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ABSTRACT: This paper reports the validation and application of a method for determination of 10 perfluorochemicals (PFCs)
in retail fish and shellfish. The analytes of interest were 7 perfluorinated carboxylates and 3 perfluorinated sulfonates. Fish and
shellfish samples were digested with a basic solution of 10 mM sodium hydroxide in methanol before sonication and solid phase
extraction through weak anion exchange. Analysis was performed using liquid chromatography−tandem mass spectrometry.
Recoveries from spiking five different types of fish and shellfish indicate that the method performs similarly with different fish
types, and recoveries were over 90% for all analytes. Forty-six retail samples, collected between 2010 and 2012, including 13
different types of fish and shellfish were analyzed for PFCs. The 13 different types included the top 10 most-consumed fish and
shellfish in the United States according to data collected by the National Fisheries Institute. Two Standard Reference Materials
were also analyzed. Most fish and shellfish had no detected PFCs; only 11 samples of the 46 tested had detectable concentrations
of PFCs.
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■ INTRODUCTION

Perfluorochemicals (PFCs) have been used in a wide variety of
manufacturing processes and consumer goods (e.g., stain-
resistant coatings for upholstery, nonstick cookware, and
cosmetics).1,2 Their widespread uses, broad range of
applications, and environmental and biological persistence3

have made PFCs a ubiquitous contaminant. PFCs have been
detected in wildlife in remote locations and at various trophic
levels4 as well as in the blood, urine, and breast milk of humans
who have not been occupationally exposed to the chemicals.5−7

In addition to their persistence, PFCs have also been linked to
developmental toxicity and immunotoxicity.3 A majority of the
US Environmental Protection Agency (EPA) Science Advisory
Board has also noted PFOA is a “likely human carcinogen”
according to hazard descriptors in the EPA cancer guidelines.8

Given the ubiquitousness of the compounds, the long retention
times in humans,9 and the potential consequences of prolonged
exposure it is important to better understand and quantify
potential routes of human exposure.
Previous epidemiological studies report human PFC

exposure occurs through the inhalation of house dust,10 and
air,11,12 and the consumption of contaminated water13 and
food.14 A number of researchers consider food to be the major
exposure route for populations without occupational contact to
PFCs.5,6 Food can become contaminated by PFCs through
endogenous exposure or during processing. For example, fish
may incorporate PFCs from the water or sediments of their
habitats,15 or from their food sources.16 Alternatively, PFCs
may migrate into foods from food contact materials during
processing, storage, and/or preparation.17,18 While there have
been broad PFC-related surveys of retail food in Canada,14,19

and the U.K.,20 no such survey exists for United States (US)
retail foods other than milk.21

Fish is an important component of the US diet, with the
2010 per capita annual consumption of 15.8 pounds.22 Based
on dietary recommendations and an increased focus on
healthier diets, it is likely that the amount of fish and shellfish
in the US diet will increase. A number of studies by the US
Environmental Protection Agency (EPA) have shown that wild
caught fish can contain significant concentrations of PFCs.23−25

For example, PFOS was detected in 73% of composite samples
collected from the upper Mississippi River. Additionally, PFOS
concentrations as high as 90 ng/g, which is above the
Minnesota (MN) Department of Health’s set action levels for
wild caught fish,26 have been reported from the same waterway.
While these previous studies clearly establish that fish can be a
source PFCs, they have tended to focus on fish from waterways
with known PFC sources. This paper presents the first study of
PFCs in retail fish and shellfish purchased in the continental US
(Table 1) between 2010 and 2012. In an effort to gain an
understanding of potential human exposure to PFCs from fish
and shellfish consumption, even with a limited sample size, this
study has sampled the ten most-consumed fish in the US
according to data compiled by the National Fisheries
Institute.27

A basic digestion and weak anion exchange extraction
method23 adapted from the method used for the analysis of
cow’s milk21 is applied to the determination of 10 PFCs (7
perfluorinated carboxylates and 3 perfluorinated sulfonates).
Forty-six retail samples consisting of 13 different types of fish
and shellfish, purchased from 11 different locations, were
analyzed. Two Standard Reference Materials (SRMs) from the

Received: May 2, 2013
Accepted: October 21, 2013
Published: October 21, 2013

Article

pubs.acs.org/JAFC

This article not subject to U.S. Copyright.
Published 2013 by the American Chemical
Society

11166 dx.doi.org/10.1021/jf403935g | J. Agric. Food Chem. 2013, 61, 11166−11172



National Institute of Standards and Technology (NIST) were
also analyzed.

■ MATERIALS AND METHODS
Standards, Reagents, and Materials. Eight stable isotope

labeled PFCs, perfluoro-n-[1,2-13C2]hexanoic acid (13C2-PFHxA),
perfluoro-n-[1,2,3,4-13C4]heptanoic acid (13C4-PFHpA), perfluoro-n-
[1, 2, 3, 4-13C4]octanoic acid (13C4-PFOA), perfluoro-n-[1,2-

13C2]-
decanoic acid (13C2-PFDA), perfluoro-n-[1, 2-

13C2]undecanoic acid
(13C2-PFUnDA), perfluoro-n-[1, 2-

13C2]dodecanoic acid (13C2-PFDo-
DA), sodium perfluoro-1-[1, 2, 3-13C3]hexanesulfonate (

