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Abstract

Hundreds of sites across the United States have high concentrations of perfluoroalkyl
sulfonamides (FASA), but little is known about their propensity to accumulate in fish. FASA

are precursors to terminal per- and polyfluoroalkyl substances (PFAS) that are abundant in
diverse consumer products and aqueous film-forming foams manufactured using electrochemical
fluorination (ECF AFFF). In this study, FASA with C3-C8 carbon chain lengths were detected
in all fish samples from surface waters up to 8 km downstream of source zones with ECF

AFFF contamination. Short-chain FASA < C6 have rarely been included in routine screening for
PFAS, but availability of new standards makes such analyses more feasible. Bioaccumulation
factors (BAF) for FASA were between 1 and 3 orders of magnitude greater than their

terminal perfluoroalkyl sulfonates. Across fish species, BAF for FASA were greater than for
perfluorooctanesulfonate (PFOS), which is presently the focus of national advisory programs.
Similar concentrations of the C6 FASA (<0.36-175 ng g~1) and PFOS (0.65-222 ng g~1) were
detected in all fish species. No safety thresholds have been established for FASA. However, high
concentrations in fish next to contaminated sites and preliminary findings on toxicity suggest an
urgent need for consideration by fish advisory programs.
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INTRODUCTION

Perfluoroalkyl acids (PFAA) with longer perfluorinated carbon chains (C > 7)
bioaccumulate in aquatic food webs, posing risks to local fish consumers.1:2 Many states
are urgently developing fish consumption advisories for per- and polyfluoroalkyl substances
(PFAS) to mitigate exposure risks for human populations.3 However, these advisories
predominantly focus on perfluorooctanesulfonate (PFOS) and have not yet considered

the diverse mixture of potentially bioaccumulative PFAS in aquatic ecosystems.*> Major
PFAS contamination sources such as aqueous film-forming foams (AFFF) and consumer
products contain large quantities of precursors that transform into terminal PFAA.5° The
transformation pathway for precursors into terminal PFAA includes the formation of stable
intermediate compounds, such as perfluoroalkyl sulfonamides (FASA; C,F2n+1SO2NH)),
that persist in the environment.10-12 High concentrations of FASA have been reported

in aquatic ecosystems next to contaminated sites, but their bioaccumulation potential is
relatively unknown.13-15 Here, we compare the bioaccumulation potential of diverse FASA
in recreational fish species to that of their terminal PFAA.

Prior work on the bioaccumulation potential of FASA has focused on perfluorooctane
sulfonamide (FOSA), the eight-carbon (C8) precursor to PFOS.16-19 Data on other FASA
in biological samples are limited since they have rarely been included in targeted PFAS
measurements.2%-21 However, analytical standards have recently become available, making
them amenable to standard detection methods. Between 2000 and 2002, production of the
parent chemical to PFOS and its precursors was phased out in North America.2%:22 Much of
the chemistry then shifted to perfluorobutane sulfonyl fluoride derivatives,2® with reported
uses in semiconductor manufacturing.2* This has resulted in detection of perfluorobutane
sulfonamide (FBSA), the C4 precursor, in products2® and environmental samples.18:26.27
Perfluorohexane sulfonamide (FHxSA), the C6 precursor, is frequently detected at airports
and military fire-training areas due to historical use of AFFF manufactured by 3M using
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electrochemical fluorination (ECF AFFF).28-30 Recent studies have detected FBSA and
FHXSA in fish1:14.2631 and other species,18:32-34 suggesting short-chain FASA (<C6) may
bioaccumulate.

The main objective of this work is to better understand the propensity of diverse FASA

to bioaccumulate in recreational fish. To do this, we present new measurements of C3-C8
FASA in fish and surface waters from a coastal watershed contaminated by ECF AFFF.10.29
This work presents some of the first field-measured bioaccumulation factors (BAF) for
short-chain FASA in recreational fish. We use the results to highlight gaps in ongoing
biomonitoring programs, toxicity assessments, and fish consumption advisories for PFAS.

METHODS AND MATERIALS
Field Sampling.

