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Abstract

The search for alternatives to bioaccumulative perfluoroalkyl acids (PFAAs) is ongoing. New, still highly
fluorinated alternatives are produced in hopes of reducing bioaccumulation. To better estimate this
bioaccumulative behavior, we performed dialysis experiments and determined membrane/water partition
coefficients, Kmem/w, Of six perfluoroalkyl carboxylic acids (PFCAs), three perfluoroalkane sulfonic acids and
four alternatives. We also investigated how passive permeation might influence the uptake kinetics into
cells, measuring the passive anionic membrane permeability Pion through planar lipid bilayers for six PFAAs
and three alternatives. Experimental Kmem/w and Pion Were both predicted well by the COSMO-RS theory
(logRMSE 0.61 and 0.46, respectively). Kmem/w Were consistent with literature data, and alternatives
showed similar sorption behavior as PFAAs. Experimental Pi,n were high enough to explain observed
cellular uptake by passive diffusion with no need to postulate the existence of active uptake processes.
However, predicted pK, and neutral permeabilities suggest that also the permeation of the neutral species
should be significant in case of PFCAs. This can have direct consequences on the steady-state distribution
of PFAAs across cell membranes, and thus toxicity. Consequently, we propose a model to predict pH-
dependent baseline toxicity based on Kmem/w, Which considers the permeation of both neutral and anionic

species.
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Introduction

Long-chain perfluoroalkyl acids (PFAAs) including perfluoroalkyl carboxylic acids (PFCAs, e.g.
perfluorooctanoic acid PFOA) and perfluoroalkane sulfonic acids (PFSAs, e.g. perfluorooctanesulfonic acid
PFOS) have long been in the focus of scientific research due to their persistent and bioaccumulative
nature.” 2PFAAs have been produced for seven decades and widely used as processing aids in
fluoropolymer production, as components in aqueous film forming fire fighting foams, or as mist
suppressants in the chromium plating industry, amongst other applications.? Additionally, a wide range of
highly fluorinated substances have been and are still used in surface treatment of textiles, leather, paper
and board. Many of these highly fluorinated substances can degrade in the environment to form PFAAs.2
Today, PFAAs are ubiquitously present in the environment and can be found in organisms, including
humans.*® Regulatory or voluntary production restrictions for long-chain PFAAs (PFCAs > C8; PFSAs > C6)
in the early 2000s led to a shift in production to short-chain PFAAs and alternative compounds.”!! The
latter include structurally similar poly-fluorinated compounds that are often ether-based (our selected

alternatives are shown in Figure S1.1 in the Supporting Information Sl).2

There is growing evidence that also alternatives to the classical PFAAs bioaccumulate.’® Often the
partitioning of a compound between octanol as an organic phase and water has been used to estimate the
bioaccumulative potency of that compound.’*” In case of ions the octanol/water partition coefficients do
not show a correlation to the sorption behavior to biological matrices'* and should therefore not be used

as a surrogate.

Monitoring data revealed that PFAAs can mainly be found in liver and blood, but not in adipose tissue.!®
211t was suggested that especially protein-rich and phospholipid-rich tissues have high sorption capacities

for these compounds.??2® Indeed, PFAAs were found to sorb strongly to serum albumin?* 27-31

, alpha
globulins®> 32 and fatty acid-binding proteins.?* 3% 34 Moreover, several studies report binding of PFAAs to

phospholipids (Figure S1.2), the major component of biomembranes.®* Phospholipid/water partition
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coefficients were shown to be an appropriate surrogate for biomembrane/water partition coefficients —
for the neutral and ionic species.** For uniformity, we will refer to both partition coefficients as

membrane/water partition coefficients Kmem/w-

Moreover, Kmem/w €an be used to assess the nominal compound concentration at which baseline toxicity
(narcosis) occurs. This effect is not caused by specific compound-cell interactions but by the accumulation
of a compound in the lipid bilayer. When a compound reaches a lipid concentration of about
200 mmol/kgmem, it disrupts the proper functioning of the membrane.* Both ionic and neutral species of
a compound may partition into the membrane and thus contribute to this toxic effect. Due to a pH-
gradient over the membrane, there may also be an accumulation of the freely dissolved compound inside
the cell. This so-called ion-trapping effect may increase the total internal concentration of the compound,

