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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are a
diverse class of fluorinated anthropogenic chemicals that include
perfluoroalkyl acids (PFAA), which are widely used in modern
commerce. Many products and environmental samples contain
abundant precursors that can degrade into terminal PFAA
associated with adverse health effects. Fish consumption is an
important dietary exposure source for PFAS that bioaccumulate in
food webs. However, little is known about bioaccumulation of
PFAA precursors. Here, we identify and quantify PFAS in
recreational fish species collected from surface waters across New
Hampshire, US, using a toolbox of analytical methods. Targeted
analysis of paired water and tissue samples suggests that many
precursors below detection in water have a higher bioaccumulation potential than their terminal PFAA. Perfluorobutane sulfonamide
(FBSA), a short-chain precursor produced by electrochemical fluorination, was detected in all fish samples analyzed for this
compound. The total oxidizable precursor assay interpreted using Bayesian inference revealed fish muscle tissue contained
additional, short-chain precursors in high concentration samples. Suspect screening analysis indicated these were perfluoroalkyl
sulfonamide precursors with three and five perfluorinated carbons. Fish consumption advisories are primarily being developed for
perfluorooctane sulfonate (PFOS), but this work reinforces the need for risk evaluations to consider additional bioaccumulative
PFAS, including perfluoroalkyl sulfonamide precursors.
KEYWORDS: PFAS precursors, targeted analysis, total oxidizable precursor (TOP) assay, Bayesian inference, suspect screening,
bioaccumulation, consumption advisories, seafood

■ INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) are a diverse class
of anthropogenic chemicals with thousands of potential
structures.1,2 Human exposure to PFAS has been associated
with many adverse health effects,3 and seafood is known to be
an important dietary PFAS source.4,5 Many regions are
developing fish consumption guidelines to reduce exposure
risks for some of the most bioaccumulative legacy PFAS,
predominantly perfluorooctane sulfonate (PFOS).6,7 However,
per- and polyfluoroalkyl precursors (hereon referred to as
precursors) make up most of the PFAS mass in consumer
products8,9 and many contaminated aquatic ecosystems.10

Prior work suggests some precursors have enhanced propensity
for biological uptake relative to the terminal perfluoroalkyl
acids (PFAA).11

PFAS precursors released to the environment may undergo
abiotic or biotic transformation and eventually form PFAA as
terminal products. Precursors that originate from the electro-
chemical fluorination (ECF) process have a fully fluorinated
backbone in their chemical structure, while those manufac-
tured by the fluorotelomerization (FT) process are not fully

fluorinated.12 Targeted mass spectrometry methods (LC-MS/
MS) only capture a small fraction of the PFAS used in
commerce and released to the environment.13,14 It is
challenging to detect most precursors using targeted methods
because many analytical standards are not commercially
available. High-resolution mass spectrometry (HRMS) can
be used to confirm the presence of specific precursors and
assign probable structures to unknown PFAS. However, these
results are not quantitative and are difficult to interpret when
diverse precursors are present at low concentrations, which is
often the case with environmental samples. Semi-quantification
of PFAS from HRMS measurements has been used to estimate
the concentrations of analytes that lack matched analytical
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standards, but uncertainties are not quantifiable and could span
an order of magnitude or more.15,16

To address some of the challenges associated with PFAS
precursor detection, Ruyle et al.17 developed a statistical
method for interpreting results from the total oxidizable
precursor (TOP) assay that groups precursors by their
perfluorinated carbon chain length and manufacturing origin
(ECF or FT) using Bayesian inference (hereon referred to as
TOP + BI). The TOP assay transforms oxidizable precursors
to perfluoroalkyl carboxylates (PFCA) with known perfluori-
nated carbon chain lengths that are detectable at trace levels
using targeted LC-MS/MS analysis. The TOP + BI method is
preferred over analytically detected changes in PFCA
concentrations (only TOP) because it explicitly accounts for
analytical uncertainties, incomplete recoveries, and variability
in product yields following precursor degradation.

Many sites across the United States (US) have been
contaminated by ECF- and FT-based aqueous film-forming
foams (AFFF) that contain large quantities of precursors.18,19

Some precursors, like per- and polyfluoroalkyl ether acids
(PFEA), are known to be resistant to oxidation by the TOP
assay.20 Nonetheless, the TOP + BI method performs well at
sites affected by AFFF chemistries that have many precursors
present at low abundance.10

The main objective of this work was to better understand
the bioaccumulation potential of PFAS and precursors present
in inland surface waters. To do this, we used a toolbox of
analytical and statistical methods to measure PFAS in muscle
tissues from eight species of freshwater fish commonly caught
by recreational fishers in New Hampshire (NH), US. Targeted
analysis (LC-MS/MS) was used to detect a suite of up to 37
PFAS in paired surface water and fish tissue samples.
Concentrations of PFAS precursors in fish grouped by
perfluorinated carbon chain length (Cn where n = number of
perfluorinated carbons) and manufacturing origin were
interpreted using the TOP + BI method. Suspect screening
was used to confirm the presence of additional precursors in
fish muscle tissue. The combined data set provides insights
into the accumulation of precursors in freshwater food webs.
We discuss implications for developing and enhancing fish
consumption advisories.