Between May and September 2021, we collected paired surface water and fish samples from
nine sites within three waterbodies in a groundwater-dominated coastal watershed that is
described in prior work.2° Field sampling regions are commonly used for recreational and
subsistence fishing. An upgradient military base on Cape Cod, Massachusetts, U.S.A., that
historically used ECF AFFF is the predominant PFAS source to these regions.3> We sampled
several sites based on proximity to known AFFF source zones, including a groundwater-fed
seepage pond (Moody Pond), followed by a groundwater-fed river (Quashnet River) and the
downstream estuary (Waquoit Bay) (Figure S1).

We collected surface water grab samples at each site in duplicate (n7= 20) along with

field blanks (7=5) in 1 L bottles (Table S1). Collaborators at the Massachusetts Division

of Fisheries and Wildlife and the Division of Marine Fisheries collected 17 common fish
species concurrently with water sampling (Table S2). All field samples were stored frozen at
—20 °C prior to analysis. Additional details on field sampling are provided in the Supporting
Information(SI1 Sections 1.1-1.2).

Sample Extraction.

Water samples (300 mL) were extracted by weak anion exchange (WAX) solid phase
extraction (SPE) with dispersive Envi-Carb cleanup, following established methods.21-36 For
fish samples with fork length >14 cm, we extracted PFAS from muscle fillets to best capture
the fraction consumed by recreational fishers. For individual and composite fish samples
<14 cm fork length, we measured whole-body concentrations. Homogenized tissues (0.5 g
wet-weight) were extracted using acetonitrile and a bead blender, followed by WAX SPE
cleanup, modified from established methods (SI Sections 1.3-1.4; Table $3).17:21.37

Instrumental Analysis.

Sample extracts were analyzed for targeted PFAA (7= 18) and FASA (n= 4) using

an Agilent (Santa Clara, CA) 6460 triple quadrupole liquid chromatography tandem

mass spectrometer in negative electrospray ionization (ESI-) mode, following previously
published methods (SI Section 1.5).1:36 Targeted PFAS were quantified using isotopic
dilution and extracted internal standards (Table S4). FASA were quantified using the internal
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standard for FOSA. Linear and branched isomers of perfluorohexanesulfonate (PFHxS) and
PFOS were quantified separately using available isomeric standards. FASA were quantified
as the sum of isomers using linear isomer calibration curves (SI Section 1.6; Figures S2-S3).
All results are discussed as the sum of the isomers.

We used suspect screening to analyze water and fish tissue extracts for additional

PFAS using a Vanquish Flex ultrahighperformance liquid chromatograph coupled with a
quadrupole Orbitrap Exploris 120 MS (ThermoFisher, U.S.) in ESI-mode (UHPLC-HRMS).
Details of the analysis are provided in SI Section 1.7 (Table S5). Confidence levels of 2a

or 3 were assigned accordingly.38:39 Identification of perfluoropentane sulfonamide (FPeSA)
with a newly available reference standard led to quantification of this compound on the
UHPLC-HRMS.

Quality Assurance/Quality Control and Statistical Analyses.

Details on blanks (Table S6), duplicates, procedural and matrix spike recoveries (Table S7),
and internal standard recoveries (Table S8) are provided in SI Section 1.8. Method detection
limits (MDLs) were calculated based on the average concentration at which the sample
signal-to-noise ratio was three, multiplied by the sample dilution volumes or weights. Only
values > MDLs are reported (SI Section 1.9; Table S9). Method trueness was assessed using
NIST SRM 1947 (SI Section 1.10; Table S10).

Al statistical analyses were performed in Python version 3.7.4 using SciPy*? and
statsmodels.*! Targeted PFAS with <70% detection frequency were excluded from statistical
summaries. We imputed values <MDL for analytes with >70% detection frequency using
MDL/V2. Detectable PFAS concentrations in both surface water and fish tissue samples
were used to calculate field-measured bioaccumulation factors (BAF) (ug of PFAS kg~1 wet-
weight fish tissue/ug of PFAS L~1 water). Statistically significant differences among PFAS
concentrations by location and species were assessed using one-way ANOVA followed

by Tukey’s HSD test for surface water samples and Kruskal-Wallis followed by the
Dunn-Bonferroni post hoc test for fish samples and BAF data (SI Section 1.11, Table
S11A-B).

RESULTS AND DISCUSSION

Diverse FASA Detected in Surface Water and Fish.

