 times the desired
concentration, and then 50 uL of this solution was further
diluted with 4950 uL of PBS (Figure S1). The concentrations
of each PFAS (Table S4) were designed according to the
distribution ratio of PFAS between the pin coating and water
(Dpin/w). For each PFAS, a 9-step dilution series was prepared
from the sample with the highest concentration with a factor of
2 difference between each step (Figure S1). Different volumes
of the sample with the highest concentration were added to a
new vial, and the respective volume of PBS was added to
achieve a final volume of 2 mL for each sample. All samples
were vortexed for 30 s. Two aliquots of 600 uL for each
concentration were filled in the first 96-deep well plate, and
600 L of desorption solvents was filled in the second 96-deep
well plate. The experimental process for BioSPME was the
same as above, and detailed experimental conditions for each
PFAS can be found in Table S2 (e.g., extraction time, type of
desorption solvent, material of the 96-deep well plate used for
desorption and extraction).

2.4, BSA and Plasma Binding Isotherms of 13
Nonvolatile PFAS. BSA solution was prepared by dissolving
BSA in PBS. The sample preparation was the same as shown in
Figure S1 but using a BSA solution for dilution. The
concentrations of PFAS and BSA (Table S5) were designed
individually to have bound fractions of PFAS to BSA within a
range of 30—90% based on experimental results in the pretests.
All PFAS samples with BSA were incubated at 37 °C and
shaken at 250 rpm overnight to allow for equilibration of
protein binding. On the second day, samples were transferred
to a 96-deep well plate for BioSPME.

For human and trout plasma binding assays, the appropriate
plasma concentration was prepared by diluting the plasma with
PBS. The volumes of human and trout plasma were chosen for
each PFAS to keep a similar plasma protein level to that for the
BSA binding assays (Table SS). The sample preparation was
the same as that in Figure S1 with diluted plasma. PFAS
samples with human plasma were incubated at 37 °C, the trout
plasma samples were incubated at room temperature (25 °C),
and all samples were shaken at 250 rpm overnight for
equilibration of plasma binding before BioSPME.

2.5. BSA and Plasma Binding of 3 Semivolatile
FTOHs. Ten mg of the individual FTOHs were dissolved in
1 mL of methanol as stock solution. FTOH stock solutions
were further diluted with methanol to different concentrations
(Figure S2), and then 50 uL of methanolic solution was added
to 4950 uL of BSA in PBS in a 20 mL headspace crimp vial. A
reassembled cover with a magnetic cap and aluminum-coated
silicone septa was secured to the vial immediately using a
crimper to form a sealed space to avoid the loss of FTOHs.

Samples in the vial were vortexed for 30 s and then incubated
at 37 °C and 250 rpm for 2 h. FTOHs were extracted from the
headspace using a PDMS/DVB fiber, and the concentrations
of FTOHs were quantified by an 8890 gas chromatograph
coupled to a $977B GC/MSD (Agilent, Waldbronn,
Germany). Detailed parameters for HS-SPME combined
with GCMS are found in Table S6.

For protein and plasma binding assays, 10 mg/mL of BSA
was selected to ensure a 30—90% fraction bound for the tested
FTOHs (Table SS) according to the pretests. 100 mL/L of
plasma was used to keep similar plasma protein levels as for the
BSA binding assays. The sample preparation was the same as
that in Figure S2 but using PBS-diluted BSA or plasma. FTOH
samples with BSA and human plasma were incubated at 37 °C
and shaken at 250 rpm for 2 h for equilibration of BSA and
plasma binding, while samples with trout plasma were
incubated at room temperature (25 °C) and shaken at 250
rpm for 2 h before measurements by HS-SPME combined with
GCMS.

2.6. Protein and Lipid Quantification. Plasma was
diluted with PBS by a factor of 50 to ensure that the lipid and
protein concentrations were within the calibration ranges.
Pierce BCA Protein Assay Kit (23228, Thermo Scientific) was
used to determine protein concentrations. The sulfophospho-
vanillin reaction was used to determine the lipid concen-
trations as described previously.”® Units of protein and lipid
were converted from mass concentration (mg/L) to volume
concentration (mL/L) using a density of protein of 1.36 kg/L
and a density of lipid of 1 kg/L.

2.7. Acidity Constant Determination. The pK, of
PFOSA at 25 °C and an ionic strength of 0.15 M KCI was
determined with a cosolvent method with methanol according
to Yasuda-Shedlovsky,”**> and the pK, values of flubendiamide
and hexaflumuron were determined with the UV-metric
method,”® using a Sirius T3 automated titrator (Pion)
equipped with a glass Ag/AgCl pH electrode and a UV digp
probe. A detailed description can be found in the literature.”’