in extreme cases by several orders of magnitude.®

For PFAAs not much is known about how they enter the cell. Potential transport mechanisms are either
active transport (energy consuming), facilitated transport (not investigated here) or passive diffusion
(along a gradient across a membrane, defined as passive permeation). Currently, active transport of PFAAs
is usually deemed responsible for the absorption process. 4’ *® Passive diffusion as another possibility for
transport is often not considered because it is simply assumed that only the neutral species can permeate
across membranes.* The acidic groups of PFAAs are more than 99.999% dissociated at physiological pH
due to their very low pK, (<1)°*5! and should — according to this assumption — not pass the membrane
barrier passively. Moreover, several studies reported membrane proteins that actively transport PFAAs.
These transporters are located in tissue epithelia involved in reabsorption of PFAAs such as the kidney,>*
7 liver®®8! and intestine®. The studies aimed to explain gender- and species-specific pharmacokinetics
observed for PFAAs®?> 62 and seem to confirm that the transport of this compound class is managed by

energy-consuming proteins. However, for several hydrophobic anions including permanent ions, it was
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shown that the anionic fraction can permeate the membrane by passive diffusion.®® ¢ Thus, passive

permeation could potentially be a significant or even the dominating pathway also for PFAAs.

Respective studies that focused on active transport investigated specialized epithelia proteins. They

%8,60,61 or cell-lines that were genetically modified

conducted their experiments with isolated hepatocytes
to over-express the investigated transport protein.>*>% % From these in vitro observations it cannot be
concluded that membrane proteins are responsible for most of the PFAA transport in an organism. In an
in vivo situation one has to consider that a PFAA molecule has to pass membrane barriers consisting of not
one but many various epithelia types and several epithelia layers and that different membrane tissues
express their transport proteins to different extents. The same studies reporting active transport of PFAAs
show that passive transport of these compounds is actually occurring: To determine the net uptake of
PFAAs, cells which expressed the transport protein were compared to controls — cells that lack this
transporter. In all studies an uptake was observed in the controls.>*>% 5861 For these controls the measured
uptake of the investigated PFAAs should be solely the result of passive diffusion across the cell membrane.
It is not clear whether this passive diffusion is dominated by the small neutral fraction of PFAAs or by the
high anionic fraction that would cross the membrane less readily due to its charge. This, however, would

have direct implications on how the ion-trapping effect and thus baseline toxicity will respond to pH

changes outside the cell.

To address all these questions, we determined Kmem/w for a series of PFAAs and the four alternatives by
dialysis experiments. Further, anionic permeabilities for six PFAAs and three alternatives were measured
with planar lipid bilayer membranes. All experimentally determined data were compared to predicted
values and literature data and used to calculate the external concentration that can initiate baseline

toxicity for varying external pH values.
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Materials and Methods

Chemicals

PFAAs and alternatives examined here: perfluorobutanoic acid (PFBA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA),
perfluorodecanoic acid (PFDA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid (PFDoDA),
perfluorobutane sulfonic acid (PFBS), perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid
(PFQS), dodecafluoro-3H-4,8-dioxanonanoate (DONA), 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy-)propanoic acid (HFPO-DA), 9-chlorohexadecafluoro-3-oxanonane-1-sulfonate (9Cl-

PF30NS), perfluoro-4-ethylcyclohexanesulfonate (PFECHS).

All other used chemicals, their abbreviations and suppliers are stated in the Supporting Information (Sl)

section S2.1.

Preparation of liposomes

Liposomes composed of POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) (Figure S1.2) were
prepared as described before®> ¢, POPC was used for the formation of liposomes to allow a direct
comparability to results from Bittermann et al..5” POPC was weighed and dissolved in chloroform. A thin
film of the suspension was formed using a rotary evaporator and was dried overnight. Buffer solution
(HBSS; pH 7.4, S2.2) was added and multilamellar vesicles were formed under gentle agitation. The
suspension was subjected to a freeze-and-thaw cycle (10x) with liquid nitrogen to produce intermediate-
sized unilamellar vesicles. The suspension was then extruded tenfold through a polycarbonate membrane
with 0.1 um pore size (Whatman) in a mini-extruder (Avanti Polar Lipids) at room temperature, generating

homogeneous POPC-liposomes.®® Liposome stock solutions were subsequently used for the dialysis
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experiments. The POPC content was determined indirectly measuring the phosphorus content using ion
chromatography (ICS-6000, Thermo Scientific). After addition of potassium persulfate, the solution was
incubated at 90°C overnight, according to a protocol by Huang et al.%° The recovery of the initially weighted
POPC was analyzed for each experiment. Recovery ranged from 72 — 120%. The resulting error in the
corresponding Kmem/w Was small compared to the error resulting from the experimental setup and

quantification (which is in the range of + 0.2 log units).”