In surface waters, PFAA and FASA of varying chain lengths were detected downgradient
from an ECF AFFF-contaminated military base (Table S12A-C). FASA accounted for 2—-7%
of the sum of targeted PFAS (Z23PFAS) in surface water samples. C3—-C6 and C8 FASA
were detected in all samples from Moody Pond (closest to the AFFF source zones) and

the downgradient Quashnet River (Table S12B). FASA concentrations in Moody Pond were
significantly higher than the downgradient sites (Tukey HSD, p < 0.05) (Table S11A).
Perfluorosulfonates (PFSA) were detected at the highest concentrations in surface waters
(Figure 1A, Table S13A-B). PFSA concentrations differed significantly among sites (Tukey
HSD, p < 0.05) with Moody Pond > Quashnet River > Waquoit Bay (Table S11A). Most of
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223PFAS in surface water consisted of PFHXS (25-51%) and PFOS (13-41%), followed by
various perfluorocarboxylates (XPFCA = 25-34%) (Figure S4.

In fish tissue, FASA accounted for a much greater proportion (up to 86%) of Z,3PFAS
compared to surface waters (Figure 1B, Figures S5-S6). The predominant FASA detected
was FHxSA. FHxSA is a stable intermediate transformation product of C6 sulfonamido
precursors that make up a large fraction of the PFAS in ECF AFFF manufactured by 3M
and can eventually transform into PFHXxS as the terminal product.19.1228 |n tissue samples,
FHXSA accounted for 7-64% (mean + SD = 33 + 18%) of X3PFAS from Moody Pond and
4-42% (16 £+ 9%) at the downgradient sites. FBSA accounted for 2—-24% of X3PFAS across
fish samples and FPeSA accounted for <1-8%. FOSA accounted for only 1-5% of Z,3PFAS
in fish from Moody Pond but up to 44% in fish from Wagquoit Bay. Even-chain length

FASA have recently been detected in fish from other AFFF-impacted sites, confirming their
widespread presence in biological tissues.1442

Suspect screening analysis of fish tissue detected C3 (perfluoropropane sulfonamide:
FPrSA) and C7 (perfluoroheptane sulfonamide: FHpSA) FASA in samples from all three
waterbodies (Table S14, Figure S7). Only FPrSA was detected in the surface water samples.
Odd-chain length FASA have rarely been measured in fish.143 Other PFAS identified by
suspect screening in water and fish samples are presented in Table S15.

High Concentrations of FASA in Fish Tissue.

Concentrations of FHXSA in fish (<0.36-175 ng g~1) were comparable to PFOS (0.65-

222 ng g71) (Table S13A, Figures S5-S6). Other FASA in fish (FBSA: <0.19-40 ng g1,
FPeSA: <0.01-23 ng g™, FOSA: <0.20-29 ng g~1) were present at similar concentrations to
PFHXS (<0.14-40 ng g~1) (Table S13A). Concentrations of FASA, PFHxS, and PFOS were
significantly lower in fish from Waquoit Bay compared to fish from Moody Pond and the
Quashnet River (Dunn, p < 0.05) (Table S11A, Figures S5-S6).

Substantial peak areas for FPrSA were detected by suspect screening analysis in fish
samples (Table S14). Lower peak areas for FPrSA in fish further from the AFFF source
zones suggest a similar spatial pattern in accumulation as the other FASA that were
quantified using targeted methods (Figure S7). Several past studies have used suspect
screening to identify odd-chain length FASA in fish43 and marine mammals.#445 This
is the first study to quantify FPeSA using an available reference standard. Measured
FPeSA concentrations reported here are greater than semiquantified values reported
elsewhere.1.18:43

Despite widespread detection at high concentrations in aquatic biota, no safety thresholds
have been established for FASA. Fish consumption advisories have focused predominantly
on PFOS.# The state of Massachusetts allows unlimited fish consumption when PFOS <
0.50 ng g~2 for the general population.#6 All fish samples from all sites exceeded these
concentrations for PFOS. Fish (both muscle and whole-body samples) from Moody Pond
and the Quashnet River additionally exceeded the 1 meal/month limit of 15 ng g~ for the
general population (Figure 1B). For sensitive populations, all whole-body fish from Moody
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Pond and the Quashnet River exceeded the do not consume limit of 81 ng g~1, while only
muscle tissue for yellow perch from Moody Pond exceeded this limit.

FASA Bioaccumulate to a Greater Extent than PFSA of Equivalent Chain Length.

