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ABSTRACT: It is generally accepted that per- and polyfluoroalkyl substances (PFASs) occur primarily in protein-rich
tissues such as blood and liver, but few studies have examined the occurrence of PFASs (in particular emerging PFASS),
in lipid-rich tissues such as blubber. Here we report the distribution of 24 PFASs, total fluorine (TF) and extractable organic
fluorine (EOF) in eight different tissues of a killer whale (Orcinus orca) from East Greenland. The sum of target PFAS
concentrations was highest in liver (352 ng/g ww) and decreased in the order blood > kidney =~ lung ~ ovary > skin =~ muscle
~ blubber. Most of the EOF was made up of known PFASs in all tissues except blubber, which displayed the highest
concentration of EOF, almost none of which was attributed to targeted PFASs. Suspect screening using high-resolution
mass spectrometry revealed the presence of additional PFASs but the magnitude of peak areas could not explain the high
concentrations of EOF in blubber. While the identity of this unknown organofluorine and its pervasiveness in marine
mammals requires further investigation, this work suggests that exposure of killer whales to organofluorine substances may

be underestimated by determination of legacy PFASs exclusively in liver tissues.

INTRODUCTION

Per- and polyfluoroalkyl substances (PFASS) are a class
of mostly anthropogenic chemicals which occur globally in
biotic and abiotic media.*® Most PFAS research has
focused on less than 50 substances, which can be broadly
classified as either perfluoroalkyl acids (PFAAS), PFAA-
precursors, or alternatives (e.g. fluoroether-based
substances).* However, a recent report by the OECD has
indicated that these substances represent a small fraction of
the 4730 PFAS-related CAS numbers in commerce
worldwide.® While it is unclear what fraction of these
substances are environmentally relevant, several studies
have identified the presence of novel PFASs in wildlife
with the help of high resolution mass spectrometry
(HRMS)-based non-target and suspect screening
techniques.®®

A complementary approach to both targeted and non-
target analysis involves determination of total and
extractable organic fluorine (TF and EOF, respectively).®
By combining these data, the total quantity of (organo)
fluorine substances can be estimated. This so-called
fluorine mass balance approach has been demonstrated in
wildlife, disclosing major fractions of unidentified organic
fluorine that were not accounted for by target PFAS
analysis.1®*2 Collectively, these studies suggest that
environmental exposure of wildlife to PFASs is often
underestimated.
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Arctic top predators are sentinel species for persistent
organic pollutants (POPs).X® POPs can be transported to
high latitudes via oceanic currents or through the
atmosphere. The killer whale (Orcinus orca) is a
mammalian apex predator of the marine food web, and
thereby burdened by high loads of contaminants which
may pose a threat to their health.!*® A recent study
reported the first observation of F53B, a metal plating mist
suppressant, manufactured and used solely in China, in
killer whales, polar bears and ringed seals from Greenland,
demonstrating the long-range transport potential of this
pollutant.t” While the occurrence of PFASs in top predators
is strongly influenced by diet and feeding habits, species-
specific biotransformation may also play a role. For
example, cetaceans tend to lack the enzymes necessary to
biotransform PFAA-precursors.'31° Consequently, certain
PFAA-precursors (e.g. perfluorooctane sulfonamide
(FOSA)) tend to occur at elevated concentrations in these
animals. There are few data on the tissue distribution of
these substances, and even fewer data on non-legacy
PFASSs, such as aromatic or mixed-halogen PFASs. Given
the diverse physico-chemical properties contained within
the large class of PFASs, we hypothesized that certain
organofluorine substances may accumulate in tissues other
than the protein-rich liver or blood tissues and are
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inevitably overlooked by focusing on targeted PFAS
analysis in liver.

To test this hypothesis, we quantified 24 PFASs as well
as TF and EOF in eight different tissues of a killer whale
from East Greenland. Additionally, HRMS-based suspect
screening was carried out to identify untargeted and novel
PFASs. To the best of our knowledge this is the first time
the tissue distribution of TF and EOF have been
investigated in a marine mammal.

