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Abstract: Only a fraction of the total number of per- and polyfluoroalkyl substances (PFAS) are monitored on a routine basis
using targeted chemical analyses. We report on an approach toward identifying bioactive substances in environmental
samples using effect-directed analysis by combining toxicity testing, targeted chemical analyses, and suspect screening.
PFAS compete with the thyroid hormone thyroxin (T,4) for binding to its distributor protein transthyretin (TTR). Therefore, a
TTR-binding bioassay was used to prioritize unknown features for chemical identification in a PFAS-contaminated sediment
sample collected downstream of a factory producing PFAS-coated paper. First, the TTR-binding potencies of 31 analytical
PFAS standards were determined. Potencies varied between PFAS depending on carbon chain length, functional group,
and, for precursors to perfluoroalkyl sulfonic acids (PFSA), the size or number of atoms in the group(s) attached to the
nitrogen. The most potent PFAS were the seven- and eight-carbon PFSA, perfluoroheptane sulfonic acid (PFHpS) and
perfluorooctane sulfonic acid (PFOS), and the eight-carbon perfluoroalkyl carboxylic acid (PFCA), perfluorooctanoic acid
(PFOA), which showed approximately four- and five-times weaker potencies, respectively, compared with the native ligand
Ta. For some of the other PFAS tested, TTR-binding potencies were weak or not observed at all. For the environmental
sediment sample, not all of the bioactivity observed in the TTR-binding assay could be assigned to the PFAS quantified using
targeted chemical analyses. Therefore, suspect screening was applied to the retention times corresponding to observed TTR
binding, and five candidates were identified. Targeted analyses showed that the sediment was dominated by the di-
substituted phosphate ester of N-ethyl perfluorooctane sulfonamido ethanol (SAMPAP diester), whereas it was not bioactive
in the assay. SAMPAP diester has the potential for (bio)transformation into smaller PFAS, including PFOS. Therefore, when it
comes to TTR binding, the hazard associated with this substance is likely through (bio)transformation into more potent
transformation products. Environ Toxicol Chem 2023;00:1-14. © 2023 The Authors. Environmental Toxicology and Chem-
istry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION

This article includes online-only Supporting Information. Per- and polyfluoroalkyl substances (PFAS) are a large group
This is an open access article under the terms of the Creative Commons .

Attribution License, which permits use, distribution and reproduction in any of man-made chemicals (\Nang et al" 201 7)’ More than 3000
medium, provided the original work is properly cited. PFAS have been estimated to be on the global market
* Address correspondence to hakon.austad.langberg@ngi.no (Swedish Chemicals Agency, 2015), and more than 200 use
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(wileyonlinelibrary.com). categories have been reported (Gliige et al., 2020). Some PFAS
DOI: 10.1002/etc.5777 have been reported to be harmful for the environment and
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human health (McCarthy et al., 2017; Sunderland et al., 2019),
and it has been argued that environmental contamination
by PFAS has exceeded a planetary boundary (Cousins
et al,, 2022). Elevated PFAS exposure has been shown, or
suspected, to be associated with a range of human health ef-
fects including disturbed immune function, dyslipidemia,
cancer, neurodevelopmental effects, and metabolic and en-
docrine disruption, including disturbed thyroid system function
(Sunderland et al., 2019). Associations between increased
PFAS serum concentrations in humans and disturbed thyroid
system functioning have been reported, including changes in
thyroid-stimulating hormone and total levels of the thyroid
hormone thyroxin (T,4; Blake et al., 2018). PFAS have been re-
ported to compete with T4 for binding to the thyroid hormone
distributor protein transthyretin (TTR; Hamers et al., 2020;
Weiss et al., 2009). This protein plays an important role in the
delivery of T4 to the target tissue (Richardson, 2007), and in
crossing important barriers, such as the placenta (Landers &
Richard, 2017) and the blood-cerebrospinal fluid barrier
(Richardson et al., 2015). Deficiency of T, has been hypothe-
sized to be involved in negative neurodevelopmental effects
(Korevaar et al., 2016; Taheri et al., 2018).

Because different PFAS have been used for different pur-
poses and at different times, environmental PFAS profiles (i.e.,
distribution profiles) vary depending on the source (Langberg
etal., 2022). However, only a few PFAS are routinely monitored
using targeted chemical analyses, and it is practically impos-
sible to target all relevant PFAS in the environment. One ap-
proach for tackling the vast number of potentially harmful
substances in the environment is the use of effect-directed
analysis (EDA), whereby analysis efforts are focused specifically
on substances showing bioactivity in bioassays indicative of
specific toxicological mechanisms that may lead to adverse
effects. High-throughput EDA by fractionation into microtiter
plates followed by direct testing and compound identification
has previously been reported (Zwart et al., 2020).

The goal of the present study was to identify unknown bio-
active PFAS in a polluted environmental sediment sample. The
pollution arose from a factory producing PFAS-coated paper
products (Langberg et al., 2021). It has previously been reported
that the pollution consists of a range of unknown fluorinated
substances (Langberg et al., 2020). Because inhibition of T,
binding to TTR through competitive binding has been suggested
as one mechanism for PFAS toxicity, the TTR-binding assay was
chosen for identifying bioactive PFAS. Our hypothesis was that
part of the overall potency for T4 displacement in the sample that
was not explained by PFAS identified by the targeted analyses
might be attributed to other, unknown PFAS. We further hy-
pothesized that EDA would make it possible to efficiently identify
these unknown bioactive PFAS.