Field-measured bioaccumulation factors (BAF, L kg~ wet-weight) were higher for FASA
than their terminal PFSA of equivalent chain length (Figure 2, Table S16). For FASA (C4-
C6, C8), log BAF ranged between 3.1 and 4.9 in whole-body fish and 2.2-4.3 in muscle
tissue samples (Table S17). For PFSA (C4, C6-C8), we found lower ranges of log BAF in
whole-body (1.2-3.4) and muscle tissue samples (0.1-3.2) (Table S17). BAF for FASA were
between 1 to 3 orders of magnitude greater than their terminal PFSA. Higher BAF for FOSA
relative to PFOS in fish have been reported previously.?”:48 No reference standards were
available for quantification of FPrSA and FHpSA, so BAF values were not determined.

Limited data on FASA bioaccumulation other than FOSA are available for comparison with
prior work. Log BAF for FOSA in whole-body fish and muscle tissue reported here (2.8—
4.9) fall within the same ranges as prior work (1.9-5.2).1:3147-49 A prior study? estimated
potential BAF for FOSA in fish using MDLs for water samples that were below detection,
and values in this study are similar. This is the first study to report log BAF for FPeSA

in fish tissues (2.5-4.1). Whole-body log BAF for FHXSA in fish species reported here
(3.4-4.2) are similar to the one prior field-based BAF study by Munoz et al. (3.0-4.1).3!
Bioconcentration factors (log BCF) measured in fathead minnow organ tissues from a
mobile fish lab experiment produced comparable values to field-based BAF measured here
for FHXSA (3.3-3.6) and FOSA (3.6-4.6) (Table $18).50:51

For FBSA, whole-body fish BAF reported in this work (3.4-3.8) are higher than the only
other reported field-measured BAF by Munoz et al. (2.0-3.2)3! and log BCF measured

in the mobile fish lab experiment (2.8-3.2).51 Since the mobile fish lab study®! did not
consider potential dietary uptake and focused on organ tissues, a low bias is plausible. In the
Munoz et al.3! study, concentrations of FBSA in water were close to the reported MDL, and
whole-body fish concentrations were much lower than those reported in this work. Some of
the observed differences in BAF therefore likely reflect analytical uncertainty. Different
tissue extraction methods and instruments for quantification were used across studies,

and there is no commercially available matched internal standard for FBSA.3 Observed
variability in BAF/BCF for FBSA indicates additional fish tissue data, and interlaboratory
assessments of analytical uncertainty are needed.

FASA BAF Show Weaker Chain-Length Dependence than PFSA.

Figure 2 shows a statistically significant linear relationship (o < 0.05) between BAF

and PFAS chain length with a strong relationship for PFSA (R? = 0.76) and a weaker
relationship for FASA (R2 = 0.16) (Figure S8). Similarly, Fischer et al.>2 recently showed

a strong relationship between binding of PFAA to blood proteins and molecular weight,

but weaker relationships for FASA. At close to neutral pH, a greater fraction of FASA
compared to PFAA will be present in solution, allowing greater membrane permeability
and accumulation in lipid rich tissues.?3>4 In contrast to PFAA, prior studies have also
measured more FOSA in whole blood than in serum or plasma.®>6 It is unclear why FASA
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partitioning to tissues does not follow the same patterns with molecular weight as PFAA and
other persistent organic pollutants. Further mechanistic studies on the tissue-specific uptake
and partitioning of FASA are needed to resolve this uncertainty.

Role of Precursor Biotransformation.

Precursor biotransformation has the potential to confound field-measured BAF and chain-
length-dependent relationships.57:58 Metabolism of FASA into terminal compounds would
enhance BAF for PFSA of equivalent chain length relative to true values.20 Field-measured
BAF therefore represent an upper bound of potential BAF for terminal PFSA. For PFSA

in this study, strong chain-length dependence of BAF suggests limited contributions from
precursor biotransformation to observed concentrations in tissues.

For FASA, potential metabolism of other intermediate precursors with the same carbon
chain length could elevate BAF and explain a weaker chain-length dependence. However,
suspect screening analysis did not identify other C4, C5, or C8 precursors in water, which
would be expected if such precursor transformation was important. No additional precursors
were identified in fish samples, only different variations of the sulfonic acids (Table S15).
Additional C6 ECF-based sulfonamido precursors (Table S15) were detected in Moody
Pond surface water closest to the AFFF source zones and could contribute to FHXSA and
PFHxS accumulation.5” However, BAF for C6 PFAS were not enhanced relative to other
PFAS, suggesting they are unlikely to be driven by precursor metabolism. Biotransformation
experiments are needed to better understand the impacts of precursor metabolism on

tissue concentrations in biota. For example, biological mechanisms for metabolism of the
sulfonamide headgroup are not well understood.20:59

Implications.