13C3-PFHxS),
and sodium perfluoro-1-[1, 2, 3, 4-13C4]perfluorooctanesulfonate
(13C4-PFOS), were used as internal standards (ISs), and were
purchased from Wellington Laboratories (Guelph, Canada) along
with sodium perfluoro-1-hexanesulfonate (PFHxS) 98%. All of the ISs
and PFHxS were dissolved in methanol (50 μg/mL). Perfluorohepta-
noic acid (PFHpA) 99%, perfluorooctanoic acid (PFOA) 96%,
perfluorononanoic acid (PFNA) 97%, perfluorodecanoic acid
(PFDA) 98%, perfluoroundecanoic acid (PFUnDA) 98%, perfluor-
ododecanoic acid (PFDoDA) 95%, tetrabutylammonium perfluor-
obutanesulfonate (PFBS) 98%, and ammonium acetate 99.99% were
obtained from Aldrich Chemicals (St. Louis, MO, USA). Perfluor-
ooctanesulfonic acid (PFOS) potassium salt 98% standard was
obtained from Alfa-Aesar (St. Louis, MO, USA). Perfluorohexanoic
acid (PFHxA) was purchased from Oakwood Products Inc. (West
Columbia, SC, USA). Fish standard reference materials (SRM 1946
and SRM 1947) were purchased from the National Institute of
Standards and Technology (Gaithersburg, MD, USA). LC−MS grade
Optima water and methanol, ammonium hydroxide (29%), poly-
propylene (PP) centrifuge tubes (1.5, 15, and 50 mL), polystyrene
(PS) 5 mL tubes, and colorpHast pH papers were purchased from
Fisher Scientific (Pittsburgh, PA, USA). A Minimate Plus chopper/
grinder was purchased from Cuisinart (East Windsor, NJ). Oasis weak
anion exchange (WAX) solid phase extraction (SPE) cartridges
containing 150 mg (6 cc) sorbent with a 30 μm particle size were
purchased from Waters (Milford, MA, USA). PP high pressure liquid
chromatography (HPLC) vials (0.3 mm) with polyethylene (PE)
septa were purchased from Agilent Technologies (Palo Alto, CA,
USA). Fish and shellfish homogenate digests were centrifuged using a
Fisher 2100 R centrifuge, model 120 (Needham Heights, MA, USA).
Fish and shellfish sample extracts were centrifuged as a final clean up
step before LC−MS/MS analysis using a Thermo Scientific Sorvall
Legend Micro 21 centrifuge from Thermo Scientific (Asheville, NC,
USA). Fish and shellfish homogenates in PP centrifuge tubes were
sonicated at room temperature using a Branson 2510R-DTH from
Branson Ultrasonics Corporation (Danbury, CT, USA).

Calibration Standards and Quantification. A 1000 ng/mL
working stock solution of each of the 7 carboxylic acids and 3 sulfonate
salts was prepared in a mixture of water/methanol (30/70 v/v) and
stored in a 50 mL PP centrifuge tube with PP screw cap. From this
stock solution two more working stock solutions of 100 and 10 ng/mL
were volumetrically prepared in water/methanol (30/70). A 300 ng/
mL IS solution, which contained all of the ISs, was prepared in a
mixture of water/methanol (30/70). Using the 3 working stock
solutions, calibration standards were produced by adding 37.5 ng of IS
(125 μL of 300 ng/mL IS mixture) and an aliquot of the appropriate
working stock and diluting to 5 mL with water/methanol (50/50).
Calibration solutions were stored in PP centrifuge tubes with PP screw
caps at 4 °C, until analysis.

Calibration standards (0.2−100 ng/mL) were analyzed daily, prior
to and throughout the analysis of the sample sets. Each standard was
run 2 or 3 times, depending on the size of the sample set, and
replicates were averaged to generate the calibration curve each day.
Calibration curves were prepared by determining the nonweighted
simple linear regression for the area ratio (analyte:internal standard)
versus concentration ratio (analyte:internal standard) for all standards
in the run. The coefficients of determination (R2) for all analytes were
≥0.99. All of the peak integration and mass spectrometry data
processing was performed with MassHunter Quantitative Analysis
(Version B.03.01, Agilent Technologies). Microsoft 2010 Excel
(Microsoft Corp., Redmond, WA) was used for all additional data
processing. All concentrations reported were determined using the
mass of the free acetate or sulfonate ions and not the corresponding
salts.

Sample Collection and Treatment. Retail fish and shellfish
samples (46) were collected from 11 areas across the continental US
(Table 1). Processed tuna in cans and pouches of different brands
came from a single location. Six units of the same lot were purchased
for each product. A single sample number was assigned to each
product. All other samples were received frozen or chilled, placed at
−20 °C upon receipt, and thawed as needed for sampling and
homogenization. The types of fish sampled included the ten most-
consumed fish in the US.27 Fish were assigned a sample number upon
receipt, with each fish species from the same location being assigned a
single sample number. To evaluate within sample differences, a
number of samples were divided into subsamples for processing and
analysis. If a sample (location and type) contained multiple fillets, each
fillet was assigned a subsample number. For shellfish such as shrimp,
clams, and scallops, composites of 8−15 g were created and assigned a
subsample number. Generally, 3 to 10 shrimp, clams or bay scallops
were used to create a subsample; however, in one instance a single,
large sea scallop weighing approximately 25 g was identified as a
subsample. For tuna and crab samples, because it was impossible to
determine which meat came from separate fish, homogenates were