Dialysis Experiments

Individual methanol stock solutions of PFAAs and alternatives were diluted in HBSS (=20 pg/L) and samples
of these dilutions were quantified to determine the exact concentration. Dialysis cells were used as
described before.?”-® 71 (Figure S2.3) They were composed of two glass chambers separated by a cellulose
membrane which was impermeable to liposomes (Por 4, molecular cut-off 12 — 14 kDa, Spectrum
Laboratories Inc.). Test and reference cells were prepared for each compound in triplicates. The latter
were used to check for equilibrium between the two chambers and for determining the freely dissolved
analyte mass in total (mass balance was applied due to loss of compounds by adsorption on the glass
surface, see calculations below). For the test cells, liposome stock solutions were added to the buffer
solution in one chamber to the final volume of 5 mL, while for the reference cells, this chamber contained
only buffer solution. In both, test and reference cells, 5 mL analyte buffer solution were added into the
second chamber. Dialysis cells were incubated at 310 K in darkness, the solutions in each chamber were
stirred at 470 rpm. When equilibrium was reached, the liposome-free chamber of the test cells and both
chambers of the reference cells were sampled. For each compound, the fraction sorbed to the liposomes

was kept between 20 — 80 % to reduce measuring uncertainty (S2.4). To this end, the concentration of
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POPC in solution was adapted with respect to the sorption behavior of the investigated compound and
ranged from 0.0025 to 2 g/L (based on chamber volume of 5 mL). The molar ratio between the compound
sorbed and the total amount of phospholipids was held below 0.08 which is assumed to be within the

linear range of the sorption isotherm.5”-%8

Instrumental analysis

Quantification of all samples was done by ultra performance liquid chromatography with tandem mass
spectrometry (UPLC-MS/MS; Xevo TQ-S Waters Corporation) in negative electrospray ionization mode (for

detailed description see S2.5 and references?”- 7% 73),

Calculation of membrane/water partition coefficients Kmem/w

The membrane/water partition coefficient Kmemw in Lw/kgmem Was calculated with

_ Cimem*
Kl,'mem/w i — (1)
Ciw*

where 7refers to the analyte and *states the equilibrium condition. c;mem is the bound concentration to
the membrane (g/kgmem) and c,w is the concentration in water (g/Lw). The latter was quantified directly
from the test cells. Following the mass balance, the mass of analyte which was bound to the membrane
mM;mem Was deducted by subtracting the determined mass of analyte which was freely dissolved in the

buffer solution(msree) from the total analyte mass in the dialysis system (mtotar) in equilibrium.
M ;mem= M total — M free (2)

Certain poly- and perfluorinated compounds adsorbed to a different extent to the glass surface of the
custommade, not exactly identically shaped chambers. For all compounds reference cells that contained

no liposomes were taken for the determination of m,ww. For compounds that adsorbed substantially
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(>10%) to the glass surface such as long-chain PFUnDA, PFOS and 9CI-PF30NS, an extraction step with
methanol for the individual dialysis cells (test cells) was performed to yield a closed mass balance. The
buffer solution was removed for extraction, 2 mL of methanol were added and the dialysis cells were
shaken for one hour. The methanol extracts were analyzed and m;mem Was calculated taking into account
the loss due to adsorption. Considering these adsorption effects, total recoveries varied between 92 —
110%. For determination of Kmemm, mMean and standard deviation of six measurements (three

measurements on each of two days) were taken.

Formation of planar lipid bilayers

For the anionic membrane permeability measurements, solvent depleted membranes were formed from
DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine) in hexane (10 mg/mL) using the Montal-Mueller
technique’, as described in Ebert et al. ® DPhPC was chosen due to its high membrane stability and the
direct comparability to results from Ebert et al.. ® The membrane was folded across a hole (diameter: ~80—
150 um) in a pretreated (0.5% (v/v) hexadecane in hexane) Teflon septum (25 um thick) separating two
compartments of a Teflon chamber filled with buffered solution at pH 7 (1.3 mL each; 100 mM KCl; 5 mM
MOPS, S2.1). In each compartment (on opposite bilayer sides) an Ag/AgCl electrode was placed, and
membrane formation was assessed by the specific capacity (range: ~0.6—0.8 mF/cm?). See Figure S2.6 for

setup schematics.

Anionic membrane permeability experiments

Voltage was applied to the electrodes placed in both compartments, and the resulting current was

measured. Only a charged compound traversing the membrane will lead to an electrical signal. This
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method allows measuring the permeability of ionic compounds across the membrane, even if the neutral
effective permeability (permeability*fraction of neutral species) is greater than the ionic permeability,
meaning even if the flux following a chemical gradient is dominated by the neutral species.

After membrane formation, control curves without any compound addition were measured. The
respective compound to be examined was added in equal amounts on both sides of the membrane (no
chemical gradient) using concentrated stock solutions dissolved in either water or DMSO. In case DMSO
was used, the DMSO concentration did not exceed 1%. The buffer solution was well stirred by magnetic
bars to allow for a rapid mixing after addition of the chemical. All measurements were performed at room
temperature. Data were recorded using the HEKA EPC10 patch clamp amplifier (HEKA Elektronik Dr.
Schulze).