The specific objectives of our study were as follows: 1) to
test standards of 31 PFAS in the TTR-binding assay to de-
termine TTR-binding potencies for the individual PFAS; 2) to
extract sediments and fractionate sediment extract using liquid
chromatography (LC); 3) to test unfractionated sediment ex-
tract as well as the different fractions of the fractionated ex-
tracts in the TTR-binding assay; 4) to perform targeted chemical

analyses of PFAS in sediment; 5) to compare TTR binding of the
sediment extract with expected TTR binding based on con-
centrations measured using targeted chemical analyses and
TTR-binding potencies measured for the individual PFAS; and
6) to perform suspect screening on extract fractions showing
TTR binding that could not be assigned to the PFAS quantified
using targeted chemical analyses.

METHODS

Standards of 31 individual PFAS, solvent blank, solvent
spiked with PFAS standards, extract of unspiked sediments,
extracts of sediments spiked with PFAS standards, extract of
the polluted environmental sediment (unfractionated), and
fractionated extract of the polluted environmental sediment
were tested in the TTR-binding assay using microtiter plates
and a liquid handling robot (epMotion 5075; Eppendorf).
Targeted chemical analyses of 52 PFAS were performed on the
environmental sediment extract (full names and abbreviations
are in the Supporting Information, Table S2). The difference in
the number of standards tested in the TTR-binding assay and
the number used for targeted chemical analyses was due to
standard availability and the cost of acquiring sufficient
standard materials for testing in the assay. Suspect screening
was performed in the retention time window corresponding to
extract fractions that showed TTR-binding activity that could
not be explained by the results of the targeted analyses. Fur-
ther details are provided in the following sections.

TTR-binding assay

The TTR-binding assay was developed to evaluate
whether substances can compete with T4 for binding to TTR
(Ren & Guo, 2012). The TTR-binding assay is a competitive
binding assay using a fluorescent conjugate of T4 and fluo-
rescein 5-isothiocyanate (FITC). The principle of the TTR-
binding assay is that the FITC-T4 conjugate has a higher flu-
orescence intensity when its T4 group is bound to TTR than
when its T4 group is unbound, due to intramolecular
quenching of the FITC group by the free T4 group. Thus,
competitive binding of other substances to TTR results in
displacement of bound FITC-T4 from the TTR and con-
sequently more free FITC-T4 in the assay, which can be
quantified as a decrease in fluorescence. The method, which
was originally developed by Ren & Guo (2012), was per-
formed as described by Jonkers et al. (2022), with one
modification, that is, incubations were performed in the dark
for 5min on a plate shaker (600 rom, Titramax 1000; Hei-
dolph), followed by a 15-min incubation without shaking. The
final volume of the assay was 200 pl.

Standards of individual PFAS

Standards of 31 individual PFAS were purchased from mul-
tiple suppliers, as indicated in Table 1. For each standard,
concentration series were prepared. Methanol was used as the

© 2023 The Authors
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carrier solvent instead of the dimethyl sulfoxide (DMSQO) that is
usually used in the TTR-binding assay. The reason for this was
because hexafluoropropylene oxide dimer acid (HFPO-DA) has
been reported to be unstable in DMSO, as well as in acetone
and acetonitrile, whereas it is stable in methanol (Liberatore
et al., 2020; Zhang et al., 2021).

Sediment extracts

Sediment sampling. A sediment sample was collected in the
Randselva River (Norway) downstream of a shut-down factory
that had produced PFAS-coated paper products. The factory
and the river are located upstream from Lake Tyrifjorden
(Norway). River and lake sediments downstream of the factory
have previously been reported to be heavily polluted with
PFAS, including a range of large, hydrophobic, precursor PFAS
(i.e., precursors to perfluoroalkyl carboxylic acids [PFCA] and
perfluoroalkyl sulfonic acids [PFSA]), in addition to significant
amounts of unknown fluorinated organic substances (Langberg
et al., 2020, 2021). Finally, sediments that were considered as
representative of environmental concentrations in areas not
directly affected by point sources were sampled upstream from
the factory to be used for spike experiments (referred to as
upstream sediments hereafter).

Spike experiments. To verify the efficiency of the TTR-
binding assay on fractionated sample extracts, solvent and
upstream sediments (sampled upstream of the factory; see the
Sediment sampling section) were spiked with 35 pmol (low
spiked) or 310 pmol (high spiked) of each individual standard of
perfluorohexane sulfonic acid (PFHxS), perfluorooctanoic acid
(PFOA), perfluorooctane sulfonic acid (PFOS), and per-
fluorooctane sulfonamide (FOSA). Based on the assumption
that 100% of each individual PFAS ended up in one single
sample fraction, and taking account of the final test volume of
the TTR-binding assay being 200 ul, these spike levels corre-
spond to a final concentration in the assay after fractionation of
175 nM for the low spiked sediments and 1550 nM for the high
spiked sediments.

Quality control. A blank sample using clean solvent and a
sample of unspiked upstream sediments (sampled upstream
of the factory; see the Sediment sampling section) were tested
in the TTR-binding assay (see Figure 1 and Supporting In-
formation, S1). In addition, procedure blanks were tested
before and after the spike experiments to check for cross-
contamination.