■ MATERIALS AND METHODS
Field Sample Collection. We collected paired water and

fish samples from nine freshwater ecosystems in southern New
Hampshire, US, in September−October 2017. Locations
(denoted LOC) were selected based on proximity to suspected
PFAS sources, including AFFF use (FF) (LOC 1, 3), waste
disposal sites (WS) (LOC 2, 4), and plastics and textile
manufacturing (MF) point sources (LOC 5−9, Figure S1). We
were unable to differentiate PFAS profiles in fish based on
potential sources due to limited sample sizes associated with
each category.

A total of 23 surface water grab samples, 7 field duplicates,
and 2 field blanks were collected in precleaned 1 L HDPE
bottles and transported to Harvard University. Water samples
were stored at 4 °C and analyzed within a month. Local
recreational fishers and the NH Fish and Game Department
assisted with fish harvesting. Fish (n = 62, 1−3 fish per species
per location) were stored frozen at −20 °C and analyzed
within a month, followed by reanalysis in 2021. Fish species
included yellow perch: Perca flavescens; lake whitefish:
Coregonus clupeaformis; bluegill: Lepomis macrochirus; pump-

kinseed: Lepomis gibbosus; brown bullhead: Ameiurus nebulosus;
chain pickerel: Esox niger; largemouth bass: Micropterus
salmoides; and smallmouth bass: Micropterus dolomieui. The
Supporting Information (SI) contains additional information
on sampling (Sections 1.1−1.2, Table S1).
Chemicals and Reagents. Targeted analysis (LC-MS/

MS) was used to detect up to 37 PFAS analytes, denoted by
their perfluorinated carbon chain length (Cn where n = number
of perfluorinated carbons). This list included eighteen PFAA
[eleven PFCA (C3−C13) and seven perfluoroalkyl sulfonates
(PFSA: C4−C10)] and up to nineteen targeted PFAS
precursors [four fluorotelomer sulfonates (FTSA: 4:2, 6:2,
8:2, 10:2), six perfluoroalkyl sulfonamides (FASA: FBSA,
FHxSA, FOSA, FDSA, N-MeFOSA, N-EtFOSA), two
perfluoroalkyl sulfonamidoethanols (FASE: N-MeFOSE, N-
EtFOSE), three perfluoroalkyl sulfonamidoacetic acids
(FASAA: FOSAA, N-MeFOSAA, N-EtFOSAA), three fluo-
rotelomer carboxylates (FTCA: 3:3, 5:3, 7:3), and one
polyfluoroalkyl ether carboxylate (PFPE: ADONA)]. The SI
Section 1.3 contains additional details on chemicals and
materials used for analysis (Table S2).
Sample Extraction. Subsamples (500 mL) of 1 L water

samples were obtained by sonicating and inverting the sample
several times. Samples were extracted and analyzed for 25
targeted PFAS at Harvard University in 2017. Samples were
spiked with 2 ng isotopically labeled internal standard followed
by offline weak anion exchange (WAX) solid phase extraction
(SPE), following established methods.21 Fish muscle tissues
were also extracted and analyzed for 25 targeted PFAS in 2017.
In 2021, some fish tissue samples were re-extracted and
analyzed for a larger suite of 37 targeted PFAS to compare with
TOP assay results. For both fish extractions, 0.5 g of
homogenized wet-weight muscle tissue fortified with internal
standards was subjected to ion-pairing extraction, following
established methods.22 Bluegill muscle tissues were analyzed as
composites (n = 3), and all other fish were analyzed
individually. The SI Section 1.4 contains additional details
on extraction methods.
Targeted Analysis. Water and fish muscle tissue extracts

were analyzed for targeted PFAS using an Agilent (Santa Clara,
CA) 6460 triple quadrupole liquid chromatograph-tandem
mass spectrometer (LC-MS/MS) equipped with an Agilent
1290 Infinity Flex Cube online SPE, with slight modifications
to previously published methods.21 Each 100−300 μL extract
was loaded onto an Agilent Zorbax SB-Aq (4.6 mm × 12.5
mm; 5 μm) online SPE cartridge with 0.85 mL of 0.1%
aqueous formic acid at a flow rate of 1 mL min−1. Analytes
were eluted from the SPE cartridge and loaded onto an Agilent
Poroshell 120 EC-C18 (3.0 mm × 50 mm; 2.7 μm) reversed-
phase HPLC column using ammonium acetate (2 mM) in
methanol and ammonium acetate (2 mM) in Milli-Q water at a
flow rate of 0.5 mL min−1 and column temperature of 50 °C.
Analytes were ionized with an electrospray ionization (ESI)
source in negative ion mode and introduced to the tandem
mass spectrometer at a temperature of 300 °C, gas flow rate of
13 L min−1, and nebulizer pressure of 45 psi. Additional details
are provided in SI Section 1.5.