Table 1. Sample Summary: Fish and Shellfish Type, Quantity (Farm Raised, Wild Caught, Origin Unknown), and Purchase
Locationa

fish no. of samplesb purchase location (no. of samples)

crab meat (s) 1 (1, 0, 0) Washington, .DC.
shrimp (s) 9 (1, 1, 7) Orlando, FL (5); Memphis, TN (3); Nashville, TN (2)
striped bass (e) 10 (3, 3, 4) New York, NY (9); Cherry Hill, NJ (1)
catfish (f) 13 (8, 1, 4) Indianola, MS (5); Dallas, TX (5); Tampa, FL (2); Orlando, FL (1)
clams (s) 1 (0, 1, 0) Washington, D.C.
cod (s) 1 (0, 0, 1) Washington, D.C.
flounder (s) 1 (0, 0, 1) Washington, D.C.
pangasius (f) 1 (1, 0, 0) Washington, D.C.
pollock (s) 1 (0, 0, 1) Huntington Beach, CA
tuna (can and pouch) (s) 3 (0, 1, 1) Chicago, IL
salmon (e) 2 (1, 1, 0) Washington, D.C.
scallops (bay and sea) (s) 2 (0, 2, 0) Washington, D.C.
tilapia (e) 1 (1, 0, 0) Washington, D.C.

aAll samples collected 2010−2012. (f) indicates freshwater fish. (s) indicates saltwater fish. (e) indicates euryhaline fish. bIn parentheses: number of
farm raised, wild caught, and origin unknown.
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created in place of subsamples. For tuna, each package (can or pouch)
was identified as a single homogenate. For crab, 2 aliquots (8.79 and
12.82 g) were sampled from the 1 pound container, designated as
homogenate 1 and 2 and processed and analyzed separately. Two
reference materials of fish tissue from Lake Superior (SRM 1946) and
Lake Michigan (SRM 1947) were obtained from NIST and stored at
−80 °C.
Extraction Methods. The extraction method used was based on a

method used by Delinsky et al.23 and is similar to the method
previously validated for the determination of PFCs in cow’s milk.21

Fish tissue (no bones, shell, or skin) was combined with 3 g of water
for every 1 g of fish, and homogenized using a food processor. The
food processor was washed, rinsed with deionized water, and dried
before the next use. A 2 g aliquot of fish homogenate and 15 ng of
internal standard (50 μL of 300 ng/mL IS mixture) was added to a 15
mL centrifuge tube and vortexed for approximately 5 s. Sodium
hydroxide (8 mL of 10 mM) in methanol (0.1% water by volume) was
added to the fish homogenate, and the samples were vortexed and
then sonicated for 30 min in a water bath at room temperature. After
sonication, the samples were centrifuged (4000 rcf) at room
temperature for 5 min. 3 mL of the supernatant was transferred into
a new 50 mL centrifuge tube (for extraction), and the remaining solid
pellet and liquid were discarded. The supernatant was diluted to 30
mL with water, vortexed, and loaded onto a WAX SPE cartridge,
which had been preconditioned with 5 mL each of methanol (0.1%
ammonium hydroxide, neat) and water. The sample was eluted to
waste under vacuum, at a rate of about 2 drops/s, and the cartridge
was washed with sodium acetate buffer (25 mM, pH = 4, 6 mL),
followed by methanol (6 mL). The PFCs were eluted, without
vacuum, using 0.1% ammonium hydroxide in methanol (6 mL) and
concentrated to 0.3 mL under a steady stream of nitrogen at 60 °C.

The concentrates were diluted (1:1) with water (0.3 mL) and briefly
vortexed. The sample extracts were then transferred to a 1.5 mL PP
centrifuge tube and centrifuged at 14000 rcf for 20 min. A 0.3 mL
aliquot was placed in a PP autosampler vial with PE septa and stored at
4 °C until analysis. Negative controls (LC−MS grade water blanks)
were processed with each sample set. Additionally positive controls
(PFC spiked LC−MS grade water, 5 ng/g) were also processed, 1 for
every 40.

LC−MS/MS. The LC−MS/MS conditions were similar to those
previously reported for the determination of PFCs in cow’s milk. Fish
extracts were analyzed using an Agilent 1100 HLPC interfaced with an
Agilent 6410 triple quadrupole mass spectrometer (Agilent Tech-
nologies, Palo Alto, CA). A 10 μL aliquot of the extract was injected
into a Pursuit XRs C18 column (150 × 2.0 mm, 3.0 μm; Agilent
Technologies). PFCs were separated using methanol and water (2 mM
ammonium acetate, 5% methanol) with a gradient from 60 to 95%
methanol during the first 12 min. Methanol (95%) was maintained for
another 1.5 min before re-equilibrating the column for 8 min prior to
the next injection. All separations were performed at a flow rate of 0.3
mL/min and a column temperature of 35 °C, resulting in PFCs eluting
between 2 and 13 min.

The mass spectrometer was equipped with an electrospray
ionization (ESI) source, operating in the negative ion mode with a
capillary voltage of 1000 V, 20 psi N2 nebulizer gas at a flow of 6 L/
min, N2 collision gas, and a temperature of 300 °C. Two mass
transitions were monitored for each of the 10 analytes (Table 2) using
time segmented multiple reaction monitoring (MRM). Analytes were
quantified using the first transition listed in Table 2. Analyte
confirmation required the presence of both transitions and that the
relative intensity ratios were within ±20% of the calibration standard.