Extraction. Ten grams of wet sediment was extracted using
acetonitrile and ultrasonication. Extracts were divided into two
aliquots, one for chemical analyses (for which mass-labeled
analytical standards were then added) and one for testing in
the TTR-binding assay (without adding mass-labeled analytical
standards). Cleanup of extract to be tested in the TTR-binding
assay was performed using active carbon (ENVICarb; Sigma-
Aldrich). Recovery tests were performed to ensure that the
cleanup method did not remove significant amounts of PFAS
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FIGURE 1: Unspiked sediments. Observed fluorescein isothiocyanate
(FITC)-thyroxin (T4) fluorescence (% of control) as an indicator of trans-
thyretin (TTR) inhibition on extract of unspiked sediment. Numbers within
the white circles refer to the retention time (s) at the start of each fraction.

(Supporting Information, Table S1). Detailed extraction
protocols are given in the Supporting Information.

Fractionation of sample extracts. Procedure blanks, spiked
solvent, extracts of spiked upstream sediment, and extract of
the environmental sediment sample were fractionated using a
chromatography method modified from Guelfo & Higgins
(2013) and the FractioMate™ fraction collector (Spark Holland;
Jonker et al., 2019). Extracts were separated into 10-s fractions
on a 96-well plate. The exact starting time for the different
fractions varied (on average <0.5s) between each run. To ac-
count for this minimum variation, fractions were named after
the exact starting times logged by the FractioMate. Detailed
descriptions of extract treatment and volumes used for
fractionation are given in the Supporting Information.

Chemical analyses

Target analyses. Target quantitative analysis was performed
for 52 PFAS. The PFAS were confirmed using a signal:noise
ratio of 10:1, a mass error <10 ppm, and a retention <0.5
compared with the analytical standard. All labeled and native
analytical standards were purchased from Wellington Labo-
ratories. A calibration curve (0.2-1000 pg, R?>0.99) was
applied to each target PFAS. Branched and linear isomers,
when present, were reported together. Continuing calibration
verification (CCV) and instrument blanks were run every 10
samples to confirm instrument performance. The CCVs were
70% to 130% for each target PFAS. Reporting limits were cal-
culated for each analyte based on the lower point of the cali-
bration curve that met the criteria and was within 30% of the
known value or three times the highest blank concentration,
whichever was higher. The PFAS identified in the environ-
mental sediments using target analyses are shown in Tables 2
and 3. Details are provided in the Supporting Information.

Suspect screening. Suspect screening was performed using a
custom-extracted ion chromatogram list containing PFAS from
the literature and their theoretical homologs (Nickerson
et al., 2021). An inhouse tandem mass spectrometry spectral li-
brary containing more than 300 PFAS spectra was used to

wileyonlinelibrary.com/ETC

© 2023 The Authors

85U801 7 SUOWILLIOD AIKERID 8 |qed!(dde ay) Aq peusenob afe e pie O ‘8sN JO S3nJ oy A%eiq18UIUO /I UO (SUO N IPUOO-PUR-SLUBYWI0D A3 1M A1 1 [pu 1 [UO//STIY) SUORIPUOD Pue SWie | 3y} 88S *[7202/T0/60] U0 A%iqiT8uluo A8 |Im ‘AreiqieInisu| [eo1uyae1oes) teiBamioN Aq 222G 01/200T OT/I0p/W00" A8 | Im Afe.d 1 pul|uo deles//sdny Wwo.j pepeojumoq ‘0 ‘8T982SST



Environmental Toxicology and Chemistry, 2023;00:1-14—Langberg et al.

TABLE 2: Details for individual per- and polyfluorinated substances identified in environmental sediment but not tested in the transthyretin-binding

assay
Identification
Group Name Abbreviation Structure No. method
PFSA Perfluoropropane sulfonic acid PFPrS Fl o 3 TA
Perfluoropentane sulfonic acid PFPeS Y 5 TA
Perfluorononane sulfonic acid PFNS F S—0OH 9 TA
Perfluorododecane sulfonic acid PFDoDS F (ljl 12 TA
n
(0]
P RFRFR FO H\)k
PFOS precursors  Perfluorooctane FOSAA \S/ OH TA
sulfonamidoacetic acid F \b
FFF FF FF F
| O
E F R FE FF F O\ N\)k
N-methyl perfluorooctane MeFOSAA \S’ OH TA
sulfonamidoacetic acid F \b
F FF FF FF F
T RFRFR Fo K
N-methyl perfluorooctane MeFOSA F S\\/ > TA
sulfonamide
FFFFFFFF
F R FR FR FO H
F N\ ,N\/
N-ethyl perfluoroctane EtFOSA F S\\ TA
sulfonamide (@)
FFFFF FFF
Fl o
PFCA Perfluorooctadecanoic acid PFODA F 18 TA
F| OH
n
Fluorotelomers 4:2 Fluorotelomer sulfonic acid 4:2 FTS — - O 4 TA
8:2 Fluorotelomer sulfonic acid 8:2 FTS F g_ 8 TA
10:2 Fluorotelomer sulfonic acid 10:2 FTS F—‘|//\/ T OH 10 TA
12:2 Fluorotelomer sulfonic acid 12:2 FTS (o) 12 SS
14:2 Fluorotelomer sulfonic acid 14:2 FTS _F_ n 14 SS
6:2 Unsaturated fluorotelomer 6:2 UFTCA -- F (@) 5 TA
carboxylic acid F M
8:2 Unsaturated fluorotelomer 8:2 UFTCA F—| AN OH 7 TA
carboxylic acid
10:2 Unsaturated fluorotelomer 10:2 UFTCA F 9 TA
carboxylic acid -on
6:2 Saturated fluorotelomer 6:2 FTCA F 6 TA
carboxylic acid OH
8:2 Saturated fluorotelomer 8:2 FTCA F 8 TA
carboxylic acid
10:2 Saturated fluorotelomer 10:2 FTCA F n 0] 10 TA
carboxylic acid
O
F
10:3 Saturated fluorotelomer 10:3 FTCA 10 SS
carboxylic acid F OH
F
n
(Continued)