Each compound was measured on at least three different membranes. Multiple ramp voltage sweeps
(from -100 to 100 mV) per added chemical concentration were conducted to measure the steady-state
electrical membrane conductance. The resulting current/voltage characteristics were evaluated as
described in detail in Ebert et al.%3. In short, the anionic permeability Pi,» was derived from the specific
conductance G; (G divided by membrane area) using the Goldman-Hodgkin-Katz flux equation in absence

of a chemical gradient:

R*T G
fon =22 " ¢

(3)

with R being the gas constant, T the temperature in Kelvin, z the valence of the ion, F the Faraday constant
and c the freely dissolved ion concentration. The chambers were tested against adsorption effects and,
due to their low pK,, at pH 7 all examined compounds were near 100% dissociated. Thus the freely
dissolved anionic concentration was assumed to be equal to the added total concentration of the

respective compound. The only exception was PFDoDA, which adsorbed about 50-80% to our Teflon
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chambers. In that case only the freely dissolved concentration was considered to calculate membrane

permeability.

Predictions of permeabilities, partition coefficients and pKa

If no or only partial experimental data were available, predictive methods already established in the
literature were used to generate missing parameters, such as pK, or neutral permeability P,. Additionally,
our experimental results for Kmem/wand Pion Were compared to these predictions, to assess their predictive

power for PFAAs.

Membrane permeability P and Kmem/w for both the neutral and the anionic species were predicted using
the software COSMOtherm’ (Dassault Systémes Deutschland GmbH) or its integrated tools
COSMOmic/COSMOperm. We also chose this software to predict neutral permeability P,. Other predictive
methods’® are not applicable for ions and may depend on a structural similarity between their training
dataset and the compounds to be predicted, while COSMOtherm/COSMOperm is an ab initio approach. It
uses quantum chemically optimized structures of molecules (so called COSMOfiles, generated with
Turbomole”). To account for the fact that different conformers of a compound may be energetically
favourable in different solvents, COSMOconf (V. 4.1;®) was used to create various relevant conformers.
COSMOtherm itself is based on the COSMO-RS (Conductor-like Screening Model for Realistic Solvation,’)
theory which uses physical intermolecular interactions (e.g. electrostatic, hydrogen bonding and van der
Waals interactions) to predict e.g. partition coefficients or pK, values.

For the prediction of Kmemw by COSMOmic or P by COSMOperm, membrane anisotropy is considered by
dividing the membrane in 60 different homogeneous layers (derived from molecular dynamics
simulations). Then, layer specific partition coefficients are calculated. The minima of the resulting energy
profile (the positions with a high compound probability) determine Kmem/w, While the energy maxima

(lowest compound probability) represent the main barrier for P.
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The applied methods to predict P are based on the solubility-diffusion model, which assumes that the
permeability depends on the partition into and diffusion through the membrane. Implying that the main
barrier for membrane transport lies in the membrane centre, these calculations can be simplified:
Hexadecane can be used as a surrogate for the inner hydrocarbon part of the membrane and the
calculations of P can be based on the partitioning from water into hexadecane. 8 Details on the used
methods and the used parametrizations are stated in Table S2.7. The pK, values were predicted using

either the predictive tool COSMOtherm or the software JCHEM for Office (ChemAxon).8!

Baseline toxicity and ion-trapping

Baseline toxicity is believed to be caused by the disturbance of membrane functioning due to the presence
of compounds in the membrane (at a concentration exceeding ~200 mmol/kgmem)*. The freely dissolved
concentration in water c,, outside that membrane that corresponds (in a thermodynamic equilibrium
situation) to this threshold depends on the membrane/water partition coefficient Kmem/w (see S2-8 for

detailed derivations):

_ 200 mmol/kgmem

(4)

Cw
Kmem/w

If we assume partitioning into the outer membrane of the cells as the cause of baseline toxicity (neglecting
any possible ion-trapping effects), this c, would represent the effective concentration ECsg in the exposure

solution at which baseline toxicity occurs.*

Yet, if there was a concentration increase inside the cell due to an ion-trapping effect, or if the partitioning
into the membrane of a specific cell organelle was the cause of baseline toxicity, the freely dissolved

concentration in the cytosol (and not in the exposure solution) might determine the toxicity. To calculate
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the external concentration that corresponds to the respective cytosolic concentration in a steady-state
situation, compound fluxes across the outer membrane have to be considered. At steady-state, no net flux
occurs, and thus the flux of the neutral species (driven by concentration gradient) and the flux of the
anionic species (driven by concentration gradient and electrical potential AV) must be equal in size and
opposite in direction. The freely dissolved external concentration in water cex might then be expressed as

follows (52.8):