3. DATA EVALUATION

3.1. Mass Balance of BioSPME. The method develop-
ment and validation of the BioSPME for PFAS were similar to
C18-SPME using single fibers in our previous study.'” The
amount of PFAS in the water phase (n,, eq 1) and the coating
of the pins (n,, eq 2) were obtained from the measured
concentrations of PFAS in the extracted aqueous phase (C,,)
and in the desorption solvent (Cy,) and their corresponding
volumes (V,, and V). The volume of the C18 pin coating
(Vyin) was approximately 80 nL.*" The mass balance (eq 3)
was calculated to validate the method

n,=C, XV, (1)
npin = Cpin X V;)in = Cdes X ‘/des (2)
Mpin +n,
mass balance(%) = ———
Meot 3)

3.2. Uptake Kinetics into C18 Pin Coating of
BioSPME. The equilibration times of PFAS between water
and pin coating were determined from first-order kinetics (eqs
4 and §5), where n,, (eq 4) and Mpin (eq S) are the amount of
PFAS in the water phase and pin coating at different time
points, respectively. n,, (%) is the initial amount of PFAS used
in the experiment. k, is the rate constant for the decrease of the
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amount of the chemical in the water phase, and k, is the
apparent uptake rate constant to the pin coating30

n,(t) =n,(eq) X (1 - chxty 4 n(t,) X kXt @

—kzxt)

npin(t) = npin(eq) X (1 —¢€ (5)

The time when sorption to the pin coating reached 95%
equilibrium (tyo5) was calculated from k, using eq 6

- In 0.05
09s — T
—k, (6)
3.3. Freundlich-Type Model for Sorption Isotherms.
Sorption isotherms of PFAS to the pin coating of the
BioSPME, as well as to BSA and plasma proteins and lipids,
were fitted with an empirical Freundlich adsorption isotherm
by eq 7

=K x (C,)"™ (7)

After a logarithmic transformation, the Freundlich-type
model was derived with a linear relationship of the bound
concentration, 10g Cyouna; (i = pin coating, BSA, or plasma
protein and lipid), against the water concentration (log C,,) by
eq 8. The Freundlich constant log Kg, and exponent ng, were
adjusted by a best fit to the experimental data

Cbound,i

log Cbound,i = ng X IOg Cw + lOg KFr (8)

Distribution ratios between the sorption phases i and water,
log Dy, (eq 9), can be calculated at a given log Cyoung; (eq 10)
or log C,, (eq 11) with log Kg, and ng,. The average value of
log D/, is approximately equal to log Kg, when the ng, is close
to 1 canceling the logC,, suggesting that the logD,,, is
independent of concentrations. The standard error (SE) of
log K¢, (or log D) was derived directly from the model fit. A
95% confidence interval (CI) was obtained as the values 1.96
X SE of either side of log Dy,

D Cbound,i
T, ©
1 log K,
IOg Di/w = (1 - _] X log Cbound,i + ﬂ
Mg, o (10)
log D;/,, = (ng, — 1) X log C,, + log Ky, (11)

3.4. Mechanistic Model for BSA and Plasma Binding.
The sorption isotherm of some anionic PFAS was concen-
tration-dependent, which can be fitted nonlinearly with a
combined binding/partitioning model.'””> A wide range of
molar ratios v of bound PFAS-to-protein (eq 12, molpg,s/
molpmtein) were used to identify the saturable binding range. A
plateau of saturable binding in the range of v < 1 by eq 13
suggests specific binding of PFAS with proteins

Mhound, PFAS
Mprotein (12)
C G X G,
bound, specific —
P Ky + C, (13)

In the saturable binding, where there is only one binding site
on the protein, the dissociation constant (K;) equals the
equilibrium concentration of free PFAS (C,) required to
occupy half of the maximum number of binding sites (C,,,,) on

the protein. The specific binding constant Dy, can be
derived with the C,,,, and Ky by eq 14."° The SE of Dipecific was
calculated by error propagation using the SE of C,,,, and Ky of
the model fit. 95% CI was obtained as the values 1.96 X SE of
either side of D

specific
Cbound,speciﬁc Cmax Cmax
Dspeciﬁc = = =
C, K;+C, 2XKy (14)

The nonspecific binding constant, D, gngpecisic Was derived by
eq 15 with the fixed values of C,,,, and K4 from eq 13. The SE
of D was derived from the model fitting. 95% CI was

nonspecific
obtained as the values 1.96 X SE of either side of D, ongpecific-
Coax X C
Choundtotd = —p- - + D, ific X C
oun (o) I<d + Cw nonspecinc w (15)