© 2023 The Authors
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TABLE 2: (Continued)

Identification

Group Name Abbreviation Structure No. method
diPAP 6:2 Polyfluoroalkyl 6:2 diPAP F 6 TA
diesterphosphate
6:2/8:2 Polyfluoroalkyl 6:2/8:2 diPAP F 6/8 TA
diesterphosphate F OH
8:2 Polyfluoroalky! 8:2 diPAP 0.1.0 Fl, 8 TA
diesterphosphate F ll:l>
10:2 Polyfluoroalkyl 10:2 diPAP F 0 10 SS
diesterphosphate n
2§
/\N’6 F
F n
SAmPAP Di-substituted phosphate ester of SAmPAP 0 o) 8 TA
N-ethyl per- fluorooctane diester F g_N/\/O\FI)/O
sulfonamido ethanol I 1
I o L o)
n
Perfluoro-4-ethylcyclohexane sulfonate PFEtCHXS TA
10:2 1,2-di(hydroxymethyl) fluorotelomer thia 10:2 di(MeOH)- SS
propanoic acid FTTh-PrA

The table shows per- and polyfluorinated substances group, full name of substances, abbreviation, structure, number of repeating unit (No.), and identification method.
PFSA = polyfluorosulfonic acid; PFCA = polyfluoroalkyl carboxylic acid; TA = target analyses; SS = suspect screening.

confirm features when available. If a peak had a low area count
(<10% and no supporting information like a matching spectra or
part of a homolog series, then it was removed from the suspect
list. Suspect compounds that were not excluded were semi-
quantitated following the approach described by Nickerson et al.
(2020). The PFAS identified in the environmental sediments using
suspect screening are shown in Table 2. Details of the suspect
screening are provided in the Supporting Information.

Aligning retention times. Sample fractionation and testing in
the TTR-binding assay were performed at the Vrije Universiteit
Amsterdam (VUA; The Netherlands), and chemical analyses were
performed at the Colorado School of Mines (Mines; Golden, CO,
USA) using the same LC setup. Retention times were aligned
between both laboratories by a linear regression on the retention
times determined for a range of PFAS standards in both labo-
ratories (Supporting Information, Table S3 and Figure S2). Using
this regression, bioactive fractions determined at VUA were
linked—based on their retention time—to features determined at
corresponding retention times at Mines.

Calculating the T;-equivalent concentration

To make meaningful comparisons between concentrations
of individual substances in the assay, each concentration of an

individual PFAS; that was tested in the assay was calculated into
a corresponding T4 equivalent concentration (T4EQ);) by mul-
tiplying it by its relative TTR-binding potency compared with T4
using Equation (1).

B _1C50 74
TAEQ; = RER x G = (o0 7% % G,

(1
where T4EQ; is the concentration of PFAS; expressed as a con-
centration of T4 (nM) with similar TTR-binding potency, REP; is the
relative potency of PFAS; to bind TTR compared with T4, which is
calculated by dividing the median inhibitory concentration for Ty
(IC5014 in nM) by the median inhibitory concentratios for each
individual PFAS; (IC50; in nM), and C; is the concentration of the
individual PFAS; in the assay (nM). The total TTR-binding potency
of the identified PFAS/fraction was calculated as a T4EQ con-
centration by summarizing all T4EQ; concentrations of the in-
dividual PFAS present in that fraction.

RESULTS AND DISCUSSION

TTR binding by individual PFAS standards

In the TTR-binding assay, an IC50 of 74 nM was determined
for T4. For the tested standards of PFAS, IC50 values varied
depending on the number of perfluorinated and hydrogenated
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TABLE 3: Dry weight sediment concentrations, retention times (chromatogram peak), and concentrations in the bioassay, for targeted per- and

polyfluorinated substances

Expected FITC-T4 remaining

Conc. in sediment Retention Conc. in T4EQ Sum T4EQ/ bound to TTR/raction (% of

PFAS (ug kg’1 dry wt) time (s) bioassay (nM) (nM) Fraction  fraction (nM) control)
PFBA 5 174 135 0 170 0
PFPrS 0.02 192 1 191
PFPeA 9 222 169 0.4 220 0.4 99
PFBS 0.5 228 8 0.05 230 0.05 100
4:2 FTS 1 264 9 261
PFHxA 26 270 436 7 261 7 89
PFPeS 0.1 276 1 271
PFHxS 2 318 25 3 311
PFHpPA 41 318 597 93 311 96 55
6:2 UFTCA 0.9 329 14 321
6:2 FTCA 1.9 331 26 331
PFEtCHxS 2 354 27 351
6:2 FTS 34 354 418 3 351
FHxSA 0.1 355 1 0.04 351
PFOA 315 360 3993 739 351
PFHpS 10 360 119 28 351 770 29
PFOS 1980 396 20750 5313 391
PFNA 52 396 583 53 391 5366 20
8:2 UFTCA 5 407 58 401
8:2 FTCA 12 410 133 401
FOSAA 38 426 359 422
PFDA 294 426 3002 125 422
8:2 FTS 1033 426 10255 422
PFNS 1 427 8 422 125 50
FOSA 64 432 671 84 431 84 57
MeFOSAA 1868 444 17137 442
PFDS 2 456 18 0.04 452
PFUNDA 81 456 753 58 452
EtFOSAA 11957 456 107 063 928 452 986 27
MeFOSA 1 468 7 461
10:2 UFTCA 3 470 25 461
10:2 FTCA 28 472 251 472
PFDoDA 272 480 2317 96 472
10:2 FTS 487 480 4058 472 96 55
EtFOSA 17 483 166 482
6:2 diPAP 1 486 5 482
PFTrDA 80 504 634 14 502
PFDoDS 1 504 5 502 14 82
PFTeDA 208 522 1527 34 521 34 71
6:2/8:2 diPAP 3 542 16 542
PFHxDA 19 558 122 2 552 2 96
8:2 diPAP 4 566 20 562
PFODA 5 588 27 582
SAmPAP 75589 599 328566 592