Targeted PFAS were quantified using both isotopic dilution
and extracted internal standard quantification with 7- to 11-
point calibration curves. For PFAS without matched isotopi-
cally labeled standards, the internal standard closest in
retention time and/or within the same functional group was
used for quantification (Table S3). Milli-Q water was used for

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03734
Environ. Sci. Technol. 2022, 56, 15573−15583

15574

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


procedural blanks, and two to three blanks were included with
each water and fish tissue extraction (Table S4). Average
(±standard deviation) spike recoveries using Milli-Q water as
the spiking matrix were 105 ± 23% for the water extraction and
88 ± 10 and 104 ± 25% for the fish extractions. Average spike
recoveries using fish muscle as the spiking matrix was 115 ±
33% for the fish extractions (Table S5). Sections 1.6−1.7 of
the SI contain additional details on blanks, duplicates, spikes,
and internal standard recoveries (Table S6).

Limits of detection (LODs) were calculated based on the
average concentration at which the sample signal-to-noise ratio
(S/N) was three. Method detection limits (MDLs) were
determined based on sample dilution volumes or weight, and
only values >MDL are reported here. MDLs for fish samples
ranged between 0.001 and 1.27 ng g−1 (SI Section 1.8 and
Table S7). Method trueness was assessed using NIST SRM
1947 (Lake Michigan fish tissue). Relative percent differences
between NIST SRM 1947 analyzed in this study and the
reference concentrations were within ±30% for all detectable
PFAS, which compares favorably with other studies (SI Section
1.9 and Table S8).23,24

Total Oxidizable Precursor (TOP) Assay and Stat-
istical Interpretation. The TOP assay uses hydroxyl radicals
formed by heated persulfate under basic pH conditions to
oxidize precursors into PFCA of the same or shorter
perfluorinated carbon chain lengths that can be detected
using targeted analysis.25 The TOP assay was applied to one
sample of fish muscle tissue from each location. We chose the
fish species at each location that had the highest targeted PFAS
concentrations (Table S9). The extract oxidation procedure
was adapted from an aqueous oxidation procedure,10 which
itself is modified from the original method developed by Houtz
and Sedlak.25 Following ion-pairing extraction with ENVI-carb
cleanup, extracts were transferred to 50 mL polypropylene
tubes and evaporated to dryness. The tubes were vigorously
shaken following addition of Milli-Q water (20 mL) and 0.12
M potassium persulfate and 0.25 M sodium hydroxide solution
(20 mL). Samples were heated in an 85 °C water bath for ≥12
h and then neutralized to pH 7, as needed. Samples were
processed similarly to water samples using SPE and prepped
for targeted analysis (SI Section 1.10).

Precursor oxidation efficiency in the presence of fish tissue
was evaluated with each sample batch by spiking fish muscle
tissue with targeted precursors prior to extraction and
oxidation. Complete oxidation of targeted precursor concen-
trations (concentrations < MDL) was verified after every batch
of samples. Internal standards were added after the TOP assay
to avoid oxidation of the isotopically labeled precursors. Molar
yields of several targeted precursors oxidized in the presence of
fish tissue to the corresponding PFCA were compared to
literature data for other matrices (Table S10).10,24−29 Targeted
PFAS recovery spikes were included to assess the stability and
recovery of PFAS after ion-pairing extraction and the TOP
assay (Table S11). Low recoveries for the longer-chain PFCA
(C > 8) indicated that PFAS loss occurred during the ion-
pairing extraction and TOP assay, so they were omitted from
further interpretation. The addition of internal standards after
oxidation meant they could not be recovery-corrected. Instead,
spike recoveries were used to correct oxidized C3−C8 PFCA
concentrations with average recoveries ≥50%.30 The change in
C3−C8 PFCA after the TOP assay was calculated based on the
recovery-corrected difference. Uncertainty in recoveries was
accounted for in the Bayesian inference. We did not include

modifications to the TOP assay to detect C < 3 PFCA26

because the method used here is based on prior work17 that
did not require it to complete the PFAS mass balance, but this
could be explored in future work. Additional details on the
TOP assay validation are provided in SI Section 1.10.

Precursor concentrations (grouped by perfluorinated carbon
chain length) were based on the recovery-corrected measured
increases in C3−C8 PFCA (Table S9) produced by the TOP +
BI method previously developed for aqueous samples.10,17

Manufacturing origins [ECF vs FT] of precursors are
identifiable based on their unique yields. FT precursors have
n perfluorinated carbons followed by two or three aliphatic
hydrocarbons (n:2, n = 4, 6, 8; n:3, n = 5, 7) and oxidize to
form multiple PFCA analytes in the TOP assay (Table S10).
ECF precursors include those with Cn (n = 4−8)
perfluorinated carbons and generally oxidize to form one
Cn−1 PFCA with ∼100% yield (Table S10). Ten ECF and FT
precursor groups with perfluorinated carbon chain lengths
ranging from 4−8 were included in the statistical interpreta-
tion. Longer-chain precursor groups (C > 8) were not included
due to reduced recovery of the longer-chain PFCA in the TOP
assay. Inferred precursor classes based on this method
incorporate those with analytical standards (i.e., targeted
precursors) and others without that require suspect screening
and/or nontargeted analysis to be identified. Precursors were
inferred using their oxidation yields (Table S10) and
measurements of their oxidation products by Markov chain
Monte Carlo (MCMC) analysis implemented in Python 3.7.4
using emcee 3.0.2.31 The likelihood of precursor concen-
trations, given the measurements, was determined by sampling
the posterior distribution of precursor concentrations
generated from the least-squares of the log difference between
the model and measurements (yields of terminal PFCA
generated by the TOP assay). We used a noninformative
Jeffrey’s prior because little is known about the presence of
precursors in fish tissue and other biotic tissues (SI Section
1.11). Probability density functions were based on the
nonparametric kernel density of oxidizable precursor concen-
trations. Here, we report the expected value (hereon referred
to as the expected mean) and 95% confidence intervals (CI) of
inferred precursor concentrations.
Bioaccumulation Factors (BAF). Field-measured BAF