By * fn,cyt zF 1

Pion + fion,cyt * _TAV

zF
1 —exp(—gxpAV) 200 mmol/kg,,,.
Cext = ZF * K
by * fn,ext zF exp(— RT AV) i (5)
T P Jioment *RTAV S Ly
~ exp(— gy

Where z is the valence of the ion (-1), F is the Faraday constant, R the gas constant, and T the temperature
in K (295 K), fnext and ficyt the neutral fractions and fionext and fion oyt the anionic fractions outside the cell or
inside the cytosol respectively. In case of ion-trapping, cexx Would represent the effective concentration
ECso outside the cell that would lead to a concentration of 200 mmol/kgiiiq inside the membrane, and thus

to baseline toxicity.
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Results and Discussion

Membrane/water partition coefficients
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Figure 1. Logarithmic experimental membrane/water partition coefficient Kmem/w of six PFCAs and two alternatives
with carboxylic acid groups HFPO-DA and DONA (A). Log Kmem/w exp of three PFSAs and two alternatives with sulfonic
acid groups 9CI-PF30ONS and PFECHS (B). For comparison, log Kmem/w predicted from COSMOmic are also given (empty
squares). Error bars representing standard deviations (three measurements on each of two days) are partly covered
by symbols of data points. For all compounds marked with a, an extraction step was included because of high

adsorption to glass surfaces.

Results of the equilibrium dialysis experiments are shown in Figure 1 and listed in Table S3.1.1-3.1.2.
Experimental Kmem/w Of PFAAs and alternatives ranged from 2.3 to 5.1 log units. It can be seen that for both
PFCAs and PFSAs, Kmem/w increase with increasing chain length, because more surface area for van der
Waals interaction becomes available.®? The incremental increase in Kmem/w per perfluorinated carbon is
about the same for PFCAs and PFSAs (global fit: 0.63 log units / carbon, single fits 0.63/0.61 respectively;
see Figure S3.1.3 for details). According to the intercepts of the fit, PFSAs sorb in general about 1.2 log

units more strongly to the membrane than PFCAs with the same number of perfluorinated carbons.
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PFUNDA is the only outlier to this trend. A deviation from linearity in Kmem/w With increasing number of
carbon atoms in the side-chain was reported in literature for 1-alkyl-3-methylimidazolium derivatives.8
The so called “cut-off effect” was supposedly caused by a reduced diffusibility due to the size and flexibility
of the longer alkyl side-chains. Yet, our experimental uncertainty for PFUnDA allows no direct conclusion
whether the decreased Kmem/w is a consequence of the “cut-off effect”.. Long-chain compounds such as
PFUNnDA and PFOS show relatively high standard deviations. More than 10% of PFOS and more than 70%
of PFUnDA was adsorbed to the glass surface during the dialysis experiment (Table $3.1.2). An additional
extraction step needed to be performed, increasing the error in the determination of Kmem/w, and also
limiting the compounds that could be analyzed with our setup. PFUNDA is therefore the highest PFCA

analogue for which Kmem/w Was determined.

For PFBA as the shortest investigated PFCA homologue, the Kmem/w Was lower than what could be
experimentally determined (<1.7 log units), because the manually operated extruder for preparing the
liposomes could not be used for higher concentrations than 10 g/L POPC due to the resulting higher
pressure. The lipid concentration could not be increased any further, since the fraction bound would drop

below 20%, in turn increasing the measuring uncertainty (52.4).

The two alternatives with carboxylic groups, HFPO-DA and DONA display log Kmem/w of 2.4 and 3.0,
respectively and are thus in the range of the classical PFAAs (HFPO-DA comparable to PFHxA; DONA
comparable to PFHpA). Neither the incorporated ether groups nor the non-perfluorinated carbon atom
next to the ether group in DONA or the side-chain in HFPO-DA seem to significantly affect the sorption
behavior to membranes. We made similar observations for the two alternatives when investigating the
sorption to serum albumin in an earlier study.?’” We attribute this effect to the chemical structure of the
compounds, as can be visualized by the sigma surfaces of COSMOconf/TURBOMOLE software (S3.1.4). The

high electron negativity of neighboring fluorine atoms decreases the electron donor ability of the oxygen
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(-CF,-O-CF- group). This will lower the polarity of an ether group linked to fluorinated carbons and could

explain why the sorption strength of these alternatives is not affected by the incorporated oxygen.?’

The two sulfonates 9CI-PF30ONS and PFECHS have eight perfluorinated carbons, like PFOS. The Kmem/w
values of 5.1, 4.5, and 4.9 log units, respectively, do not show strong differences. We thus conclude that

all alternatives examined in this study did show a very similar sorption behavior to the membrane as the

classical PFAAs.