MATERIALS AND METHODS
Sample collection and extraction

Sampling was carried out together with local
subsistence Inuit hunters in Tasiilag, East Greenland, in
2017. A total of eight different tissues (blood, blubber,
kidney, liver, lung, muscle, ovary and skin) were
subsampled from a female Killer whale. EOF, TF, suspect
and target PFAS data were reported previously in liver
from this individual as part of a survey in marine mammals
from the North Atlantic.2 Samples were shipped frozen in
individual polypropylene (PP) tubes to the Swedish
Museum of Natural History and thereafter to Stockholm
University for extraction and analysis. Further information
on sampling is provided in the supporting information (SI).

Sample extraction for targeted analysis and suspect
screening was carried out on 0.5 g portions of tissue (n=3
replicates/tissue). Tissues were thawed at room
temperature prior to extraction and then fortified with 1 ng
of individual internal standards (ISs). Extraction was
carried out using acetonitrile together with bead blending
(see Sl for details). Following extraction, 500 pl of each
extract was mixed with 500 pl of 4 mM aqueous NH,OAc
and fortified with two recovery standards (1 ng each), prior
to instrumental analysis.

Sample extraction for EOF was carried out on 0.5 g
portions of tissue (n=3 replicates/tissue) using the
aforementioned extraction procedure for targeted analysis,
but without addition of ISs and buffer. Following clean-up,
the extract was split into two equal portions, which were
each concentrated to 100 ul prior to instrumental analysis.
TF measurements were performed directly on unextracted
tissue material (i.e. without sample preparation; 0.1 g, n=3
replicates/tissue).

Instrumental analysis

Targeted PFAS analysis was carried out on an Acquity
ultra-high-performance liquid chromatograph (UHPLC;
Waters) coupled to a Xevo TQ-S triple quadrupole MS
(Waters). Extracts were chromatographed on a C18
bridged ethylene hybrid column (50x2.1 mm, 1.7 pm;
Waters). Details on instrumental parameters can be found
in the SI.

EOF and TF were analyzed following published
methods®? (see Sl for details). Briefly, samples (100 pul for

extracts, 100 mg for neat material) were combusted at
1000°C with oxygen as combustion gas and argon as carrier
gas (HF-210, Mitsubishi). Combustion gases were
adsorbed into water (GA-210, Mitsubishi) and analyzed
with an ion chromatograph (Dionex, Thermo Scientific).

Suspect screening was carried out using a Dionex
Ultimate 3000 UHPLC coupled to a Q Exactive HF
Orbitrap HRMS (both Thermo Scientific), as described
previously.2?t The Orbitrap was operated in negative
ionization, full scan mode (resolution of 120 000 full width
at half maximum (fwhm) at 200 m/z) with data dependent
MS/MS acquisition (resolution of 15 000 fwhm at 200 m/z)
for substances on an inclusion list. See Sl for details.

Target PFASs

A full list of natives, ISs and recovery standards can be
found in Table S3 of the SI. For the 24 target PFAS, two
levels of data quality were defined based on the availability
of native and mass-labeled standards (see Sl for details and
a full list of abbreviations). Branched and linear isomers of
FOSA, PFOS and PFDS are reported as summed
concentrations in the main text, and summed branched
concentrations are reported in the SI.

Quality assurance and quality control

UHPLC-MS/MS. Replicate spike-recovery
experiments were carried out to assess the accuracy and
precision of the analytical method on each of the 8 tissues
types. Briefly, authentic PFAS standards (5 ng each; with
the exceptions of PFOS in liver (200 ng) and kidney (60
ng)) were fortified into tissue samples and extracted in
triplicate as described above. Extraction blanks were
analyzed with every batch. During UHPLC-MS/MS
analysis, solvent blanks and QCs were run intermittently to
monitor carry-over and instrument stability, respectively.
Due to the absence of analytes in the blanks, limits of
detection (LODs) were based on the lowest calibration
standard with a signal-to-noise ratio of 3. Compound-
specific method detection limits (MDL) were calculated
using the LOD and an average sample amount (0.5 g), and
are reported in Table S3. External validation of the method
was performed by analysis of a NIST standard reference
material (SRM 1957, Organic Contaminants in Non-
Fortified Human Serum).