(μg PFAS kg−1 wet-weight fish tissue/μg PFAS L−1 water)
were calculated for each sampling site. This calculation relies
on detectable PFAS concentrations (>MDL) in both water and
fish. Some longer-chain PFAS are frequently below detection
in water but are known to be bioaccumulative and were
detectable in fish muscle in this study. We therefore divided
the measured tissue concentrations of PFAS detectable in fish
by the MDL for each analyte in water to estimate the lower
bound of their BAF (referred to as “potential BAF”).
Suspect Screening and Nontargeted Analysis. Suspect

screening and nontargeted analysis were performed on a subset
of fish muscle tissue extracts at the University of Rhode Island
using a SCIEX ExionLC AC UHPLC system coupled to a
SCIEX X500R quadrupole time-of-flight tandem mass
spectrometer (QTOF MS/MS). Each 20 μL extract was
loaded onto a Phenomenex Gemini C18 analytical column (3
μm, 110 Å, 50 mm × 2 mm) preceded by a Phenomenex
SecurityGuard cartridge at a flow rate of 0.3 mL min−1 and
column temperature of 45 °C using ammonium acetate (10
mM) in methanol and ammonium acetate (10 mM) in Milli-Q
water. An additional Phenomenex Gemini C18 column (5 μm,
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110 Å, 50 mm × 4.6 mm) was used as the delay column for
PFAS instrumental contribution. MS data were collected using
both IDA and SWATH acquisitions in negative ESI mode at a
temperature of 450 °C, curtain gas pressure of 30 psi, ion
source gas 1 at 40 psi, and ion source gas 2 at 60 psi. Raw data
were screened using the SCIEX Fluorochemical HRMS/MS
Spectral Library 2.0. For quantitative comparison between
targeted LC-MS/MS and suspect screening QTOF MS/MS
results, a targeted HRMS/MS method was used, with the IS
operated under the same conditions as for suspect screening.
The SI Section 1.12 contains additional details on analyte
parameters (Table S12) and suspect screening identification
(Table S13).
Statistical Analyses. Statistical analyses were performed in

R version 4.0.2 using NADA32 and python version 3.7.4 using
SciPy33 and statsmodels.34 We used hierarchical clustering
(Figure S2) to group locations with similar PFAS profiles and
then tested for statistically significant differences in fish PFAS
concentrations among clusters using analysis of variance
(ANOVA) and Tukey’s HSD post hoc test (Table S14).
Bluegill was the only fish species measured at every location.
Samples with targeted PFAS measurements with ≤70%
detection frequency were excluded from statistical summaries.
For samples above this detection frequency that contained
compounds < MDL, nondetects were imputed using robust
regression on order statistics.35 7:3 FTCA was detected by LC-
MS/MS in >90% of fish samples measured but was excluded
from further evaluation due to the presence of a biological
interference identified by HRMS (SI Section 1.13). Some
biological molecules can interfere with quantification of certain
PFAS if they have the same nominal mass in unit resolution.36

Complementary measurements using HRMS are useful since
interfering molecules in biological samples can be distin-
guished from PFAS using exact mass measurements.

■ RESULTS AND DISCUSSION
Concentrations of Targeted PFAS in Fish. Based on the

reference dose value (RfD) derived by the state of New
Hampshire for PFOS in 2019,37 all but two fish samples
analyzed in this study exceeded the daily consumption (8 oz
meal) limit for adults (≤1.1 ng g−1), and 21% of samples
exceeded the weekly consumption limit (≤7.4 ng g−1, Table
S15). No samples exceeded the adult or child-based
consumption limits for other PFAS (PFOA, PFNA, PFHxS)
with available RfD values (Table S15). Although, New
Hampshire already has a consumption limit of ≤4 meals/
month of wild-caught fish based on mercury (SI Section 2.1).
Linear PFOS was the predominant PFAS detected in all fish
samples (0.21−52 ng g−1, mean 5.1 ng g−1, Table S16). Only
21% of samples had detectable branched PFOS isomers, and
these were present at much lower concentrations (0.21−3.0 ng
g−1) than the linear isomer. This likely reflects preferential
accumulation and retention of the linear isomer and/or
reduced uptake and faster elimination of the branched
isomers.38,39