diester

T4AEQ concentrations in the extract are listed for the PFAS for which standards were tested in the TTR-binding assay (listed in Table 1). Summed T4EQ values and
expected percentage of T4 bound to TTR are shown for the fractions containing PFAS tested in the TTR-binding assay.
FITC =fluorescein 5-isothiocyanate; PFAS=per- and polyfluoroalkyl substances; T4EQ=thyroxin equivalent; T,=thyroxin; TTR=transthyretin; FHxSA=

perfluorohexane sulfonamide. For other abbreviations, see Table 1 or Table 2.

carbon atoms, the functional group, and, for PFSA precursors,
the size or number of atoms in the group(s) attached to the
nitrogen in the precursors (Table 1). Concentration-response
curves for the tested PFAS standards are shown in the Sup-
porting Information, Figure S3.

The most potent PFAS were the eight- and seven-carbon
PFSA (PFOS and perfluoroheptane sulfonic acid [PFHpS]) and
the eight-carbon PFCA (PFOA), which showed approximately 4
to 5-times weaker potencies, compared with T,. Shorter PFSA
and PFCA showed decreasing potencies with decreasing
number of carbons, whereas longer PFSA and PFCA showed

decreasing potencies with increasing number of carbons. Of
the precursors to PFOS, FOSA was the most potent, (approx-
imately 8 times weaker compared with T4). The two other
tested PFOS precursors, N-ethyl-perfluorooctane sulfonamide
(EtFOSE) and N-ethyl-perfluorooctane sulfonamidoacetic acid
(EtFOSAA), showed much weaker potencies. Considering all
PFOS precursors together, TTR-binding potencies seemed to
decrease with increasing size and/or number of atoms in the
group(s) attached to the nitrogen (see structures in Table 1).
A similar trend was shown for the PFHXxS precursors (based on
their structures), whereby the six-carbon FOSA homolog,

© 2023 The Authors
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perfluorohexane sulfonamide (FHxSA) was more potent com-
pared with the larger N-(3-dimethylaminopropan-1-yl)perfluoro-
1-hexane-sulfonamide (N-AP-FHxSA). Furthermore, perfluoro-1-
butane sulphonamide (FBSA), FHxSA, and FOSA are homologs
with varying numbers of perfluorinated carbons (4, 6, and 8, re-
spectively). As for PFSA and PFCA, the potencies of these pre-
cursors varied with chain length and the most potent substance
was again the eight-carbon homolog. For the fluorotelomers, it
was not possible to interpret trends based on our results. How-
ever, it is clear that potencies varied depending on functional
group because clear binding was observed for 6:2 fluorotelemer
sulfonate (6:2 FTS) and 5:3 fluorotelemer carboxylic acid (5:3
FTCA), whereas no binding was observed for the 6:2 fluo-
rotelemer alcohol (6:2 FTOH) or 8:2 FTOH. For the tested fluo-
rinated ethers, the highest TTR-binding potency was observed
for the largest of the two, HFPO-TA. For the fluoroacrylates, tri-
decafluorooctyl acrylate (TFOA) showed a relatively strong po-
tency, whereas no TTR binding was observed for the longer
chained heptadecafluorodecyl acrylate (HDFDA).

The potencies we report for the individual PFAS are in overall
agreement with previously reported trends for IC50 values for
polyfluorbutanoic acid (PFBA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid
(PFNA), perfluorodecanocic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorododecanoic acid (PFDoDA), per-
fluorotetradecanoic acid (PFTeDA), perfluorobutane sulfonic acid
(PFBS), PFHxS, PFOS, and FOSA (Hamers et al., 2020; Weiss
et al., 2009). The study by Weiss et al. (2009) used a radioligand
binding assay. In line with the present study, Weiss et al. (2009)
reported that 6:2 FTOH and 8:2 FTOH had no potencies in the
assay. In addition, a relatively strong potency was reported for
FOSA, whereas no TTR binding was observed for EtFOSE (Weiss
etal., 2009), similar to the relatively large differences in potencies
between the two in the present study. Thus, the results for the
individual substances were reproduceable and considered to be
reliable estimates of TTR inhibition.

Several of the PFAS that had not been tested in the TTR-
binding assay before had weak or no binding potencies. For
example, several of the tested fluorotelomers, fluoroethers,
and fluoroacrylates, had IC50 values >10000nM or did not
exhibit any TTR-binding potency within the concentration
range tested (Supporting Information, Figure S3). The same
applied for the PFCA shorter than PFHxA. Thus the TTR-
binding assay cannot be considered as a PFAS-specific bio-
assay. In addition, compounds other than PFAS, including
many halogenated phenols, are known to be strong TTR-
binding compounds (see Weiss et al., 2015 for an extensive
overview). Therefore, an observed response could be caused
by compounds other than PFAS, which further complicates the
use of the TTR-binding assay as a PFAS-specific assay.