Protein and lipid in the plasma are the major sorption
phases, with protein binding being highly specific at one
binding site,"> while the nonspecific binding is relevant for
proteins and lipids at higher concentrations. Therefore, the
plasma binding isotherm was fitted by eq 16 that includes an
extra term correcting for the ratio of the volume fraction of
protein to protein plus lipid

Cmax X CW x Vprotein,plasma

Kd + Cw ‘/protein+1ipid, plasma

Cbouncl, total —

+ Dnonspeciﬁc X Cw (16)

3.5. Mass Balance Model for Protein/Plasma Binding
of FTOHs. In a closed headspace vial, the total amount of
FTOH (n,,) partitions between water (n,,), air (n,;,), wet-glass
surface (ng,,), and biomaterials (fyougp 1 = BSA, plasma
proteins and lipids)

Mo = Ny + 1y + Melass + Mbound,i (17)

Partition constants of FTOHs between air and water
(Kyp),”" wet-glass surface and air (Kglass Jar)y and bio-
materials and water (D,,, i = BSA, plasma) were introduced
into eq 17 to derive the concentration of FTOH in the
aqueous phase of the PBS samples used as control, C,, (eq 18),
as well as the aqueous phase of BSA and plasma samples, C,;

(eq 19)

_ Mot
=
Vw + Kair/w X ‘/air + I<air/w X I<glass/air X Sglass
(18)
Cw,i =
Mot
Vw + I<air/w X Va.ir + Kair/w X Kglass/a.ir X Sglass + Di/w X ‘/1
(19)

The distribution ratios, Dgg /,y and Dyjygma/we can be derived

from the peak areas of GCMS by using HS-SPME as described
. 40 . . .

previously.”” Given a linear detector response (Figure S3), the
GC peak areas of the FTOH from the control samples (A,, eq
20), BSA, or plasma samples (A,,;, eq 21) can be assumed to
be linearly related to the concentration of the FTOH in the
aqueous phases

A, = slope X C, (20)
A, ; =slope X C; (21)
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Table 1. Distribution Ratios between BSA and Water (Dyg,4,) and Distribution Ratios between Plasma and Water (D qma/w)
of 13 PFAS”
BSA: 1og Dysa sy [Low/Lyrot) R? human plasma: 10g Dyjasma/se [Luw/Lprotsip) R? trout plasma: 108 Dyjagmazse [Lu/Liprotstip] R?
PFBA log Dgsajw = —0.298 log C,, + 291 0.60 108 Dy = —0.402 log C,, + 2.80 068 143 0.74
PFHxA log Dgsajw = —0271 log C, + 343 0.88 108 Dyjasms/or = —0287 log C,, + 3.29 084 249 091
PFHpA log Dggsa /e = —0.305 log C,, + 3.95 0.81 log Dyjygma/w = —0.389 log C,, + 3.79 0.89 3.32 0.93
PFOA log Dgs s = —0.314 log C, + 438 093 108 Dytyams/ne = —0410 log C,, + 4.02 086 418 0.98
PENA log Dggs s = —0.147 log C, + 452 0.61 108 Dytyama/or = —0.183 log C,, + 4.13 091 471 0.98
PFUnA 4.75 0.96 4.54 0.95 4.99 0.98
HFPO-DA log Dygae = —0.493 log C,, + 3.44 0.86 10g Dyjysmajww = —0.633 log C,, + 3.41 0.95 10g Dyjysma/w = —0.646 log C,, + 3.20 0.97
PFHxS log Dysaye = —0.472 log C,, + 4.28 0.92 log Dypysmajw = —0.677 log C,, + 3.95 0.96 1og Dyjysma/ww = —0.236 log C,, + 3.96 0.68
PFOS log Dygasee = —0.379 log C,, + 474 092 10g Dyjasms/or = —0.336 log C,, + 4.46 085 10g Dy = —0.303 log C,, + 491 0.92
6:2 FTSA log Dgs s = —0.092 log C, + 386 0.54 108 Dytysms/e = —0.144 log C,, + 3.66 071 411 0.91
PEOSA 10g Dysae = —0.105 log C, + 428 0.50 10§ Dyppumy = —0.103 log C, + 3.87 052 10gDyjpumy = —0.164log C,, + 426 0.60
hexaflumuron 3.96 0.97 429 0.94 4.61 0.91
flubendiamide 3.98 0.96 3.88 0.99 4.46 0.97

“Regression equations between log Dggy /,, and 10g Dyjaqma/w against log C,, were derived using a Freundlich-type model (eq 11). The concentration

unit of PFAS in the water phase (C,) is micromolar [gmol/L].