Table 2. MS/MS Quantitative Transitions, Collision Energies, and Calculated Method Detection Limits (MDLs) for PFCs

compound
MDL (n = 9)a

(ng/g)
percursor ion product ion:

quantifier/qualifier
collision energy

(eV)
IS used

perfluorobutanesulfonate (PFBS) 0.44 299 80/99 41 13C3-PFHxS

perfluorohexanesulfonate (PFHxS) 0.55 399 80/99 50 13C3-PFHxS

perfluorooctanesulfonate (PFOS) 0.88 499 99/80 60 13C4-PFOS

perfluorohexanoic acid (PFHxA) 1.14 313 269/119 2 13C2-PFHxA

perfluoroheptanoic acid (PFHpA) 1.28 363 319/169 3 13C4-PFHpA

perfluorooctanoic acid (PFOA) 0.31 413 369/169 4 13C4-PFOA

perfluorononanoic acid (PFNA) 0.60 463 419/219 4 13C4-PFOA

perfluorodecanoic acid (PFDA) 0.47 513 469/219 3 13C4-PFDA

perfluoroundecanoic acid (PFUnDA) 0.46 563 519/269 2 13C2-PFUnDA

perfluorododecanoic acid (PFDoDA) 0.57 613 569/169 8 13C2-PFDoDA
13C3-PFHxS 402 80/99 50
13C4-PFOS 503 99/80 60
13C2-PFHxA 315 270/120 2
13C4-PFHpA 367 322/172 3
13C4-PFOA 417 372/172 4
13C2-PFDA 515 470 3
13C2-PFUnDA 565 520/320 8
13C2-PFDoDA 615 570/319 8

an = 9 indicates the number of replicate aliquots processed to determine the MDL.

Table 3. Percent Recovery for Spikes of Different Fish/Shellfish Tissues

fish type n PFBS PFHxS PFOS PFHxA PFHpA PFOA PFNA PFDA PFUnDA

catfish 6 105 (3)a 99 (4) 100 (4) 98 (6) 98 (6) 99 (4) 101 (5) 97 (3) 99 (2)
pollack 6 104 (8)b 96 (3)c 101 (4) 96 (8) 100 (6) 101 (5) 92 (10) 95 (2) 97 (4)
shrimp 3 101 (11) 103 (2) 105 (1) 103 (4) 100 (6) 98 (3) 104 (3) 97 (2) 102 (2)
striped bass 3 98 (5) 92 (18) 98 (9) 94 (15) 91 (10)d 94 (3) 98 (9) 94 (3) 95 (4)
processed tuna 3 92 (6) 99 (4) 96 (4) 96 (8) 97 (4) 95 (2) 90 (1) 97 (1) 95 (3)

a% RSD is shown in parentheses. bn = 5. cn = 4. dn = 2.
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Additionally, for confirmation the second transition required a S/N
peak intensity of >3.

■ RESULTS AND DISCUSSION

Determination of Method Detection Limits. When
analyzing a variety of food matrices with a single method, it is
often necessary to evaluate and characterize the method
performance for each matrix. Therefore, to determine if the
extraction method was applicable to all fish and shellfish or if
each type should be considered as a different matrix, an
abbreviated spike recovery study was performed. Homogenates
(2 g) of 5 types of fish/shellfish (shrimp, striped bass, catfish,
pollock, canned tuna) were fortified with 50 μL of the 100 ng/
mL working stock solution (water/methanol 30/70). The
homogenates were vortexed for ∼5 s and the fortified tissue
samples were then processed according to the extraction
method described above. The recoveries are listed in Table 3
with % RSDs. The range of recoveries for all the fortified fish
and shellfish samples was 90−105%, indicating that the method
described above is suitable for different types of fish.
Based on the comparable recoveries detected for all the fish

tested, a single fish type, catfish, was used for the determination
of the method detection limits (MDL). The MDL for each
PFC was determined using the procedure described in 40.CFR
part 136 appendix B.28 Briefly, two aliquots of ∼25 g of catfish
homogenate were fortified with PFC mixture to create one
homogenate with ∼1.5 ng of PFC/g of fish and one
homogenate with ∼4 ng of PFC/g of fish. For each spiked
homogenate, ten 2 g aliquots were processed through the fish
extraction method and analyzed to determine PFC concen-
tration in each aliquot. The variance and standard deviation of
the 10 replicates were then used to determine the MDL. Eight
of the PFCs had MDLs under 0.9 ng/g, and the remaining two
compounds, PFHxA and PFHpA, had MDLs of 1.14 and 1.28
ng/g respectively (Table 2). The limit of quantitation (LOQ) is
estimated as 3 times the MDL values.
Method Validation. Method robustness was evaluated by