Predicted membrane/water partition coefficients

With a logRMSE of 0.61 the predicted values corresponded well to our experimental data (Fig. 1 and Table
$3.1.1) and were well within the general prediction accuracy of COMOmic for ions of RMSE=0.7 log units.®’
However, there is a systematic overprediction for small Kmemw (<4 log units), since the plot of predicted
Kmem/w against the number of perfluorinated carbons shows a systematically shallower slope, as compared

to experimental values (Figure S3.1.3.).

Membrane/water partition coefficients of PFAAs in literature

When compared to our experimental results for Kmemw, all values reported in a study by Droge** matched
our data within the boundaries of the typical experimental error of 0.2 log units (Figure S3.1.5). The
comparison comprises our complete series of PFAAs except for PFUnDA. Several other studies have
35-43

described the sorption of one or more PFAAs to the membrane determined with various methods.

From most of these methods only qualitative trends were derived by measuring and comparing a series of

PFAAs. In accordance with our results these studies show that the sorption of PFAAs to the membrane is
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increasing with increasing number of perfluorinated carbons/chain-length*'** and that PFSAs sorb

stronger to the membrane than PFCAs*9-43,

Permeabilities of PFAAs and alternatives

Anionic permeabilities were measured for three PFCAs, three PFSAs, and three alternatives in DPhPC
bilayer membranes. Results of the anionic permeability measurements are shown in Figure 2 and stated
in Table S3.2.1. Measured permeabilities range from 2*107 cm/s to 8*10° cm/s. These values are
comparable in their magnitude to very potent uncouplers of phosphorylation, such as 2,4-dinitrophenol
(Pexp= 3*107 cm/s) or dinoterb (Pexp=1*10* cm/s),*® which are known for their relatively high anionic

permeability.®

Similar to Kmem/w, permeability values increase with increasing number of perfluorinated carbons, and
PFSAs show higher permeabilities than their carboxylic counterparts. The increased permeability of the
PFSAs is probably a consequence of a broader charge distribution in the sulfonate head-group, and thus
lower surface charge densities (see Figures $3.2.2 - S3.2.3 for the sigma profiles and sigma surfaces of

PFNA and PFQOS, quantum chemical calculations).
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Figure 2. Logarithmic experimental anionic permeabilities Pion of three PFCAs and one alternative with a carboxylic
acid group HFPO-DA (A). Logarithmic anionic experimental permeabilities of three PFSAs and the two sulfonic acid
alternatives 9CI-PF30ONS and PFECHS (B). For comparison, anion permeabilities predicted from the hexadecane/water
partition coefficient are also given (empty squares). The order of PFCAs/PFSAs corresponds to an increasing chain-
length with increasing number of perfluorinated carbons. Permeabilities were measured for each compound with at
least three different membranes. The error bars for PFDoDA depict the range of P around the logarithmic mean.

Higher uncertainty for PFDoDA is the result of stronger and variable sorption to the measurement chamber.

Predicted permeability data

Predicted anionic permeabilities (stated in Table S3.2.1) correspond well to the experimental values, as
can be seen in Figure 2 and Figure S3.2.4. Predictions were made using either the correlation to the
hexadecane/water partition coefficient Khaw (lIogRMSE: 0.46) or COSMOperm (logRMSE: 0.88).
Permeabilities for PFCAs are slightly underestimated, but the rate of increase of Pi,n with the number of
perfluorinated carbons is roughly the same in experiment and prediction from Knqw. Additionally, we
predicted the permeability of the neutral species, again using either a calculation based on Khqw or

COSMOperm respectively (See Methods for more details).
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To address the question whether neutral or anionic permeability would be the dominating permeation
pathway in passive diffusion, ionic permeability was compared to the effective neutral permeability
(Pn * fo= neutral permeability weighed with the fraction of the neutral species that is present at actual pH)
at pH 7.4. In contrast to the predictions for the anionic species, predicted P, are less reliable. They have
not been verified and differ between prediction methods (Table S3.2.1). Regardless of the prediction
method used for P, the same pattern arises though: For all PFCAs and their alternatives, despite their low
neutral fraction at physiologic pH, effective neutral permeability (P, * f,) is still calculated higher than
anionic permeability (see Table S3.2.5). In contrast, for all PFSAs and their alternatives, anionic

permeability is orders of magnitude higher than the effective neutral permeability.