Sediment extracts. Fluorescence in the different fractions of
the quality control samples tested in the TTR-binding assay
varied between 70% and 130% for the extract of unspiked
upstream sediment (Figure 1) and clean solvent (Supporting
Information, Figure S1). Thus, this variation was considered the
methodological noise.
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FIGURE 2: Spiked sediments: Observed fluorescein isothiocyanate
(FITC)-thyroxin (T4) fluorescence (% of control) as an indicator of
transthyretin (TTR) inhibition (A) and calculated T4-equivalent (T4EQ)
concentrations in nM (B) for perfluorohexane sulfonic acid (PFHxS),
perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS),
and perfluorooctane sulfonamide (FOSA) in the different fractions in
the low (175-nM) spiked sediments. The dashed red line indicates the
median inhibitory concentration (IC50) for T4 at 74nM. Numbers
within the white circles refer to the retention time (s) at the start of
each fraction.

Spike experiments. Similar results were obtained for the
spiked solvent and sediments. No fluorescence below 70%,
and therefore no clear inhibition, was observed for the un-
spiked and low-spiked solvent and sediments, respectively
(Figures 1 and 2 and Supporting Information, Figures S1
and S4). However, for the high-spiked solvent and sediments,
inhibition was observed (Figure 3 and Supporting Information,
Figure S5). For the high-spiked sediment, inhibition was ob-
served for fractions starting with retention times 301, 341, and
372s (Figure 3). These fractions corresponded to measured
retention times for PFHxS, PFOA, and PFOS, respectively.
In contrast, no clear inhibition was observed for fractions
with retention times corresponding to the retention time for
FOSA (409-438s) in either the spiked sediments or the spiked
solvent.

Based on the assumption that 100% of each individual PFAS
ended up in one, single sample fraction, and taking account of
the final test volume of the TTR-binding assay being 200 pl, the
TTR-binding potencies were calculated according to Equation
(1). The concentrations of the four PFAS in the low-spiked
sediment were calculated as TTR-binding potencies corre-
sponding to 22 to 45 nM T4EQ concentrations, which is lower
than the IC50 value for T4 (74 nM; Figure 2). Considering that
the chromatogram peaks had a 30-s peak width in retention
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FIGURE 3: Spiked sediments. Observed fluorescein isothiocyanate
(FITC)-thyroxin (T4) fluorescence (% of control) as an indicator of
transthyretin (TTR) inhibition (A) and calculated T4-equivalent concen-
trations in nM (B) for perfluorohexane sulfonic acid (PFHxS), per-
fluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), and
perfluorooctane sulfonamide (FOSA) in the different fractions in the
high (1550-nM) spiked sediments. The dashed red line indicates the
median inhibitory concentration (IC50) for T4 at 74 nM. Numbers within
the white circles refer to the retention time (s) at the start of each
fraction.

times, it is unlikely that all of an individual PFAS ended up in
only one 10-s fraction, possibly explaining the lack of an ob-
served response. In contrast, the concentrations of the four
PFAS in the high-spiked sediment had TTR-binding potencies
corresponding to 195 to 397 nM T4EQ concentrations, which
were all more than 2.5 times higher than the IC50 value for T4
(Figure 3). Thus, clear inhibition was expected for the fractions
with the majority of a PFAS even if the individual PFAS did not
end up in a single fraction. The observed inhibition in both
fractions 372 and 382 is likely due to PFOS eluting into both
these fractions. The lack of a clear inhibition for the fractions
with retention times corresponding to FOSA was unexpected.
The FOSA standard showed a relatively high potency in the
TTR-binding assay. It is possible that FOSA eluted into several
fractions and thus that the concentrations in each fraction were
too low to be detected. Nevertheless, the spike experiment
showed that PFAS in sediments exhibit inhibition in specific
fractions, and thus show that substances, with affinity for TTR, in
sediments can be detected using the TTR-binding assay.

Environmental sediment. Unfractionated whole extract (2 ul;
see the Supporting Information) of the sediment sample col-
lected directly downstream of the factory showed TTR-binding

equivalent to a T4 concentration of 91 nM. Therefore, it was
concluded that TTR-binding substances had been extracted
from the sediment. The PFAS identified in the environmental
sediments using target analyses are shown in Tables 2 and 3.

All fractions were named after their starting time in seconds.
The fractionated extract of the sediment sample collected
directly downstream of the factory showed fluorescence
below 70% of the control in all fractions with retention times
between 291 and 592s (Figure 4A). The strongest inhibition
was generally shown for fractions 311 to 482s.

As for the spiking experiment, concentrations of all targeted
PFAS above the quantification limit in the extract were calculated
into bioassay concentrations based on the assumption that 100%
of each individual PFAS ended up in one, single sample fraction,
and taking account of the final test volume of the TTR-binding
assay being 200 ul (Table 3). It has previously been reported that
the TTR-binding potencies of mixtures are well predicted by
concentration addition (Hamers et al., 2020). Thus, concen-
trations of targeted PFAS with available IC50 values (Table 1)
were calculated into TAEQ concentrations (Equation 1), which
were assigned to the fractions corresponding to their retention
time. The T4EQ concentrations of PFAS ending up in the same
fractions were summed. The expected percentage of T, bound
to TTR was calculated for the fractions with a TAEQ using the
equation for the T, concentration-response curve (Supporting
Information, Figure S3A), shown in Table 3.