determining the recovery of all the PFCs in 3 different fish and
shellfish species, each fortified at three different concentrations
based on the procedure described in the FDA Foods Program
Guidelines for Chemical Methods.29 The three fish/shellfish
(shrimp, catfish, tuna) were chosen to represent the largest
differences in the fat, moisture, and protein compositions of the
13 types of fish/shellfish evaluated. The FDA Foods Program
Guidelines recommend fortification at three different concen-
trations based on the LOQ of each analyte. Due to the
differences in the LOQ for the 10 PFCs, the 10 compounds
were divided into two sets based on LOQ and then fortification
concentrations were determined. Set A contained PFOS,
PFHxA, and PFHpA, which were added to the fish at 3.5, 7,
and 14 ng of PFC/g of fish. Set B contained the remaining
PFCs, which were added to the fish at 1.5, 3, and 6 ng of PFC/
g of fish. Recoveries for all spike concentrations were over 70%
(shrimp data shown in Figure 1, tuna and catfish data shown in
Supporting Information Figures SI.1 and SI.2 respectively) with
the exception of PFHpA in the lowest concentration shrimp
and catfish fortifications. These shrimp and catfish had average
recoveries of 63% and 68% respectively. Although the PFHpA
recoveries were low, the values had a high repeatability, with
RSDs of less than 2% for shrimp and catfish. The exact cause of
the low PFHpA recovery was not evident, but it is likely
contributing the high MDL (1.28 ng/g) established for this
analyte.

Two NIST SRMs, 1946 (Lake Superior fish tissue) and 1947
(Lake Michigan fish tissue), were also analyzed using the
method described in this paper. The SRMs are both adult lake
trout (Salvelinus namaycush) collected in 1997, and reference
values for only PFOS were established in 2012 (Table 4).30,31

Using the method described above, PFOS concentrations in
SRM 1946 and 1947 were determined to be 2.0 and 4.89 ng/g,
respectively. These concentrations are comparable to the NIST
reference values, even though the PFOS concentration in SRM
1946 is below the method LOQ. PFDA and PFUnDA were the
only other 2 PFCs detected in SRM 1946; PFDA was also
detected in SRM 1947 (Table 4). The concentrations
determined were below the LOQ of the method; however,
the values are comparable to previously published results.32

None of the remaining PFCs were detected, which is consistent
with the reported results for both SRM 1946 and 1947.
Although the nondetected analytes do not support the accuracy
of the method, the lack of signal peaks for the undetected PFCs
is further evidence, along with blank analyses, that there is not
significant background signal from reagents or laboratory
contamination.

Sample Analysis. Forty-six retail fish and shellfish samples
were analyzed with the method detailed above; thirty-five
(76%) of the samples had no detectable concentrations of
PFCs. None of the catfish and salmon labeled as farm raised
contained PFCs. However, given the number of samples with
unknown origin and the small sample set, the data does not

Figure 1. Fortification sets A and B, percent recoveries in shrimp.

Table 4. PFC Concentrations in SRMs 1946 and 1947 and
NIST Reference PFOS Valuesa

SRM
NIST PFOS

(ng/g)
PFOS
(ng/g)

PFDA
(ng/g)

PFUnDA
(ng/g)

1946 2.19 ± 0.08 2.0* (16) 0.75* (4) 1.0* (24)
1947 5.90 ± 0.39 4.89 (13) 1.3* (70) n/d

aAn asterisk (*) designates values above MDL but below LOQ. %
RSD is shown in parentheses.
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represent a good comparison between wild and farm raised fish
and shellfish. Table 5 summarizes the results of the 11 fish and
shellfish samples that did contain detectable concentrations of
PFCs. The only fish/shellfish with detectable concentrations of
PFCs were shrimp, striped bass, and crab, with a crab
homogenate having the highest PFC concentration (16.2 ng
of total PFC/g of fish). PFOS was the most widely detected
analyte, being measured in 9 of the 11 samples with detectable
PFC concentrations. Additionally, PFOS was generally detected
at higher concentrations than the other PFCs, except in crab
homogenate #1, where PFOS and PFUnDA were measured at
comparable concentrations (6.29 and 6.54 ng/g, respectively).
Subsamples, homogenates (crab and tuna), and replicate

aliquots were analyzed throughout the study. Out of the 11
samples with detectable concentrations of PFCs, 8 had multiple
subsamples or homogenates analyzed for all 10 PFCs, yielding a
total of 80 paired results. A large percentage (74%) of the
results showed no detectable PFCs in either subsample/
homogenate; however, 21 of the paired results had detectable
PFCs in one or both subsamples/homogenates (Table 5). Of
these 21 detected pairs, 8 (10% of total) had concentrations
that did not agree between subsamples/homogenates. These
data indicate only a small variability between fillets of the same
species purchased at the same location.

The results determined in this current work are similar to
other published results for retail fish studies performed in
Canada and Spain.14,33−35 Tittlemier et al. have published
multiple studies on Canadian salt and freshwater fish
samples.14,34,35 The Canadian total diet study analyzed
composite samples of salt (haddock, cod, and sole) and
freshwater (trout, pickerel) fish samples collected in 2004. Both
fresh and saltwater composites had detectable concentrations of
only PFOS, 2.0 and 2.6 ng/g respectively.14 While none of the
same fish species were tested in this study, PFOS
concentrations ranged from >0.88 to 3.60 for both saltwater
and fresh water finfish and are in agreement with values
reported in the Canadian TDS. A second study with Canadian
retail samples compared PFC concentrations in fish before and
after cooking.34 A raw catfish composite was analyzed and only
PFOS was detected, with a concentration of 1.57 ng/g. None of
the 13 catfish samples analyzed in this work had detectable
concentrations of any PFC. A third study by Ostertag et al.
analyzed clams collected in northern Canada and found only
PFNA (0.5 ng/g),35 which is comparable to the clam sample
analyzed in this work (PFNA < 0.60 ng/g).
Ericson et al.,33 using retail samples from the Catalan market

in Spain, analyzed 4 groups of fish composites for the presence
of PFOS, PFOA, and PFHpA. The 4 composites were white