The sum of targeted PFAS (∑PFAS) across all fish samples
analyzed ranged from 0.95−60 ng g−1 (species averages: 1.1−
11 ng g−1). The C7−C13 PFCA (PFOA to PFTeDA), linear
PFOS, PFDS, and three ECF precursors (FOSA, L-N-
MeFOSAA, L-N-EtFOSAA) were detected in ≥80% of
samples (Figure S3). After PFOS, the C10 PFCA (PFUnDA)
was the PFAA with the highest average concentration (0.55 ±
0.43 ng g−1), followed by the other long-chain PFCA (C9,

C11−C12, Table S16). Limited sample sizes meant we were
not able to assess statistically significant differences in PFAS
concentrations among all locations. Instead, we grouped
waterbodies with similar PFAS profiles using hierarchical
clustering and tested differences among fish species within
each cluster. Only a few statistically significant (p < 0.05)
differences were observed among these clusters for individual
PFAS (Table S14). LOC 4 (potential waste disposal site
source) had higher ∑PFOS in bluegill, the only fish species
measured at every location, compared to other locations
(Table S16), but the difference was not statistically significant.

A short-chain perfluorobutane sulfonamide ECF precursor
(FBSA) was detected using targeted analysis in every fish
sample analyzed for this analyte. The average measured
concentration of FBSA was greater than any other targeted
precursor (1.1 ± 1.8 ng g−1). FBSA is a degradation product
and major metabolite of other precursors in some AFFF
formulations and surface treatment products.40,41 Detection of
FBSA in environmental samples has only recently been
reported.42,43 Concentrations similar to those measured in
this study were detected in freshwater fish from different
waterbodies across Canada and the Great Lakes region,44

suggesting widespread presence of FBSA in the environment.
Differences between Surface Water and Fish PFAS

Composition. PFAS frequently detected in water (i.e.,
∑PFOS, PFOA, and a few other short-chain PFAA) are the
focus of current regulatory efforts across the US.45 Figure 1
contrasts the PFAS composition between paired water and fish
tissue samples. In New Hampshire surface waters, the shorter-
chain PFCA (C3, C5−C7) are most abundant in water,
whereas fish muscle tissue predominantly contains ∑PFOS
(sum of linear and branched isomers) and longer-chain PFCA
(C7, C9−C13) (Tables S16 and S17). The ECF precursors
(FOSA, L-N-MeFOSAA, and L-N-EtFOSAA) were only above
detection limits in one water sample but were detected in
≥84% of fish samples. This means relative PFAS abundance in
water is not a good proxy for those detected in fish. Long-chain
PFCA, in particular, are close to or below limits of detection in
water but bioaccumulate in fish to levels that may be
considered a human exposure risk.46,47 Presently, fish
consumption advisories are focused mainly on PFOS as the
predominant analyte detected in fish and overlook many of the
other frequently detected compounds.6,7,48

Field-Measured Bioaccumulation Factors (BAF) for
Fish. Many studies report liver tissue or whole-body fish PFAS
concentrations to estimate risks to wildlife,50 but concen-
trations in fish muscle tissue are most relevant for human
consumption. Figure 2 shows field-measured bioaccumulation
factors (BAF) for muscle tissue for the eight freshwater fish
species from this study (Table S18). BAF calculated for the
C7−C10 PFCA and C8 PFSA (∑PFOS) were based on
detectable concentrations in both water and muscle tissue for
≥70% of samples and are indicated by solid markers (Figure
2). A statistically significant (p < 0.05) linear relationship (R2 =
0.81) between measured BAF and PFCA chain length is
evident for the C7−C10 PFCA, with an average increase in
BAF by 0.78 ± 0.14 log units per perfluorinated carbon
(Figures 2 and S4). A similar relationship could not be
constructed for the PFSA because most were below detection
other than ∑PFOS. The log BAF for the C7−C10 PFCA
ranged from 0.9−4.3 and 2.5−3.9 (mean of 3.2) for the C8
PFSA (∑PFOS). Log BAF between 3 and 4 indicate

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03734
Environ. Sci. Technol. 2022, 56, 15573−15583

15576

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c03734/suppl_file/es2c03734_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


substances with a tendency to bioaccumulate, while those with
log BAF ≥ 4 are considered very bioaccumulative.51

Potential log BAF represent the lower limit of bioaccumu-
lation potential for analytes that were below detection in water
(by substituting the MDL for the concentration in water,
Figure 2). Potential log BAF ranged from 3.1−5.2 for C11−
C13 PFCA, 2.7−4.3 for C10 PFSA (PFDS), and 2.6−5.1 for
the ECF precursors (FOSA, L-N-MeFOSAA, and L-N-
EtFOSAA), indicating they are all very bioaccumulative.
High BAF have previously been reported for ECF and FT
precursors, including FOSA, N-EtFOSA, 6:2 fluorotelomer
phosphate diester (6:2 diPAP), and select PFECA.4,52,53 We
did not measure FBSA in water samples and therefore could

not estimate a potential BAF in this study. Another study
recently reported FBSA has a log BAF of 2.0−3.2,54 indicating
a tendency to bioaccumulate.