Results of this study emphasize that FASA are an important class of precursors that have an
enhanced propensity for bioaccumulation compared to their terminal degradation products.
Our field-measured BAF suggest even short-chain FASA < C6 bioaccumulate. BAF for
FASA were up to 3 orders of magnitude higher than their terminal PFSA, including PFOS,
in this study.

Estimated pKj values of 6.2-9.7 for the C3-C8 sulfonamide congeners compared to <4.0 for
PFAAS®0 suggest surface waters will contain comparatively greater fractions of neutral FASA
species that can penetrate cell membranes and accumulate at higher intracellular levels due
to hydrophobic interactions.5#61 Toxicological studies have suggested that adverse effects
of FASA exposure reflect the less hydrophilic nature of the sulfonamide headgroup.53.61~

63 Preliminary data show even the shortest-chain FASA have high bioactivity and elicit
developmental toxicity.53:61-63 Additional physicochemical and toxicological data on
diverse FASA precursors are needed to better understand their bioaccumulation potential
and toxicity.

This study highlights the environmental persistence of FASA with varying chain lengths in
surface waters and fish species. Detection of short-chain FASA such as FBSA in biota in
this work and elsewhere suggests widespread contamination by these compounds.1-14.26:31
However, FASA of varying chain lengths are infrequently included in biomonitoring efforts,
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and regulatory limits on concentrations in fish tissue or surface waters have yet to be
established. Fish consumption advisory programs in the U.S.A are mainly focusing on PFOS
as the PFAS of concern, and in 2024, advisories were in place in 17 states. These programs
have yet to consider the broad mixture of environmentally relevant PFAS.3:446 Qur results
suggest that additional work is needed to assess how consuming fish affects FASA exposures
and risks. New commercially available analytical standards can help to facilitate routine
measurements of FASA with diverse chain lengths. Inclusion of FASA in standardized
analytical methods recommended by the U.S. Environmental Protection Agency would help
ensure their inclusion in national drinking water monitoring and fish consumption guidance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Concentrations of targeted PFAS in water and recreational fish are shown as means with
standard errors. PFAS concentrations (ng L™1 water or ng g~ wet-weight tissue) in surface
water samples in panel (A) are based on /7= 2 to n= 8 field replicates per site (Table

S1). Panel (B) shows results for whole-body fish samples (7= 2-11 samples per site; Table
S2), grouped by site, for the sum of C3-C13 perfluorocarboxylates (XPFCA), sum of C4—
C10 perfluorosulfonates (ZPFSA), and sum of C4-C6, and C8 perfluoroalkyl sulfonamides
(ZFASA). Field sites represent a hydrological gradient moving away from the AFFF source
zones (Figure S1). The black dotted line corresponds to the fish consumption guidelines set
by the state of Massachusetts, U.S.A., of 1 meal/month (15 ng g~1 PFOS) for the general
population. The red dotted line corresponds to the do not consume limit (81 ng g~X PFOS)
for sensitive populations.
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Figure2.
Field-measured bioaccumulation factors (BAF, L kg™?1) for perfluorosulfonates (PFSA) and

perfluoroalkyl sulfonamides (FASA) in whole-body fish species from sites within the three
waterbodies downstream of ECF AFFF-contaminated sites on Cape Cod, Massachusetts,
U.S.A. Each marker indicates an individual measurement. Marker type denotes sample

site collection, and marker color denotes species. R2 values and p-values are based on

linear regression (shown as solid lines with 95% confidence interval) of BAF data for C4
(PFBS), C6 (PFHxS), C7 (PFHpS), and C8 (PFOS) PFSA and C4 (FBSA), C5 (FPeSA), C6
(FHXSA), and C8 (FOSA) FASA for whole-body fish samples. The red dotted line indicates
the threshold of log BAF = 3.0 at which PFAS have a tendency to bioaccumulate. Figure S8
shows BAF results for muscle tissue.
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