Table 5. Fish/Shellfish Samples with Detected Concentrations of PFCsa

sample PFHxS (ng/g) PFOS (ng/g) PFNA (ng/g) PFDA (ng/g) PFUnDA (ng/g) PFDoDA (ng/g)

Crab
Lanham

homogenate 1 n/d 6.29 (30) n/d 3.40 (16) 6.54 (10) n/d
homogenate 2 n/d n/d n/d 0.73* 0.95* n/d

Shrimp
Orlando-1 (u)

sub 1 n/d 0.97* n/d n/d n/d n/d
sub 2 n/d n/d n/d n/d n/d n/d

Orlando-2 (w)
sub 1 n/d n/d n/d 1.2* 2.47 n/d
sub 2 n/d n/d n/d n/d n/d n/d

Memphis-1 (u)
sub 1 n/d 3.26 (17) 1.2* (14) 0.93* (11) n/d n/d
sub 2 n/d 3.53 n/d n/d n/d n/d

Memphis-2 (u)
sub 1 n/d 2.6* n/d n/d n/d n/d
sub 2 n/d 2.3* (21) n/d n/d n/d n/d

Nashville (u)
sub 1 n/d 4.86 (7) n/d 0.76* (60) 0.99* (67) n/d
sub 2 n/d 2.81 n/d n/d n/d n/d

Striped Bass
New York-1 (w)

sub 1 n/d 1.5* n/d 0.73* 1.4* n/d
sub 2 n/d 1.1* n/d n/d n/d n/d

New York-2 (w)
sub 1 n/d 2.91 1.4* 0.97* 2.17 1.1*
sub 2 n/d 2.0* n/d n/d n/d n/d

New York-3 (w) n/d 3.60 (30) n/d n/d n/d n/d
New York-4 (f) n/d 1.8* (65) n/d n/d n/d n/d
New York-5 (f) 0.66* n/d n/d n/d n/d n/d
aAn asterisk (*) designates value above MDL but below LOQ. % RSD is shown in parentheses. All concentrations are for fish wet weight. (f)
indicates a farm raised sample. (w) indicates a wild caught sample. (u) indicates sample origin unknown.
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fish (hake, whiting blue, sea bass, and monkfish), seafood
(mussel and shrimp), canned fish (tuna, sardine, and mussel)
and blue fish (salmon, sardine, and tuna). In agreement with
the present study, Ericson and co-workers did not report
detectable concentrations of PFOA or PFHpA in any of the
composite samples. However, the PFOS concentrations
determined by Ericson et al. were slightly lower than those
found in the US retail samples. For example, PFOS in the
Spanish shrimp/mussel composite was reported to average
0.148 ng/g, while the US retail samples ranged from <0.88 to
4.86 ng/g. Without further sample source and handling
information it is difficult to determine what impact compositing
and/or shrimp harvest location had on the determined PFOS
concentrations.
Although there are no previous studies of PFC concen-

trations in US retail fish, an earlier publication of wild caught
fish from the upper Mississippi River, where there are known
sources of PFC emissions, did analyze carp fillets.24 Of the 30
fish tested by Ye and co-workers, all contained PFOS at
concentrations from 4.3 to 90 ng/g and over 73% contained
PFDA, PFUnDA, and PFDoDA above the LOQ. However, a
retail sample of tilapia fillets tested by Ye et al. did not contain
detectable concentrations of PFCs and was used as their blank
matrix. A comparison of the Ye et al. data to the current retail
PFC concentrations indicates that there is a significant
difference in PFC concentrations between retail and wild
caught fish from locations with known sources of PFC
emissions.
The current US study agrees with other retail studies from

different countries, all finding PFCs to be either nondetectable
in fish and shellfish or detectable in concentrations of parts per
billion or less. The data presented, although only a limited
sample size, does not indicate that consumption of US retail
fish and shellfish represents a major pathway of consumer
exposure to PFCs. Indeed 76% of the samples had no
detectable concentrations of PFCs and the highest detected
concentration of 6.29 ng/g of PFOS is significantly below the
consumption advisory set forth by the Minnesota Department
of Health (40 ng/g) for wild caught fish in Minnesota waters.26

Clearly, in order to more accurately quantify the exposure,
larger studies, focusing on retail samples of highly consumed
fish, would be necessary.

■ ASSOCIATED CONTENT

*S Supporting Information
Figures illustrating % recoveries from the tuna and catfish
fortification analysis. This material is available free of charge via
the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*5100 Paint Branch Parkway, HFS 706, College Park, MD
20740. E-mail: wendy.young@fda.hhs.gov. Tel: 240-402-1971.
Fax: 301-436-2634.

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Midasch, O.; Schettgen, T.; Angerer, J. Pilot studyon the
perfluorooctanesulfonate and perfluorooctanoate exposure of German
general population. Int. J. Hyg. Environ. Health 2006, 209, 489−496.