A limitation of potential BAF calculations is that they reflect
both the inherent properties of the chemicals to accumulate in
fish and analytical detection limits. While a higher potential
BAF for the C11 PFCA is consistent with the log linear
increase observed for C7−C10 PFCA (Figure 2), it could also
reflect the lower analytical MDL for water compared to the
C12 and C13 PFCA (Table S7). Irrespective of detection
limits, lower bioaccumulative potential for PFCA > C11 has
been observed in other studies,53,55−57 supporting the trends
indicated by potential BAF in this study (Figure 2). This may

Figure 1. Composition of targeted PFAS measured in water and fish collected from the lower Merrimack River Watershed in New Hampshire, US,
in 2017. PFAS are labeled by perfluorinated carbon (Cn) chain length: perfluoroalkyl carboxylates (PFCA) range from C3−C13, perfluoroalkyl
sulfonates (PFSA) from C4−C10, and targeted precursors include 4:2 and 8:2 fluorotelomer sulfonates, perfluorooctane sulfonamide (C8), and N-
methyl (Me) and N-ethyl (Et) perfluorooctane sulfonamidoacetic acids. Sample locations are denoted by LOC + site number with potential source
types in brackets: FF = aqueous film-forming foam, WS = waste disposal site, and MF = plastics or textile manufacturing. The map was created
using ArcGIS software by Esri.49 Sources: Esri, HERE, Garmin, OpenStreetMap contributors, and the GIS user community.
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reflect reduced bioavailability of larger molecules due to a
steric hindrance to uptake past a certain chain length.

Overall, these results suggest many precursors have
enhanced propensity for bioaccumulation compared to their
terminal degradation products. Potential BAF for precursors
may be underestimated if any were biotransformed in vivo into
intermediate and terminal PFAA. Conversely, BAF calculations
may overestimate the accumulation potential of terminal PFAA
if precursor biotransformation has contributed to observed
tissue burdens.58

Oxidizable Precursors in Fish Muscle Tissue. Following
the TOP assay, analytically detectable increases in concen-
trations of the C3−C8 PFCA of greater than 1 nmol L−1 (nM)
were measured in 35% of tissue samples analyzed (Figure S5).
TOP + BI results indicated ECF rather than FT precursors
were the predominant class present in these samples (Figures 3
and S6). Similar distributions of inferred precursors were
observed in multiple fish species from the same locations. This
likely means that any cross-species differences in uptake were
less important than aqueous exposures for observed tissue
concentrations of precursors.

Results from the TOP + BI analysis for LOC 3 samples
(Figure 3A,B) showed C4 ECF precursors had higher
concentrations (x-axis) and probabilities of occurrence
(indicated by higher, narrower peaks, y-axis) than the other
C3−C8 precursors. The highest expected mean concentrations
from the TOP + BI analysis for LOC 3 samples ranged from
10−13 nM for the C4 ECF precursors, followed by 1.9−3.7
nM for the C6 ECF precursors (Figure 3 and Table S19).
Relatively small uncertainties (narrow probability distribu-
tions) in the concentration ranges of C4 ECF precursors were
enabled by high measured concentrations of FBSA (a C4 ECF
precursor) in the targeted analysis (9.5−11 nM, Table S20),
which was used to constrain the inference. The expected mean
concentrations of C4 ECF precursors from the TOP + BI
analysis were within 18% of the targeted FBSA concentrations,
suggesting FBSA was likely the only C4 ECF precursor present
in fish muscle tissue from LOC 3. In the LOC 4 sample, the
C8 ECF precursors had the highest probabilities of occurrence

and were well-constrained by a narrow probability density
function (Figure 3C).

Greater uncertainty in the TOP + BI results was apparent for
other locations with lower concentrations of targeted and
inferred (≤2 nM) precursors (e.g., LOC 5 and LOC 9)
(Figure S6 and Tables S19 and S20). Fish tissue from these
locations showed suggestive evidence of C4 ECF precursors
(expected means of 2.2−4.0 nM, Table S19) but had lower
targeted FBSA concentrations (≤1.7 nM, Table S20), which
provides a measurement constraint for the inference. For these
locations, the probability density functions for inferred C4
ECF precursors were shallow and broader (Figure S6),
indicating greater uncertainty (Figure S7). Inferred C4 ECF
precursor expected mean concentrations were 2−12 times
higher than targeted concentrations of FBSA (Table S20).
Given the uncertainty in the posteriors for the LOC 5 and
LOC 9 samples, we do not consider this robust evidence for
additional C4 ECF precursors. Detection of other C4 ECF
precursors from HRMS would be needed to confirm such a
finding.

Uncertainty in the TOP + BI results for the C4 ECF
precursors highlights some of the limitations of standard
analytical techniques. The TOP assay oxidizes FBSA to the C3
PFCA (PFBA), which can be challenging to measure at low
concentrations in biological tissues. Short-chain PFAS coelute
with many biological molecules in LC-MS/MS analysis due to
their small size.36 This coelution with matrix interferences
affects ionization efficiency and increases the background,
leading to reduced and variable recovery and higher detection
limits. Measurement uncertainties are considered in the TOP +
BI method and propagate to uncertainty in the posterior
probability distribution of inferred concentrations (Figures 3
and S6−S8). These results highlight some of the challenges
associated with measuring low concentrations of PFAS and
precursors in biological tissues.