The slope is the response factor of the GC measurement,
which cancels out if the ratio of peak areas (A,/A,;) is
calculated. Insertion of eqs 18—20 and eqs 19—21 also cancels
out the n, for control samples and BSA and plasma samples.
D;/,, was moved to the left side of the equation to yield eq 22.
The SE of D/, was calculated from the standard deviation of
samples measured with different concentrations. 95% CI was
obtained as the values 1.96 X SE of either side of mean Dj,.
The derivation of eq 22 and detailed information about the
Kiirjwr Kglass/aix (Table §7), and Sy, can be found in Supporting
Information Text S1

Di/w = (Vw + ‘Kair/w X ‘/air + Kair/w X ‘Kglass/air X Sglass)
1 (A,
X —=X|— -1
Vi Aw,i (22)

3.6. Plasma Binding Prediction. The distribution ratios
of neutral PFAS (D,j,sma/ws PH = 7.4) between plasma proteins
and lipids and water can be predicted by eq 23. Dggy/
measured in the present study served as a proxy for protein
distribution, as well as the distribution ratio of liposome and
water Dy, for phospholipid distribution and olive oil and
water D/, as a proxy for neutral lipid distribution. The ratio
of phospholipids to neutral lipids in human plasma is
approximately 2:3 according to previous reports."”** The
differentiation between phospholipids and neutral lipids is
necessary because anionic chemicals showed high affinities to
phospholipid* but do not partition to neutral bulk lipids.
Predictions of Dy, for anionic PFAS can therefore be
simplified by neglecting the third term in eq 23

V...
_ protein,plasma
Dplasma/w - DBSA/W X
protein+lipid, plasma
040 X ‘/Iipid,plasma
+ th/w X ——
protein+lipid, plasma
0.60 X Vlipid,plasma
+ Doil/ w X
protein+lipid, plasma (23)

3.7. Statistical Analysis. Results were analyzed by
Microsoft Excel and GraphPad Prism 10.0. The Freundlich-
type model and combined binding/partitioning model were

fitted with Graphpad Prism 10.0. The SE of the parameters
derived from the model fitting is used to calculate the 95%
confidence interval of the binding constants. Differences
among testing concentrations were evaluated by Student’s ¢
test. Results were considered as statistically significant if the p
value was <0.0S.

4. RESULTS

4.1. Validation of BioSPME Method. The average mass
balance of 13 PFAS measured by BioSPME was between 92
and 115% (eq 3, Table S2) in the kinetic uptake experiments,
suggesting that the loss of chemicals to other compartments
(e.g, plate or pin material) was less than 10%. As shown in
Figure S4, 95% of equilibrium between pin coating and water
(eq 6) was reached within 30 min for hydrophilic PFAS, while
hydrophobic PFAS needed a longer time (max 58 min). Other
experimental conditions, such as desorption solvents, desorp-
tion time, and plate materials, were determined for each PFAS
according to their mass balance in the assays. Detailed
information can be found in Table S2.

Sorption isotherms to the pin coating were fitted with a
Freundlich-type model (eq 8). The isotherm curves of 8
anionic PFAS were found to be concentration-dependent, and
thus, their log D,,;,,, were fitted against log Cpoungpin (€q 10)
and are listed in Table S4. The log D,;,/,, were determined by
setting np, = 1 (eq 10) for long-chain PFNA, PFUnA, and
PFOSA, as well as complex hexaflumuron and flubendiamide
(Table S4), because their sorption isotherms were weakly
dependent on concentrations (0.90 < ng, < 1) or independent
of concentrations (ng, > 1). Log Cy;, of PFHpA was presented
in a concentration-dependent way, although its ng, was 0.93,
because the chain length of PFHpA is between PFHxA and
PFOA, for which log C,;, was concentration-dependent.

4.2. BSA Binding Isotherms. The BSA binding isotherms
of the 13 PFAS were first fitted using the Freundlich-type
model (eq 8, see Figure la,e for HFPO—DA and PFNA,; for all
other chemicals, see Figure S5). The log Dy, sy, Were plotted
against the log C,, (eq 11) and were concentration-dependent
for HFPO—DA and PFNA (Figure 1b,f) and other 8 PFAS,
and results of all PFAS are listed in Table 1. The BSA binding
isotherm of PFUnA (0.90 < ny, < 1) was weakly dependent on
concentrations, and the BSA binding isotherm of hexaflumuron
and flubendiamide was independent of concentrations (ng, >
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Figure 1. Bovine serum albumin (BSA) binding of (a—d) HFPO—DA and (e—h) PFNA. (a, e) Data points were fitted linearly with the Freundlich-
type model (eq 8, solid line); the dotted line refers to fixed ny. = 1 for comparison. (b, f) The concentration-dependent distribution ratios between
BSA and water, log Dggj 1, were fitted linearly (eq 11). (¢, g) Experimental data points were fitted nonlinearly with the combined binding/partition
model (eq 15). (d, h) The saturable specific binding in the low concentration range was derived with eq 13. Results of this study were compared

with literature data®° (green triangle and crosses).