CIC. We previously demonstrated that inorganic
fluorine was efficiently removed from liver and that PFOS
(as a surrogate for PFASS) was efficiently recovered using
the acetonitrile-based extraction procedure employed
here.? In the present work, additional spiking experiments
were performed to confirm these findings in the remaining
tissues by fortifying each tissue (n=3 replicates per tissue)
with a mixture of PFOS (250 ng) and NaF (500 ng). The
MDL for EOF was based on the average fluorine
concentration in the extraction blank plus the standard
deviation of the triplicate extraction blanks. Accuracy and
precision of TF measurements were assessed by triplicate



analysis of a certified reference material (CRM, BCR-461
fluorine in clay). The MDL was based on the average
instrumental blank plus standard deviation, and converted
using an average sample amount (0.1 g).

Data handling

For the purpose of fluorine mass balance calculations,
individual PFAS concentrations (Ceras) Were converted to
fluorine concentration equivalents (Cg pras) using their
molecular fluorine percentage (see Sl for details). EOF
concentrations (Cr eor) Were corrected using the average
tissue-specific PFOS recovery (obtained from tissue-
specific spike-recovery experiments; Table S7) for
comparability with £Cr pras concentrations. Total fluorine
concentrations (Cr 1) were used without further
adjustment. High resolution MS data were processed using
Compound Discoverer 3.0 and further inspected using
Xcalibur (Thermo Fisher Scientific). Individual features
were searched against a list of suspect PFASs identified in
liver from this Killer whale reported previously.® A 5-point
confidence level (CL; Figure 3) scale was assigned to
suspect PFASs, depending on data availability.?? Suspect
peak areas were only reported when observed in all three
tissue replicates. Thereafter, peak areas were averaged, and
divided by the tissue-averaged M8PFOS response.

RESULTS AND DISCUSSION

Method performance

UHPLC-MS/MS. Target PFASs were below MDLs in
all blanks. Most compounds displayed good IS-corrected
recoveries across all tissues (average 80-120%, Table S4),
with the exceptions of PFTeDA, PFDS, 9CI-PF30ONS and
11CI-PF30UdS, which displayed higher recoveries (161-
235%), as well as 3:3 and 5:3 FTCA which displayed lower
recoveries (35-65%), most likely due to the lack of exactly
matched ISs for those substances. Reported concentrations
for these compounds should therefore be regarded as semi-
guantitative. Precision, assessed via the relative standard
deviation (RSD) of triplicate spiked samples, averaged
7.3% over all tissues and compounds (Table S4). Finally,
external validation of the method through analysis of SRM
1957 revealed good consistency between measured and
reference concentrations for most compounds (Table S5).

CIC. PFOS spike-recovery experiments using
surrogate liver averaged 68.5% over all concentration
levels, with a precision of 2.5% RSD. Inorganic fluorine
was removed efficiently at all spiking levels (Table S6).
Recovery of spiked PFOS from individual tissues averaged
66% (10% RSD; Table S7). Notably, EOF in liver reported
here is slightly higher than reported in Spaan due to small
(yet non-significant) differences in % recoveries used to
correct EOF concentrations (meanzRSD of 65+£5% in the
present work versus 69+3% in Spaan et al.) Triplicate
analysis of the CRM revealed excellent accuracy and

precision of TF measurements (measured: 541+8 mg/kg,
certified 568+60 mg/kg).

Tissue distribution of target PFASs

The highest X24PFAS concentration occurred in liver
(352101 ng/g ww), which is fairly consistent with
measurements in Killer whale livers (n=6) from the same
location reported previously (269+90 ng/lg ww)."
Concentrations in blood, lung, kidney and ovary were
similar to one another but lower than liver (range 82+19 to
116+21 ng/g ww; Figure 1, Table S8). Muscle, skin and
blubber contained the lowest X4PFAS concentrations
(9.5£5.7 to 19+4.3 ng/g ww; Figure 1, Table S8). A similar
tissue distribution pattern for XPFAS concentrations was
reported in polar bears from East Greenland,?® and arctic
fox from Svalbard, Norway,?* while harbor seals from
Germany and the Netherlands displayed the highest PFAS
concentrations in blood and kidney.®?® Despite some
differences, the aforementioned studies all reported highest
PFAS concentrations in protein-rich tissues. This pattern is
hypothesized to originate from the highly specific binding
of PFAAs to proteins (mainly serum albumin, liver fatty
acid binding proteins and organic anion transporters), as
well as their interactions with phospholipids.?”? These
interactions are based on the ionic nature of PFAAsS,
whereas the partitioning behavior and other binding
mechanisms of neutral and volatile PFASs are scarcely
studied.