(2) Prevedouros, K.; Cousins, I. T.; Buck, R. C.; Korzeniowski, S. H.
Sources, fate and transport of perfluorocarboxylates. Environ. Sci.
Technol. 2006, 40 (1), 32−44.
(3) Lau, C.; Anitole, K.; Hodes, C.; Lai, D.; Pfahles-Hutchens, A.;
Seed, J. Perfluoroalkyl acids: a review of monitoring and toxicological
findings. Toxicol. Sci. 2007, 99 (2), 366−394.
(4) Chu, S.; Letcher, R. J. Analysis of fluorotelomer alcohols and
perfluorinated sulfonamides in biotic samples by liquid chromatog-
raphy - atmospheric pressure photoionization mass specrometry. J.
Chromatogr., A 2008, 1215, 92−99.
(5) Fromme, H.; Schlummer, M.; Moller, A.; Gruber, L.; Wolz, G.;
Ungewiss, J.; Bohmer, S.; Dekant, W.; Mayer, R.; Liebl, B.; Twardella,
D. Exposure of an adult population to perfluorinated substances using
duplicate diet portions and biomonitoring data. Environ. Sci. Technol.
2007, 41 (22), 7928−7933.
(6) Vestergren, R.; Cousins, I. T. Tracking the pahtways of human
exposure to perfluorocarboxylates. Environ. Sci. Technol. 2009, 43 (15),
5565−5575.
(7) Calafat, A. M.; Wong, L.-Y.; Kuklenyik, Z.; Reidy, J. A.; Needham,
L. L. Polyfluoroalkyl chemicals in the U.S. population: Data from the
National Health and Nutrition Examination Survey (NHANES)
2003−2004 and comparisons with NHANES 1999−2000. Environ.
Health Perspect. 2007, 115 (11), 1596−1602.
(8) SAB Review of EPA’s Draft Risk Assessment of Potential Human
Health Effects Associated with PFOA and Its Salts. http://yosemite.
e p a . g o v / s a b / S A B P R O D U C T . N S F /
A3C83648E77252828525717F004B9099/$File/sab_06_006.pdf (ac-
cessed August 6).
(9) Olsen, G. W.; Burris, J. M.; Ehresman, D. J.; Froehlich, J. W.;
Seacat, A. M.; Butenhoff, J. L.; Zobel, L. R. Half-life of serum
elimination of perfluorooctanesulfonate, perfluorohexanesulfonate and
perfulorooctanoate in retired fluorochemical production workers.
Environ. Health Perspect. 2007, 115 (9), 1298−1305.
(10) Bjorklund, J. A.; Thuresson, K.; deWit, C. A. Perfluooralkyl
compounds (PFCs) in indoor dust: Concentrations, human exposure
estimates, and sources. Environ. Sci. Technol. 2009, 43 (7), 2276−2281.
(11) Genualdi, S.; Lee, S. C.; Shoeib, M.; Gawor, A.; Ahrens, L.;
Harner, T. Global pilot study of legacy and emerging persistent
organic pollutants using sorbent-impregnated polyurethane foam disk
passive air samplers. Environ. Sci. Technol. 2010, 44 (14), 5534−5539.
(12) Harrad, S.; deWit, C. A.; Abdallah, M. A.-E.; Bergh, C.;
Bjorklund, J. A.; Covaci, A.; Darnerud, P. O.; deBoer, J.; Diamond, M.;
Huber, S.; Leonards, P.; Mandalakis, M.; Ostman, C.; Haug, L. S.;
Thomsen, C.; Webster, T. F. Indoor contamination with hexabromo-
cyclododecanes, polybrominated diphenyl ethers and perfluoroalkyl
compounds: An important exposure pahtway for people? Environ. Sci.
Technol. 2010, 44 (9), 3221−3231.
(13) Loos, R.; Locoro, G.; Comero, S.; Contini, S.; Schwesig, D.;
Werres, F.; Balsaa, P.; Gans, O.; Weiss, S.; Blaha, L.; Bolchi, M.;
Gawlik, B. M. Pan-European survey on the occurence of selected polar
organic persistent pollutants in ground water. Water Res. 2010, 44,
4115−4126.
(14) Tittlemier, S. A.; Pepper, K.; Seymour, C.; Moisey, J.; Bronson,
R.; Cao, X.-L.; Dabeka, R. W. Dietary exposure of Canadians to
perfluorinated carboxylates and perfluorooctane sulfonate via con-
sumption of meat, fish, fast foods, and food items prepared in their
packaging. J. Agric. Food Chem. 2007, 55 (8), 3203−3210.
(15) Boulanger, B.; Vargo, J.; Schnoor, J. L.; Hornbuckle, K. C.
Detection of perfluorooctane surfactants in great lakes water. Environ.
Sci. Technol. 2004, 38, 4064−4070.
(16) Kannan, K.; Tao, L.; Sinclair, E.; Pastva, S. D.; Jude, D. J.; Giesy,
J. P. Perfluorinated compounds in aquatic organisms at various trophic
levels in a Great Lakes food chain. Arch. Environ. Contam. Toxicol.
2005, 48, 559−566.
(17) Begley, T. H.; Hsu, W.; Noonan, G.; Diachenko, G. Migration
of fluorochemical paper additives from food-contact paper into foods
and food simulants. Food Addit. Contam. 2008, 25 (3), 384−390.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403935g | J. Agric. Food Chem. 2013, 61, 11166−1117211171