1) (Table S8); therefore, their average logDggs., Wwere
obtained by setting the np, = 1 (eq 11).

For nonlinear binding isotherms (nz < 0.9), a combined
binding/partitioning model was used to derive the specific and
nonspecific log Dyga/,, (Figure 1c,g). If a plateau of Cpounapsa
was found in the low concentration range (v < 1, eq 13), e.g,,
for HFPO—DA (Figure 1d), specific binding applies in this
concentration range and the specific Dpgy yspecific (eq 14) was
derived. The nonspecific log Dysa jynonspeciic Was subsequently
derived from the overall fit of the isotherm (eq 15). Similarly,
the specific and nonspecific log Dggy, (Table 2) could be
derived for PFBA, PFHxA, PFHpA, PFOA, PFHxS, and PFOS
from the concentration-dependent binding isotherms (Figure
SS).

However, for some PFAS such as PENA (Figure 1h), 6:2
FTSA, and PFOSA (Figure SSh,i), no specific binding could be
identified because there was no plateau of Cpoypgpsa in
saturable binding curves. An average log Dggp /., Was obtained
for them by setting np, = 1 (eq 11). This may be due to
sensitivity limitations of the SPME method and instrumental
analysis. All values of specific and nonspecific log Dgg, ,, for 7
anionic PFAS, as well as average log Dgg, ,, of other 6 PFAS,
are listed in Table 2.

BSA binding isotherms of PFBA, PFOA, and PFHxS
measured in the present study were compared with our
previous results with C18-SPME using single fibers.'> Because
the data from the two methods were almost overlapping
(Figure S6a—c), all data were fitted together to derive Dyg,
(Tables 2 and S9). The specific binding of PFOS measured
with C18-SPME was a bit higher. However, S mg/mL of BSA
was used for the C18-SPME, resulting in a bound fraction of
PFOS > 99% in the low concentration range. The bound
fraction reduced to 40—90% after adjusting BSA to 0.1 mg/mL
in this study (Figure S6d and Table S10). log Dygy 5, of PFOS
were also fitted with data from two methods, but several points

in the low concentrations were excluded. Detailed information
can be found in Supporting Information Text S2.

4.3. Acidity Constants. The BSA binding isotherm of
PFOSA was slightly concentration-dependent (Figure SSi). We
therefore measured its acidity constant. PEFOSA was found to
be an N-acid with a pK, value of 8.77 + 0.27, which means that
4.1% of PFOSA is anionic at pH 7.4. Sulfonamide
pharmaceuticals typically have pK, > 9, but the perfluorinated
alkyl chain possibly stabilizes the anion and reduces the pK,
value. As binding of the anion is higher and usually specific, we
can explain the observed nonlinearity of the sorption isotherm
by the speciation of PFOSA. We also measured the pK, of
hexaflumuron and flubendiamide with the values of 9.11 +
0.143 and 9.03 + 0.10, which means these chemicals are 98%
neutral and 2% anionic at pH = 7.4. The pK, values of anionic
PFAS and neutral FTOHs were not measured since they are
100% anionic or neutral at physiological pH = 7.4.

4.4, Protein and Lipid Contents of Human and Trout
Plasma. The human plasma contained 42.25 mL/L of protein,
almost 10 times higher than the lipid content of 4.46 mL/L.
The trout plasma had a lower protein content of 15.46 mL/L
and more lipids of 7.08 mL/L compared with the human
plasma (Table 3).

4.5. Plasma Binding Isotherms. Similar to BSA binding,
the human plasma binding of 10 PFAS was concentration-
dependent (Table 1), but specific and nonspecific log Dytasma/w
could be distinguished for only 7 anionic PFAS (Table 2).
Average values of log Djyma/ for PENA, PFUnA, 6:2 FTSA,
PFOSA, hexaflumuron, and flubendiamide were derived with

Table 3. Volume Fractions (Vf) of Proteins and Lipids in
Human and Fish Plasma

Vfrotein [mL/L]
4225
15.46

Vfipia [mL/L]
4.46
7.08

human plasma

fish plasma
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Figure 2. Human plasma (HP) and trout plasma (TP) binding isotherms of 11 anionic PFAS. Curves were fitted linearly with the Freundlich-type
model (eq 8) or nonlinearly with the combined binding/partitioning model (eq 16). The selection of models was based on whether the binding

isotherms were concentration-dependent (Table 1).