Among individual PFASs, PFOS was dominant in all
tissues, followed by PFUNDA and PFTrDA. The overall
PFAS profile was fairly consistent across tissues with a few
exceptions. For example, kidney, muscle and blubber
showed higher percentages of FOSA, while PFUnDA was
higher in liver and blood. 7:3 FTCA was also observed
exclusively in liver (13.7 ng/g ww) and blood (4.6 ng/g
ww). Several studies have reported the occurrence of 7:3
FTCA in wildlife and humans,'%2%-32 with particularly high
concentrations observed in polar bear livers from East
Greenland.® To the best of our knowledge this is the first
report of the tissue distribution of 7:3 FTCA in a marine
mammal. Long-chain PFCAs (C7-C13) were detected in
all tissues with concentrations decreasing with decreasing
chain length. Odd-chain PFCA homologues tended to
occur at higher concentrations compared to their adjacent
even-chain homologues, as reported previously.®® Short
chain PFCAs (PFBS, PFPeA, PFHXA and PFHpA) were
detected in relatively low concentrations in several tissues
(Table S8).

Fluorine mass balance

EOF was measurable in 6 tissues (<MDL for ovary and
skin; Table S8) and displayed a strong linear correlation
with 22:PFAS concentrations for all tissues except blubber
(r>=0.9391; Figure 2). ZCr pras Was not significantly lower
than Cr eor in liver, blood, lung and kidney, essentially



accounting for EOF in most tissues (Figure 2). The
exception was for blubber, where only 2.7£0.4% of the
EOF was identified from target PFASs. This is remarkable
considering that blubber contained the lowest X24PFAS
concentrations, and PFASs are generally considered
lipophobic, and therefore are not expected to accumulate in
lipid-rich tissues.

The highest concentrations of TF were observed in
blubber, lung and kidney (Figure 2). With the exception of
liver, EOF accounted for <20% of TF, leaving major
fractions of TF unidentified. XCg peas accounted for only
0.5+0.1% (blubber) up to 27.7£3.2% (ovary) of TF. In
liver, however, the fluorine mass balance was almost
closed, with EOF accounting for 48.4+3.8% of the TF, and
2Cr pras accounting for 122.6+22.3% of the EOF. Since
most known PFASs (e.g. PFCAs and PFSAs) accumulate
in liver, this result is not necessarily surprising. However,
the large gap in the fluorine mass balance in blubber is
unexpected and points to the occurrence of large quantities
of unidentified lipophilic organofluorine substances (or
inorganic fluorinated substances in the case of TF).

HRMS suspect screening

A heatmap showing the relative abundance of 17 target
and 19 suspect PFASs in each tissue is provided in Figure
3. Suspect PFASs in liver from this animal were previously
reported® but the tissue distribution is reported here for the
first time. The observation of perfluorononane sulfonamide
(FNSA) is particularly notable since this substance
displayed the highest response in blubber. However,
assuming equivalent matrix effects across tissues (which
requires confirmation with authentic standards), absolute
peak areas of FNSA in blubber were deemed too low to
explain the unknown EOF in blubber. Thus, we conclude
that the 19 suspect PFASs reported here do not account for
the unknown EOF in blubber.

IMPLICATIONS

This study revealed, for the first time, the presence of
large amounts of unidentified EOF in killer whale blubber.
Killer whale blubber is known to contain high
concentrations of legacy and novel chlorinated POPs,1634
but little is known about the occurrence of fluorinated
chemicals in these tissues. While several suspect PFASs
were detected in blubber from the present work (among
other tissues), these are unlikely to explain the large
amount of unidentified EOF. Future work will focus on
applying GC-based MS detection methods which may be
more successful at measuring lipophilic fluorinated
substances in blubber.
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