(18) Xu, Y.; Noonan, G. O.; Begley, T. H. Migration of
Perfluoroalkyl Acids from Food Packaging to Food Simulants. Food
Addit. Contam., A 2013, 30 (5), 899−908.
(19) Ostertag, S. K.; Chan, H. M.; Moisey, J.; Dabeka, R.; Tittlemier,
S. A. Historic dietary exposure to perfluorooctane sulfonate,
perfluorinated carboxylates, and fluorotelomer unsaturated carbox-
ylates from the consumption of store-bought and restaurant foods for
the Canadian population. J. Agric. Food Chem. 2009, 57, 8534−8544.
(20) Clarke, D. B.; Bailey, V. A.; Routledge, A.; Lloyd, A. S.; Hird, S.;
Mortimer, S. N.; Gem, M. Dietary intake estimate for perfluor-
ooctanesulfonic acid (PFOS) and other perfluorocompounds (PFCs)
in UK retail foods following determination using standard addition
LC-MS/MS. Food Addit. Contam. 2010, 27 (4), 530−545.
(21) Young, W. M.; South, P.; Begley, T. H.; Diachenko, G. W.;
Noonan, G. O. Determination of perfluorochemicals in cow’s milk
using liquid chromatography-tandem mass spectrometry. J. Agric. Food
Chem. 2012, 60, 1652−1658.
(22) National Oceanic and Atmospheric Administration. Per Capita
Consumption. http://www.st.nmfs.noaa.gov/st1/fus/fus10/08_
perita2010.pdf (accessed 2/7/2013).
(23) Delinsky, A. D.; Strynar, M. J.; McCann, P. J.; Varns, J. L.;
McMillan, L.; Nakayama, S. F.; Lindstrom, A. B. Geographical
distribution of perfluorinated compounds in fish from Minnesota lakes
and rivers. Environ. Sci. Technol. 2010, 44 (7), 2549−2554.
(24) Ye, X.; Schoenfuss, H. L.; Jahns, N. D.; Delinsky, A. D.; Strynar,
M. J.; Varns, J.; Nakayama, S. F.; Helfant, L.; Lindstrom, A. B.
Perfluorinated compounds in common carp (Cyprinus carpio) fillets
from the Upper Mississippi River. Environ. Int. 2008, 34, 932−938.
(25) Ye, X.; Strynar, M. J.; Nakayama, S. F.; Varns, J.; Helfant, L.;
Lazorchak, J.; Lindstrom, A. B. Perflourinated compounds in whole
fish homogenates from the Ohio, Missouri, and Upper Mississippi
Rivers, USA. Environ. Pollut. 2008, 156, 1227−1232.
(26) Fish Consumption Advisory Program. http://www.health.state.
mn.us/divs/eh/fish/eating/mealadvicetables.pdf (accessed 7/20/
2012).
(27) Top 10 consumed seafoods. http://www.aboutseafood.com/
about/about-seafood/top-10-consumed-seafoods (accessed 5/15/
2012).
(28) Code of Federal Regulations - Title 40; Part 136, Appendix B;
United States Environmental Protection Agency: 2012.
(29) Guidelines for the validation of chemical methods for the FDA foods
program, Version 1.0; Food and Drug Administration: 2012; pp 1−35.
(30) Certificate of Analysis Standard Reference Material 1946.
https://www-s.nist.gov/srmors/certificates/1946.pdf?CFID=
2722064&CFTOKEN=1cbc58a886c50463-504052CC-CE29-7FFB-
3 E C 8 7 F 0 D 8 F F 6 D 8 2 9 & j s e s s i o n i d =
f030280800e45a2cf0fe4c6a2b567b2a341e (accessed 8/5/2013).
(31) Certificate of Analysis Standard Reference Material 1947.
https://www-s.nist.gov/srmors/certificates/1947.pdf?CFID=
2722064&CFTOKEN=1cbc58a886c50463-504052CC-CE29-7FFB-
3 E C 8 7 F 0 D 8 F F 6 D 8 2 9 & j s e s s i o n i d =
f030280800e45a2cf0fe4c6a2b567b2a341e (accessed 8/5/2013).
(32) Reiner, J. L.; O’Connell, S. G.; Butt, C. M.; Mabury, S. A.; Small,
J. M.; DeSilva, A. O.; Muir, D. C. G.; Delinsky, A. D.; Strynar, M. J.;
Lindstrom, A. B.; Reagen, W. K.; Malinsky, M.; Schafer, S.; Kwadijk, C.
J. A. F.; Schantz, M. M.; Keller, J. M. Determination of perfluorinated
alkyl acid concentrations in biological standard reference materials.
Anal. Bioanal. Chem. 2012, 404 (9), 2683−2692.
(33) Ericson, I.; Marti-Cid, R.; Nadal, M.; Bavel, B. V.; Lindstrom,
G.; Domingo, J. L. Human exposure to perfluorinated chemicals
through the diet: Intake of perfluorinated compounds in foods from
the Catalan (Spain) market. J. Agric. Food Chem. 2008, 56, 1787−1794.
(34) Gobbo, L. D.; Tittlemier, S.; Diamond, M.; Tague, K. P. B.;
Yeudall, F.; Vanderlinden, L. Cooking decreases observed perfluori-
nated compound concentrations in fish. J. Agric. Food Chem. 2008, 56,
7551−7559.
(35) Ostertag, S. K.; Tague, B. A.; Humphries, M. M.; Tittlemier, S.
A.; Chan, H. M. Estimated dietary exposure to fluorinated compounds

from traditional foods among Inuit in Nunavut, Canada. Chemosphere
2009, 75, 1165−1172.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403935g | J. Agric. Food Chem. 2013, 61, 11166−1117211172