fixed ng, = 1 (Table 2). The volume fraction of proteins was 10
times higher than that of lipids; therefore, proteins are
expected to dominate the human plasma binding. Differently,
HFPO-DA, PFHxS, PFOS, 6:2 FTSA, and PFOSA (ng, <
0.90, Table S8) were found to have concentration-dependent
binding isotherms for trout plasma, but only for HFPO—DA
and PFOS, the specific binding could be fitted (Table 2).
Human and trout plasma binding isotherms were directly
compared for 11 of the 13 tested PFAS in Figure 2. Differences
were observed between trout and human plasma binding in the
low concentration ranges of PFBA, PFHxA, PFHpA, PFOA,
and PFHxS, while the isotherms overlapped at high
concentrations (Figure 2a—d,h) because the nonspecific lipid
binding (log Dy,/,) is similar to the nonspecific protein
binding (log Dggas,) (Table 2). The difference at low
concentrations is due to the higher protein content of
human plasma which led to dominance of strong specific
binding. The trout plasma had lower protein content and
higher lipid content and lipid binding may have masked the
specific protein binding. For PFHxS and PFOA, trout plasma
binding gradually surpassed the human plasma binding at high
concentrations (Figure 2d,h), suggesting that lipid binding may
dominate the plasma binding at high concentrations where
their log Dy, ,, were higher than the nonspecific log Dgg, .- For
PENA and 6:2 FTSA, trout plasma binding was linear, but
slightly concentration-dependent for human plasma, indicating
that specific protein binding was relevant but partially masked
by nonspecific binding (Figure 2e,j). PFOSA showed a rather
weak concentration dependence for both types of plasma
(Figure 2k). Both plasma binding isotherms were linear for

PFUnA (Figure 2f), hexaflumuron, and flubendiamide (Figure
S7).

4.6. Comparison of BSA and Plasma Binding of
Neutral FTOHs and Anionic PFAS. BSA binding of neutral
6:2 FTOH, 8:2 FTOH, and 10:2 FTOH was measured at four
concentrations, and there was no significant difference (f test, p
< 0.05) of log D/, among concentrations (Figure S8).
Therefore, their log Dgg,,,, values were calculated from the
average values measured at different concentrations (Table 2).
Similarly, the average values of log D}, . of human and trout
plasma were calculated for those chemicals that did not show
any specific binding (Table 2). The 10g Dyjygma/sy of the FTOHs
for trout plasma were higher than that of human plasma
because FTOHs bind stronger to lipids compared to proteins
(Table 2) and the volume fraction of lipids was higher in trout
plasma than in human plasma. Both human and fish plasma
binding constants of neutral FTOHs and anionic PFAS were
chain-length-dependent (Figure S9).

The acidic functional groups have an impact on the specific
binding of PFAS to BSA. Carboxylic and sulfonic acids
deprotonate to anionic carboxylates and sulfonates and bind to
proteins via electrostatic interaction, which may lead to the
specific protein binding of PFBA, PFHxA, PFHpA, PFOA,
HFPO-DA, PFHxS, and PFOS (Table 2). The BSA binding
of 6:2 FTOH was 10 times lower than that of PFOA, PFHxS,
and 6:2 FTSA, which have the same number of perfluorinated
carbons, because the neutral alcohols bind to proteins mainly
via van der Waals forces with contribution of hydrogen bonds
by the alcohol groups. However, as the number of C—F
increases, the hydrophobicity increases and consequently the
nonspecific portion of binding dominated, where the specific
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binding of PFNA and PFUnA cannot be distinguished from
the nonspecific binding (Figures 1h and SSe). Also, the impact
of hydrophobicity may surpass that of the functional groups.
For example, the log Dy, 1, (nonspecific or average) of PENA,
PFOS, PFOSA, and 8:2 FTOH with eight perfluorinated
carbons were similar despite the different head groups. The
log Dggp s,y of 10:2 FTOH were higher than that of PFUnA,
both of which carry 10 perfluorinated carbons, presumably due
to the combined effect of the extra ethane moiety (C,H,) of
10:2 FTOH and the different head groups of an anionic
carboxylate versus a neutral hydroxy group (Table 2).