Consequently, for PFSAs anionic permeation should dominate the permeation process. This should also
hold true for lower pH-values, because P, is orders of magnitude higher than the effective neutral
permeability, even when the neutral fraction increases with lower pH. For PFCAs, the dominance is not
that clear. Neutral permeabilities through the plasma membrane of Caco-2 cells were suggested to be
about 1.8 orders of magnitude lower than through artificial bilayers, likely due to the biomembrane’s
content in sphingomyelin and cholesterol.® Considering such potential differences between
biomembranes and artificial bilayer membranes, and uncertainties in the predicted parameters such as
pKa or P, permeation dominance may be dependent on pH. It is thus possible that passive permeation of

PFCAs may be dominated by the neutral species at low pH, and by the anionic species at high pH.

Comparison to experimental uptake rates from literature

To compare our permeability values for both the anionic and neutral species to the measured uptake rates
published in literature, we first converted the data from literature, which were stated in different

reference systems, such as uptake per protein weight or per cell number, to a common value of effective
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permeability Pest [cm/s] (Table S3.2.6). All data from references used here®®>> %61 had been employed to
investigate the relative importance of active transport of PFAAs. The researchers were either able to
separate the saturating active transport component and the passive permeation from their uptake rates,
or they used empty vectors that were not expressing the examined transport protein in control cells. Thus,
the data reflect uptake rates by passive diffusion. Additionally, we calculated the effective permeabilities

for the anionic Pestion and neutral Pesrn species from our experimental or predicted data (Table S3.2.7).

Again, for the PFSAs the available data suggest that their passive uptake into the cell is clearly dominated
by the anionic species. We come to this conclusion for the following reasons: (i) The effective anionic
permeabilities calculated from the experimental artificial bilayers permeabilities match the effective
permeabilities determined from the uptake rates in literature quite well (deviation factor < 3 for all three
compounds, Table S3.2.7). (ii) Pefsn are predicted orders of magnitude lower than Peon, and can therefore
be excluded as the dominant passive permeation pathway. If this reasoning is correct, then Pes should not
significantly change with pH. While Zhao et al.>® did measure also at pH 5.5, they unfortunately did not
show the data and only stated that the active transport rate did not significantly change with pH. Whether
also the control experiment (with empty vector) was independent of pH, which would support our results,

is not stated.

For PFCAs, also the comparison to literature seems less distinctive: At pH 7.4, both Peftjon and Pesin (and
shifted by 1.8 log units to compensate for possible differences between artificial bilayers and
biomembranes) are about the same order of magnitude as Pes,it, and could thus both contribute to the
effective permeation. From Yang et al.>*, we can see that with increasing pH the uptake rate of PFOA
decreases, at pH 7 to 77% of the initial uptake rate at pH 6, at pH 8 to 67% of the initial uptake rate. While
this decrease is a sign that neutral permeation should be relevant, because a clearly anionic dominated
permeation should show no pH-dependence, the decrease should be much more pronounced if neutral

permeability was the dominating species. In that case, the permeation should drop by one order of
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magnitude for each increase in pH, because the neutral fraction decreases by this factor. Yet, at pH 6, the
value predicted for effective neutral PFOA permeation is more than one order of magnitude higher than
Petit, Which indicates that the value might be overestimated. The aforementioned decrease in the uptake
rate thus indicates that at pH 6, Peftion is higher than Pesn, although Pest is still relevant. We would have to
decrease our predicted value Pesn of PFOA by a factor of 300 to be able to reproduce this pH-dependency

(see Table S3.2.8).

Errors in prediction of pK, and P, will directly affect the relation between Pestion and Pesrn, and not many
experimental pH-dependent data are available. Therefore a definite conclusion on the species dominance
in the transmembrane transport is not possible. Yet, it seems likely that both species are relevant in the

transport process.

Partition and permeability combined: Baseline toxicity

To calculate the baseline toxicity of a compound, its partitioning into the membrane, as well as knowledge
about the permeability of both the anionic and neutral species are required. As long as the target of
baseline toxicity is unclear, both the possibility of external or cytosolic concentration acting on the plasma
membrane, or cytosolic concentration acting on the membranes of cell organelles should be considered.
While Kmem/w is needed to predict the compound concentration adjacent to the membrane that would lead
to a toxic effect (Eq. 4), membrane permeabilities across the plasma membrane allow determining which
external concentration will lead to the specific cytosolic concentration (via the ion-trapping effect), that
will lead to a toxic effect (Eqg. 5). Usually, this ion-trapping effect can easily be quantified (Eq. S11), as long

as neutral permeation is much larger than the anionic one, which is the case for most compounds. But due
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to their low pK,, this is not the case for PFAAs. As discussed above, for PFSAs ionic effective permeability
is much larger than neutral effective permeability. As a consequence, we expect concentrations to
distribute across the membrane according to the Nernst potential (Eq. S12). With a negative potential
inside the cell, this would lead to a concentration decrease of the PFSAs inside the cell, over a large range
of different external pH values. For PFCAs, uncertainties in prediction of pK, and P, make it difficult to
deliver exact predictions: Over the pH range of 5 to 9, we expect permeability of both species to be
relevant, and thus we expect toxicity values to change with pH. ECso should lie somewhere in between
concentrations resulting from the aforementioned extreme cases of dominating permeation of either

species.