For seven fractions, relatively high T4EQ concentrations
were calculated based on the concentrations and known TTR-
binding potencies of the targeted PFAS (Figure 4B). All of these
seven sample fractions were within the retention time span of
fractions 311 to 472. These seven fractions were (named after
their starting time in seconds): 311 (96 nM T4EQ), dominated
by PFHpA and a small amount of PFHxS; 351 (770 nM T4EQ),
dominated by PFOA and small amounts of 6:2 FTS and PFHpS;
391 (5313 nM T4EQ), with PFOS and some PFNA; 422 (125 nM
T4EQ), containing PFDA,; 431 (84 nM T4EQ) containing FOSA;
452 (986 nM T4EQ), containing EtFOSAA and PFUNnDA,; and
472 (96 nM T4EQ) with only PFDoDA (Figure 4B). Unlike the
spike experiments (Figure 3 and Supporting Information,
Figure S5), the fraction where FOSA was expected to elute
(fraction 431) showed clear inhibition. The reason for the dis-
crepancy is not clear. Nevertheless, as indicated in Table 3, the
TAEQ for these seven fractions explained much of the observed
inhibition. (The expected FITC-T4 remaining bound to TTR was
55% of control for fraction 311, 29% for fraction 351, 20% for
fraction 391, 50% for fraction 422, 57% for fraction 431, 27% for
fraction 452, and 55% for fraction 472.) Thus, much of the in-
hibition observed for these seven fractions can be explained by
the capacity of the targeted PFAS to bind to TTR.

In addition to the seven sample fractions just discussed,
there was also reported inhibition for the other fractions cor-
responding to retention times between 311 and 482s. For
example, the sample fraction with the second strongest TTR
binding (381) was not among these seven. A similar result was
observed for the high-spiked sediments and is likely due to
PFOS eluting into both fractions 381 and 391. Greater peak
spreading (i.e., longer chromatographic peaks resulting in

© 2023 The Authors
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FIGURE 4: Fractionated extract of environmental sediment. The x-axis refers to the retention time (s) at the start of each fraction. (A) Bioassay
response. Numbers within the white circles refer to the retention time (s) at the start of each fraction. (B) Calculated thyroxin (T4)-equivalent (TAEQ)
concentrations (nM, bars) for the targeted per- and polyfluorinated substances (PFAS). The dashed red line indicates the T, median inhibitory
concentration (IC50) at 74 nM. (C) Concentrations of targeted PFAS without an established IC50 value. Note that there is a break and a change in
scale in the y-axis for B and C. FHxSA, perfluorohexane sulfonamide; PFDoDS, perfluorododecane sulfonic acid. For other abbreviations, see

Table 1 or Table 2.

substances being collected in multiple sample fractions) likely
explains at least some of the discrepancy. However, the results
might also indicate that other substances with potency for TTR
binding were present in the sample extract.

Unfortunately, T4EQ concentrations could not be calculated
for all targeted substances, because they have not all been
tested for their TTR-binding potencies. Bioassay concentrations

for these targeted substances without an established IC50
value are shown in Figure 4C. Of these, the highest concen-
tration was reported for perfluorooctance sulfonamide phos-
phate (SAMPAP) diester (329uM, RT: 599s) followed by
N-methyl perfluorooctane sulfonamidoacetic acid (MeFOSAA;
17 uM, RT: 4445s), 8:2 FTS (10uM, RT: 4265s), and 10:2 FTS
(4uM, RT: 480s). Lower concentrations were observed for
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FOSAA (359 nM, RT: 426 s), 10:2 fluorotelomer carboxylic acid
(10:2 FTCA; 251 nM, RT: 472s), EtFOSA (165 nM, RT: 483s),
and 8:2 FTCA (133 nM, RT: 410s; where RT is retention time).

The high concentrations of SAmMPAP diester, other PFOS
precursors (e.g., FOSA, EtFOSAA, FOSAA, and EtFOSA) and
FTS in the sample extract is in agreement with previously re-
ported concentrations in sediments downstream of the factory,
reflecting the historic use of these compounds in the paper
industry (Langberg et al., 2021). Fractions corresponding to the
retention time for SAMPAP diester (599 s) did not show a clear
inhibition (Figure 4), suggesting that SAMPAP diester has a very
low potency for TTR binding, if any. The N-alkyl-substituted
PFOS precursors reported in Table 1 showed a trend of de-
creasing TTR-binding potency with increasing size: the low
potency of SAMPAP diester is in line with this observation.
The high concentration of MeFOSAA, based on the retention
time, is expected to have eluted into fraction 442, which is the
sample fraction between the fractions where FOSA (431) and
EtFOSAA (452) eluted. Based on the assumption that the
N-alkylated PFOS precursors exhibit decreasing potencies
with increasing size, MeFOSAA is expected to have a potency
comparable to that of EtFOSE or EtFOSAA (IC50 values of
4253 and 8539 nM, respectively). Thus, the concentration of
MeFOSAA (17,137 nM) likely contributes to the inhibition ob-
served for the 442 fraction, and potentially also nearby frac-
tions. It was expected that FOSAA would elute in the 422
fraction, together with PFDA. Based on its structure, FOSAA is
expected to have a somewhat stronger potency compared with
EtFOSAA (IC50=8539nM). Nevertheless, the FOSAA con-
centration of 359 nM is likely too low to contribute significantly
to the TTR-binding potency of this fraction, and most of the
observed capacity to compete with FITC-T, is likely due
to PFDA.