Linear regressions were developed for logDggys, (non-
specific or average) against the number (n) of C—F for PFCAs
and FTOHs (Figure 3) to study how the chain length may

[e )

(o]
1

log Desam [Lw/Lprot]
nonspecific or average
N

2 o
HFPO-DA + PFSAs
0 . . FTOHs
0 4 8 12

number of C-F

Figure 3. Nonspecific or average BSA binding, log Dgg, ., (pH = 7.4)
of perfluoroalkyl carboxylic acids (PFCAs, magenta circle), sulfonic
acids (PFSAs, blue diamond), and average BSA binding of
fluorotelomer alcohols (FTOHs, gold triangle). log Dggs/,, of
HFPO—DA (empty circle), 6:2 FTSA, and PFOSA (empty diamond)
were excluded from the regression but plotted for comparison.

affect their binding constants (eqs 24 and 25). The relationship
for PFSAs is missing because two values of log Dggy,, of
PFHxS and PFOS are not enough to fit an exclusive line for
PFSAs. However, as shown in Figure 3, values of log Dggy 4, of
PFHxS and PFOS overlapped with the regression of PFCAs.
At high concentrations, hydrophobicity dominates the BSA
binding of PFAS and the number of C—F has a more
significant impact on the BSA binding than the functional
groups of carboxylic and sulfonic acids. log Dggss, (non-
specific) of HFPO—DA, 6:2 FTSA, and PFOSA are excluded
from the regression since their structures are different from
PFCAs and PFSAs

PFCAs: log Dyg, /,, (nonspecific or average)
= 0.434 X n — 0.743 (R* = 0.942) (24)

FTOHs: log Dgg, y, (nonspecific or average)
= 1.01 X n — 3.44 (R* = 0.999) (25)

4.7. Prediction of Plasma Binding. Plasma binding of
PFAS can be predicted by eq 23 by assuming that proteins and
lipids in the plasma are the major sorption phases. Input
parameters for the model are chemical properties (Dggp /vy
Dy and log Dy, Table 2), as well as volume fractions of
proteins and lipids in different types of plasmas (Table 3).

Experimental values of Dy, and D, of PFCAs, PFSAs,
and FTOHs were from the literature’"*** and are used to
develop regression relationships of log Dy, or log Dy,
against the number of C—F (Figure S10), which were further

used to predict the log Dy, ,, for 6:2 FTSA, FTOSA (eq S12),
as well as log Dy, ,, (eq S13) and log Dy, (eq S14) for 10:2
FTOH. The log Dy, of hexaflumuron and flubendiamide
were predicted by COSMOtherm 2020*° because of their very
different structures. For the partially charged PFOSA,
flubendamide, and hexaflumuron (>95% neutral), we used
the ionization-corrected octanol—water partition constant
predicted with ACD as a proxy of logDy,,. For the fully
anionic PFAS, the partitioning to a neutral lipid was neglected.

The specific log Djjygmaw at low concentrations were
predicted with log Dggss, (specific), and the nonspecific
log Djygmajw 2t high concentrations were predicted with
log Dgga s, (nonspecific or average). As shown in Figure 4, all
of the predicted results were within a factor of 10 compared to
the experimental ones for human and trout plasmas.
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Figure 4. Prediction of plasma—water distribution ratios, log Dy jysma/w
(pH = 7.4), of 16 PFAS. 10g D,y of (a) human plasma or (b)
trout plasma were measured experimentally (Exp) and compared with
the Dyjgma/w predicted by a mass balance model (MBM) from protein
binding constants, log Dg,g/,, (PH = 7.4) and lipid binding constants,
log Dy, ,, and log Dy, as well as the volume fractions of proteins and
lipids in plasmas (eq 23).

5. DISCUSSION

5.1. Methods for Measuring BSA and Plasma Binding
of PFAS. Serum albumin binding of PFAS has been measured
by various methods in the past decades.”” Specific binding of
PFAS to defined binding sites on certain proteins was
identified in competition assays by using site-specific probes*®
and probe-labeled proteins.”” Here, we compared binding
constants of 9 PFAS measured by traditional dialysis,”>*® with
the BSA binding isotherms measured in the present study
(Figures 1 and SS). Literature data, which initially looked
inconsistent, turned out to be located in different regions of
the binding isotherms, reconciling results from different
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methods. The extensive binding isotherms derived in the
present study depict a broader view of the binding behavior of
these anionic PFAS.

The bound fraction affected the binding constants in this
and previous studies.””*>*” However, under actual physio-
logical concentration, the molar ratio of PFAS to protein is
low, suggesting that more than 99% PFAS would be bound in
100% plasma.”® Tt cannot be ruled out that the binding
constants derived under the in vitro experimental conditions in
the present study with a low plasma content may under-
estimate the bound fraction of some chemicals with very high
affinities to proteins in the bloodstream in vivo. However,
extrapolation from, e.g, 10% plasma should still be more
accurate than measuring free concentrations at close to 100%
bound fraction, which would be technically challenging to
impossible.