The toxicity data we found in literature unfortunately did not have a broad range of measured pH, or often
the pH value was not stated at all or it changed over time. Even for similar test organisms, the toxicity
values at physiologic pH varied widely.25%8 We thus decided to illustrate the possible implications of the
ion-trapping effect with model calculations (Eq. 5). We calculated the ECso for PFOS and PFOA in the
external pH-range from 5 to 9, assuming a constant pH of 7.4 inside the cell (Figure 3).Measured anionic
permeabilities and the neutral permeabilities predicted from Kng/w (and shifted by 1.8 log units) were used
for the calculation. To account for the uncertainties in pK, and permeability, we systematically varied Py,
up to a factor of 1000. Extreme cases, such as a clear dominance of anionic permeability (orange line) or a
clear dominance of neutral permeability (blue line) are marked in Figure 3A,B to illustrate the theoretically

possible range of toxic concentrations.
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Figure 3. Calculated logarithmic effective concentration ECso for narcosis plotted against the external pH, for PFOS
(A) and PFOA (B). Panel (A) and (B) show ECso for extreme cases such as dominating anionic (orange) or neutral (blue)
permeabilities The predicted values (black) for PFOS coincide with the extreme case of dominating anionic
permeability, while the predicted values for PFOA coincide with the extreme case of dominating neutral permeability.
Panel (B) also depicts the results of a sensitivity analysis. If P, is chosen lower than predicted, the predicted curves

stepwise approach the extreme case of dominating anionic permeability.

For PFOS, the predicted values coincide with the extreme case of dominating anionic permeability
(Pion >> Pn; Figure 3A). The values do thus show no change with pH and are slightly lower than the values
calculated without ion-trapping effect, because the compound distributes across the membrane according
to the Nernst potential (decreased concentration inside the cell due to negative charge inside). The values
were not sensitive at all to a systematic change of the neutral permeability, and the variations are

therefore not depicted.

It is not clear whether baseline toxicity acts on the plasma membrane or organelles inside the cytosol. If it
acts on the plasma membrane, the calculations without ion-trapping should lead to the most realistic
results, because the external concentration would be the relevant one in this case. If it acts on cell
organelles, ion-trapping has to be considered, because the concentration in the cytosol would be the
relevant one. In contrast, for PFOA, the predicted values almost coincide with the extreme case of
dominating neutral permeability (P, >> Pion; Figure 3B). The toxicity thus increases with decreasing external

pH, by about one order of magnitude per pH unit. But the result is not as clear as with PFOS, because
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neither P, nor Pion clearly dominate permeation if uncertainties in prediction are considered. The sensitivity
analysis shows that with decreasing P, (or alternatively decreasing pK,, which would result in the same
outcome), the pH-dependent increase of toxicity with decreasing pH is less distinct. The predicted values
approach the extreme case of dominating anionic permeability, the lower P, is chosen (dashed curves,

Figure 3B).

A systemic measurement of toxicity over a broad range of pH values is thus desirable, to assess whether
the toxicity of PFCAs at low pH does exceed the one measured at physiologic pH. Such pH-dependent
toxicity data are needed, because also in the aquatic environment the pH varies widely.®° Even if P, and
pH-dependent effects are not considered, the Pi,n determined in this work seem sufficient to explain
observed cellular uptake rates of PFAAs. Compounds with permeabilities higher than 2.5*107 cm/s are
absorbed intestinally by more than 10%, and those with permeabilities higher than 6¥10° cm/s by about
80% according to a correlation between human fraction absorbed and the apparent permeability in Caco-
2 cells published by Skolnik et al.?° So, the anionic permeation alone should lead to a high fraction absorbed
in humans for most of the PFAAs including their highly-fluorinated alternatives tested in our work. These
alternatives sorbed to the membrane to the same extent as PFAAs, and also their permeabilities did not
differ from PFAAs. On their own, these parameters might indicate that the bioaccumulative potency is not
lower compared to PFAAs. A study investigating the toxicokinetics of HFPO-DA reported faster elimination
compared to PFOA.°! The discrepancy could be explained by the lower Kmem/w of HFPO-DA (similar to
PFHxA) as compared to PFOA, and by active transmembrane transport. This does not diminish the
importance of passive permeation, since either of the transport processes might dominate permeation,

depending on compound concentration®® or amount and types of transporter proteins in the cell.>% &
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