In summary, we find the TOP + BI method is most
informative when total precursor concentrations in samples
exceed 9 nM (concentration ranges for LOC 3 and LOC 4
samples). For samples with lower total precursor concen-

Figure 2. Empirically derived bioaccumulation factors (BAF, L kg−1) for different PFAS, fish species, and sampling locations in New Hampshire,
US. Each marker indicates an individual measurement, and each marker type denotes the fish species. Solid markers show measured BAF based on
detectable water and fish concentrations, while open markers show potential BAF calculated from method detection limits for water and measured
fish concentrations. Abbreviations for precursors are: perfluorooctane sulfonamide (C8), N-methyl (Me), and N-ethyl (Et) perfluorooctane
sulfonamidoacetic acids, and fluorotelomer sulfonates indicated by carbon number (n:2). The red line and R2 value are based on linear regression of
the measured BAF data for the C7−C10 PFCA. Location-specific regressions are shown in Figure S4.
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trations (e.g., <2 nM for LOC 5 and LOC 9), large
uncertainties in the inferred concentrations (broad posterior
probability density functions) make results less informative
(Table S20). In general, targeted precursor measurements are
useful for constraining uncertainty in the statistical inference,
emphasizing the need for additional commercially available
standards.
Evaluation of Consistency in Precursor Detection

across Analytical Methods. We compared the expected
mean concentrations of all C4−C8 precursors from the TOP +
BI analysis to the summed concentrations of targeted
precursors of each chain length. Targeted analysis accounted
for 75−92% of the expected mean concentration of precursors
from the TOP + BI analysis in LOC 3 samples, 46% in LOC 4,
and 8−22% in LOC 5 and LOC 9 (Table S20). The
differences between targeted and mean inferred precursor
concentrations were greatest for LOC 5 and LOC 9 samples
that had relatively low concentrations of precursors compared
to other sites but were in better agreement (3−69% difference)
with the lower 95% CI of inferred concentrations (Table S20).

Results from suspect screening analysis for the same fish
tissue samples subjected to the TOP + BI analysis confirmed
the detection of a C3 ECF precursor, perfluoropropane
sulfonamide (FPrSA), and a C5 ECF precursor, perfluor-
opentane sulfonamide (FPeSA) at a high confidence level
(2a59) and high detection frequency (Table S13). High
abundance of these precursors was determined based on peak
area. In the LOC 3 samples, peak areas for FPeSA were almost
double those of FBSA (Table S21). Concentrations of FPeSA
were semi-quantitatively estimated to be 2× greater than FBSA
in LOC 3 YP1 (20 nM FPeSA vs 8.7 nM FBSA) and 3×
greater in LOC 3 PS2 (32 nM FPeSA vs 11 nM FBSA) (Figure
4 and Table S22). Standards for the even-chain PFSA were
used for semi-quantification because no matched analytical
standards are available for these compounds. Uncertainty in
such measurements cannot be quantified but could be large.
Concurrence or discrepancies with the TOP + BI results are
therefore useful for establishing additional lines of evidence or
uncertainty for the abundance of a particular nontargeted and
semi-quantified compound.

No additional PFAS analytes were identified using the
nontargeted analysis. Fewer precursors in biological tissues
were identified by suspect screening in this work compared to
more contaminated locations such as those directly impacted
by AFFF.60 This study is more representative of background
levels of PFAS, likely from multiple environmental sources.

Results from targeted analysis, suspect screening analysis,
and TOP + BI measurements showed reasonable agreement
for the C4, C6, and C8 ECF precursors (Figure 4 and Table
S20). In contrast, semi-quantified concentrations of FPeSA
from the suspect screening analysis greatly exceeded even the
upper 95% CI of inferred concentrations of C5 ECF precursors
from the TOP + BI analysis (Figure 4 and Tables S19 and
S21). For example, the semi-quantified concentrations of
FPeSA (C5 ECF) in samples from LOC 3 exceeded 20 nM
compared to the upper 95% CI TOP + BI concentration of 3.4
nM, which accounts for analytical uncertainty and variable
recoveries (Figure 4). The maximum analytically measured
increase in the C4 PFCA (PFPeA) following TOP (the
oxidation product of FPeSA) was 3.1 nM. The TOP + BI
comparison thus suggests that semi-quantified concentrations
are overestimated.

A high bias in semi-quantified concentrations for some
precursors in this study is consistent with past work that has
shown semi-quantification using surrogate reference standards
produces results that can be biased due to ionization or
fragmentation differences.61 Past work suggests semi-quantified
concentrations may be overestimated by up to four times the

Figure 3. Inferred concentrations (nM) of oxidizable precursors and
their perfluorinated carbon chain length based on total oxidizable
precursor (TOP) assay results interpreted using Bayesian inference
(TOP + BI). Panels (A) and (B) show probability density functions
for the concentrations of oxidizable precursors for two species
(pumpkinseed (PS2) and yellow perch (YP1)) from location 3 (LOC
3) where AFFF (FF) is a potential source. Panel (C) shows bluegill
(BGcomp) from location 4 (LOC 4) where waste disposal (WS) is a
potential source. Higher peaks with narrower ranges indicate greater
probability (less uncertainty) in inferred concentrations. Results for
samples from LOC 5 and 9 are provided in the SI (Figure S6).
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TOP assay results due to lower accuracy and limited analytical
standards.15,62 Alternatively, the same studies have suggested
TOP assay results can underestimate true concentrations due
to incomplete oxidation and low recoveries.62 However, we
have accounted for these factors in the Bayesian inference
interpretation of the TOP assay (TOP + BI). HRMS/MS is
not subject to the same interferences that can be problematic
for LC-MS/MS due to exact mass measurements, so this is not
expected to be a factor in the high bias in concentration.
Instead, we attribute the variability to the lack of commercial
analytical standards to quantify concentrations associated with
instrumental results from the HRMS/MS analysis. These
results emphasize the benefits of using a toolbox of methods to
better understand the robustness of any given measurement,
especially for compounds lacking commercially available
standards.