Blood is a favorable matrix for an internal exposure
assessment. Although plasma and serum are major fractions
of the whole blood, the different components (e.g., blood cells,
fibrinogen, platelet, and others) may affect the detected
frequencies, concentrations, or distributions of PFAS.*" High-
purity serum albumin is used in most mechanistic binding
studies, while we compared the binding isotherms of BSA and
plasma in the present study in order to further demonstrate the
binding behavior of PFAS in real life. Plasma contains most of
the proteins and also other components of blood after the
removal of cells and clotting factors. Although proteins
dominate the specific binding of plasma, the role of nonspecific
binding to lipids cannot be ignored, especially for plasma with
high lipid fraction like trout plasma.

5.2. Implications of Plasma Binding of PFAS for
Organ-Specific Accumulation. Plasma binding of PFAS is
chain-length-dependent (Figure S9), and 10g Dy, > 4 were
determined for PFOA, PENA, PFUnA, PFHxS, and PFOS,
indicating that they may accumulate in plasma and be
transported in a bound form through the whole body. This
can explain why middle- and long-chain PFAS were widely
found in tissues and organs of humans,” trouts,* whales,** and
finless porpoises.”'

The binding of PFAS to plasma components is reversible,
and the free PFAS in plasma may redistribute to tissues and
organ-specific proteins.' The liver and brain have a higher
metabolic demand and thus receive substantial blood flows. A
competitive binding between human serum albumin and liver
fatty acid-binding protein (hL-FABP) was found to correlate
with the ratio of blood to liver concentration of PFAS.’>
Differences in lipid homeostasis perturbation between mice
and humans may also be partially related to (dose-dependent)
differences in binding affinity.>*

PFAS also have high affinities to transthyretin, which is
primarily produced in the liver and also expressed in the
choroid plexus of the brain.”> Competitive binding of PFAS
between plasma components and transthyretin might also lead
to the selective accumulation of PFAS in the liver and the
brain.

Protein binding does not only affect internal distribution but
also affect toxicokinetics, in particular, the elimination kinetics
and mechanism. Their persistence, together with the high
affinity to proteins in general and specifically liver fatty acid-
binding proteins in the liver, can lead to slower clearance and
consequently long half-lives (>1 year) of PFAS.**"** Human
urinary excretion was found to decrease with the chain length
of PFCAs because only freely dissolved PFAS may be excreted

53,54

via urine.”” Long-chain PFCAs are strongly bound and can
only be eliminated via the bile to feces.”” With enterohepatic
circulation and recycling of bile acids, PFCAs can also be
reabsorbed back, %% slowing the elimination rate. Fur-
thermore, it needs to be considered that half-lives of PFAS also
depend on the activity of renal transporters and therefore
knowledge of plasma protein binding alone is not sufficient to
correctly predict PFAS half-lives.”'

Although the values of Dyj,,/,, of FTOHs are noteworthy,
especially 8:2 and 10:2 FTOH, their concentrations in human
samples were very low or not detected®’ because FTOHs can
be metabolized to PFCAs (e.g, PFHxA, PFHpA, PFOA,
PFNA).®>%3

5.3. Species Difference? Distributions of Protein and
Lipid Binding in Plasma. Depending on their structure,
PFAS have different affinities to proteins and lipids (Table 2),
suggesting that predictive models for plasma binding need to
consider the volume fractions of proteins and lipids in plasma.
Han et al.”’ demonstrated that there was no difference
between PFOA bound to rat or human serum protein by using
ligand blotting. The differences between trout and human
plasma of PFBA, PFHxA, PFHpA, PFOA, and PFHxS were
obvious in the present study, and the different lipid contents of
the two types of plasma are the main cause of the observed
species difference, which was also confirmed by the MBMs.

Protein binding of PFAS dominated their binding in human
plasma® but not in fish plasma.® PFBA, PFHxA, PFHpA,
PFOA, and PFHxS are specifically bound to protein at low
concentrations (v < 1), resulting in specific Dyga g OF Dpjasma/ar
almost 10 times higher than their Dy, The volume fraction
of lipids in the trout plasma was only half of that of the protein,
which was similar to the values reported in a previous study®
and decreased the contribution of the specific binding in trout
plasma. In contrast to the anionic PFAS, lipid binding was
more relevant than protein binding for the neutral FTOHs.

A recent study demonstrated that differences of albumin and
globulin contents in human blood affected the free
concentrations of PFAS across individuals.”® Besides proteins,
we also considered the distribution of PFAS to lipids in order
to simulate actual plasma conditions. The Dijym,/, measured
in this study can be used in PBTK models to calculate the free
PFAS in plasma. For risk assessment, it should also be
considered that the amount of proteins and lipids in plasma is
influenced by many factors, such as diet, environmental
conditions, and health status, which exist not only between
species but may also exist between individuals.
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