Based on the results reported in Table 1, no trends could be
discerned for the structure-dependent TTR-binding potencies
of FTS and FTCA, because only one PFAS from each group was
available for testing (6:2 FTS and 5:3 FTCA, respectively).
Nevertheless, based on the IC50 values for 6:2 FTS (11770 nM)
and 5:3 FTCA (5918 nM), some of the observed inhibition in
fractions with retention times of approximately 430 to 486 is
expected to be due to 8:2 FTS, 10:2 FTS, 8:2 FTCA, and 10:2
FTCA. For example, 10:2 FTS was expected to elute at the end
of fraction 472 likely into the next fraction (482). For PFDoDA,
which has the same retention time as 10:2 FTS, a T4EQ con-
centration of 96 nM was calculated (Table 3). In addition, Et-
FOSA mostly eluted into the 482 fraction. Therefore, compared
with the 472 fraction, the stronger inhibition observed for the
482 fraction is likely due to EtFOSA combined with PFDoDA
and 10:2 FTS ending up in the latter fraction. Thus, the re-
ported inhibition observed for fractions 311 to 482s can be
mostly explained by the results of the targeted analyses of
PFAS. However, the reported inhibition for fractions corre-
sponding to retention times between 491 and 592 s was not
fully explained by the targeted analyses.

To help evaluate the possibility that nontarget PFAS were
present and contributing to TTR inhibition, suspect screening
was performed to evaluate whether some of the observed

inhibition in fractions 491 to 592 corresponded to the presence
of nontargeted PFAS. Due to the width of the chromatographic
peaks (as just discussed), suspect screening was also performed
for fractions near the 491 to 592 fractions. Five candidate PFAS
were identified (Table 2 and Supporting Information, Table S4):
10:2  1,2-di(hydroxymethyl) fluorotelomer thia propanoic
acid (10:2 di(MeOH)-FTTh-PrA) and 10:3 FTCA (both with
RT =486's, and sediment concentrations of 8 and 127 ugkg™
dry wt, respectively), 12:2 FTS (RT=526s, sediment concen-
tration of 3031 g kg"1 dry wt, 14:2 FTS (RT =567 s, sediment
concentration of 1055 pug kg™ dry wt), and 10:2 polyfluoroalkyl
phosphoric acid diester [10:2 diPAP]; RT=602s, sediment
concentration of 198 ugkg™ dry wt). Unfortunately, no stand-
ards were available for these substances to confirm their
chemical identity and their TTR-binding potency in the assay.

Based on their retention times in the nontarget analysis, 10:2
di(MeOH)-FTTh-PrA and 10:3 FTCA were expected to elute into
the same 482 fraction as EtFOSA, and likely PFDoDA and 10:2
FTS (as just discussed). A relatively strong inhibition was ob-
served for this fraction. It is thus likely that the observed inhibition
for this fraction, as well as the somewhat weaker inhibition ob-
served for nearby fractions, is in fact due to the combination of
these five PFAS. However, based on the relatively low 10:2 di
(MeOH)-FTTh-PrA concentration of approximately 8 ug kg™, this
substance likely had a minor contribution to the observed po-
tency. It was expected that 12:2 FTS would elute into the same
521 fraction as PFTeDA. A relatively strong TTR binding (re-
placing 62% of the FITC-T, bound to TTR) was observed for this
fraction. The response was not fully explained by the concen-
tration of PFTeDA, which corresponded to a T4EQ of 34—uwell
below the IC50 value for T4 (74 nM; see Table 3 and Figure 4).
Therefore, the presence of 12:2 FTS could possibly explain some
of the observed inhibition in fraction 521. The suspects 14:2 FTS
and 10:2 diPAP were the only identified PFAS expected to elute
into fractions 562 and 602, respectively. Therefore, because in-
hibition was observed for these fractions, 14:2 FTS and 10:2
diPAP are possible candidates. However, the inhibition was rel-
atively weak for the 602 fraction, where 10:2 diPAP was expected
to elute. Because this substance is relatively large and has a
somewhat similar structure to SAMPAP diester, we speculate that
this substance, like the SAMPAP diester, has a relatively low
potency in the TTR-binding assay.

In addition to the suspect screening in fractions in and near
the 491 to 592-s chromatographic windows, the substance
perfluorooctane sulfinate (PFOSi, RT =405 s) was screened for
because it is a suspected transformation product on the
transformation pathway from SAmPAP diester to PFOS
(Benskin et al., 2013; Zhang et al., 2018), and it has been re-
ported to be a relatively potent TTR-binding substance (ap-
proximately twice the IC50 value compared with PFOS; Weiss
et al., 2009). A relatively low concentration of PFOSi was
detected (approximate PFOSi sediment concentration of
10pug kg™ dry wt vs. 1980 pg kg™ dry wt for PFOS). Therefore,
the contribution of PFOSi to the observed TTR-binding
potency of fraction 401 was likely minor.

The results we report show that much of the observed TTR-
binding capacity of the extract of environmental sediment is

© 2023 The Authors
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due to PFAS contamination. In addition, five novel candidate
TTR-binding PFAS were identified in environmental sediment.
Interestingly, the substance observed at the highest concen-
tration, SAMPAP diester, probably did not contribute to the
measured TTR-binding capacity. The SAMPAP diester has the
potential for (bio)transformation into smaller PFAS (Zhang
et al., 2018). Therefore, when it comes to TTR binding, the
hazard associated with emissions of large amounts of this
substance is mainly through (bio)transformation into more po-
tent TTR-binding transformation products such as PFOS. The
EDA approach we have demonstrated has proved valuable for
prioritizing candidate PFAS not identified using conventional
targeted chemical analyses, as possible endocrine-disrupting
substances present in the environment.

Supporting Information—The Supporting Information s
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