In summary, both the TOP + BI results and suspect
screening analysis indicate the presence of short-chain ECF
precursors (perfluoroalkyl sulfonamides) in fish muscle
samples that were not detected by targeted analysis. Analytical
standards for additional short-chain sulfonamide compounds
(e.g., C3: FPrSA and C5: FPeSA) are needed to quantify
concentrations of these bioaccumulative precursors more
accurately.

■ IMPLICATIONS
Results of this study reinforce the high bioaccumulation
propensity of several long-chain PFAA63−65 that are frequently
detected in human serum46 and breastmilk.47 Exposure to
long-chain PFAA has been associated with adverse toxico-
logical outcomes and is correlated with reported fish

consumption, highlighting the importance of seafood as an
exposure source.66,67 Results of this study also emphasize the
bioaccumulative potential for ECF precursors, specifically
short-chain perfluoroalkyl sulfonamides (C3−C5) such as
FBSA (C4). The C1−C8 sulfonamide congeners have pKa
values of 5.86−9.72 compared to <4 for PFAA,68 indicating the
presence of more neutral species in solution that will have a
greater propensity to partition into cells due to hydrophobic
interactions.69 These precursors were detected in multiple
species of recreational fish across New Hampshire, US. The
widespread detection of perfluoroalkyl sulfonamide precursors
in biota indicates that additional exposure and risk evaluations
are needed for some understudied PFAS.

Federal and state regulatory efforts are presently focused on
legacy PFAS predominantly detected in water and do not
consider the full range of highly bioaccumulative terminal
PFAA and precursors discussed in this work. Metabolism of
precursors that exhibit a higher bioaccumulation potential than
their terminal degradation products will enhance exposures to
terminal PFAA of concern.11,70 Some studies have suggested
sulfonamide precursors have greater bioactivity than PFAA of
similar perfluorinated carbon chain length due to their higher
pKa, greater fraction of neutral species at similar pH, and
interactions with lipids and membranes facilitated by the
sulfonamide head group.69,71−73 Additional physicochemical
and toxicological data on diverse precursors, particularly the
sulfonamides, are needed to better understand their bio-
accumulation potential and toxicity. Our work suggests that
more comprehensive fish advisories are needed to account for
potential human exposures to the full suite of highly
bioaccumulative longer-chain PFAA and ECF precursors.

We found reasonable agreement among analytical methods
for measuring PFAS in biota (targeted analysis, semi-
quantification, and TOP + BI) in samples that had relatively
higher PFAS concentrations (total precursor concentrations >
9 nM). More uncertainty among analytical methods was
apparent for samples with total precursor concentrations < 2
nM, in part reflecting challenges associated with detection and
recoveries in a more complex tissue matrix at low PFAS
concentrations. Matrix interferences that affect accurate
quantification are a challenge for new measurement techniques
that aim to characterize unknown PFAS present in environ-
mental samples at low levels. The toolbox of analytical
methods used in this study allowed us to identify additional
precursors and quantitatively estimate the lower and upper
bounds of their concentrations in these fish samples. However,
without individual PFAS analytical standards, accurate
quantification of the short-chain perfluoroalkyl sulfonamide
precursors in biota will remain a challenge. Thus, additional
commercially available standards for potentially bioaccumula-
tive PFAS precursors are essential for more comprehensively
characterizing PFAS exposures for all fish consumers.
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Figure 4. Comparison of measured, inferred, and semi-quantified
concentrations of precursors. The C4, C5, C6, and C8 ECF
precursors for LOC 3 samples are shown where the potential source
is AFFF (FF). Panel (A) shows LOC 3 pumpkinseed (PS2), and
panel (B) shows LOC 3 Yellow Perch (YP1). The blue circles show
targeted analysis results for ECF precursors (FBSA (C4), FHxSA
(C6), and FOSA/L-N-MeFOSAA (C8)) with concentrations
quantified using analytical standards. C5 was not measured by
targeted analysis since no C5 ECF precursor standards were available.
Error bars for targeted analysis are based on the average relative
percent difference between sample and spike duplicates (n = 2−6).
The orange circles show expected mean molar concentrations of ECF
precursor classes from the TOP+BI analysis and 95% confidence
intervals of the inference. The green circles show results from suspect
screening. The C5 ECF precursor (FPeSA) is semi-quantified (no C5
analytical standard). The suspect screening results do not have error
bars as the error cannot be quantified for these measurements.
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