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In recent exposure modeling studies diet has been identified as the dominant pathway of human expo-
sure to perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS). However, the paucity of
highly sensitive and accurate analytical data to support these studies means that their conclusions are
open to question. Here a novel matrix effect-free method is described for ultra-trace analysis of perfluo-
roalkyl carboxylic acids and perfluoroalkane sulfonic acids in dietary samples of varied composition. The
method employs ion pair extraction of the analytes into methyl tert-butyl ether and subsequent solid

Iézzg/ords" phase extraction clean-up on Florisil and graphitized carbon. The target compounds are separated and
Diet detected using ultra performance liquid chromatography coupled to tandem mass spectrometry. Spe-

Human exposure cial care was taken to avoid procedural blank contamination and potential contamination sources were
Perfluoroalkyl acids elucidated. The performance of the method was validated for five different food test matrices including
PFOA a duplicate diet sample. Method detection limits in the low to sub pgg~! range were obtained for all
PFOS target analytes, which is 5-100 times more sensitive than previously reported for duplicate diet sam-
ples. Total method recoveries were consistently between 50 and 80% for all analytes in all tested food
matrices and effects of co-extracted matrix constituents on ionization of the target compounds were
found to be negligible. The precision of the method (defined as percentage relative standard deviation)
at concentrations close to the respective method limits of quantification was <15% for all analytes. Accu-
rate quantification at ultra-trace levels was demonstrated by laboratory control spike experiments. For
the first time the presence of long-chain PFCAs in duplicate diet samples is reported. The method pre-
sented here can thus support an improved assessment of human exposure from dietary intake for a range
of PFCA and PFSA homologues. Re-analysis of duplicate diet samples, which had been analyzed earlier
using another analytical methodology, indicated that dietary intake of PFOA and PFOS may previously
have been overestimated.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkane sul-
fonic acids (PFSAs) have been manufactured and used commercially
in a wide range of applications during the last six decades. Concerns
regarding the ubiquitous presence of PFCAs and PFSAs in human
serum [1], their biopersistence [2], and potential toxicity [3] have
prompted researchers to investigate the major pathways of human
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exposure. For the general population in industrialized countries,
exposure modeling studies have unanimously concluded that for
adult humans direct exposure via the diet is the major ongoing
exposure pathway for PFOS and PFOA with a minor contribution
from drinking water and ingestion of dust [4-9]. However, the
empirical data to support these conclusions are few and there are
inconsistent findings in reported concentration data of PFCAs and
PFSAs in food [10]. Furthermore, a vast majority of the analyzed
food samples have been reported below the respective limits of
detection [11-14]. Thus, in order to derive reliable dietary expo-
sure estimates there is a need for highly sensitive and accurate
analytical techniques that can be applied to a series of PFCA and
PFSA homologues in a wide range of food samples.

The primary challenge in analyzing these compounds in food
samples is posed by the very low concentrations encountered
(typically low parts per trillion or pgg~!) in most food samples
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of non-animal origin [11-17]. Quantitative analysis of PFCAs and
PFSAs at low pg g~!concentrations in complex matrices requires a
high sample to extract concentration factor, which further requires
a rigorous clean-up in order to eliminate matrix effects, and good
control of procedural blank contamination. In addition, it is highly
challenging to develop simple extraction and clean-up methods
that can span the physical-chemical property range of PFCAs and
PFSAs (i.e. from hydrophilic short-chain to hydrophobic long-chain
compounds) for a range of complex and heterogeneous matrices.
The majority of recent studies that attempted to analyze PFCAs and
PFSAs in food items have employed extraction with medium polar
organic solvents (methanol or acetonitrile) [7,11-15]. As the high
water content of many food samples has previously been shown to
affect the extraction and clean-up performance, many studies have
employed freeze-drying prior to sample work up [12,13,15-18].
Extraction is usually followed by weak anion exchange solid phase
extraction (SPE) [19] and/or dispersive graphitized carbon clean-
up [20] to reduce effects of co-extracted matrix components.
Although some food samples have been analyzed successfully with
this approach, recoveries are strongly matrix dependent and may
display a large variation for the different homologues. For exam-
ple, absolute recoveries between 0 and 20% were observed for
long-chain PFCAs in multiple food items in some recent studies
[13,15,16]. Stable isotope labeled internal standards and matrix
matched calibration can to some extent compensate for recovery
losses and ionization suppression/enhancement [21-23]. However,
poor total method recovery will ultimately constrain the method
performance for detection of ultra-trace concentrations. In addi-
tion to these difficulties, procedural blank contamination has often
been found to prevent detection in the low pgg~! range [7,12,13].
Although procedural blank contamination has been recognized as
a problem in the analysis of perfluoroalkyl acids at trace levels for
many years [24], it is seldom explicitly investigated and described
in the published literature.

The objective of this study was to develop and validate an ana-
lytical method for a range of PFCA and PFSA homologues, which
can be broadly applied to a wide range of dietary samples of
varied composition. To allow extraction from fresh samples of
varying water content, a previously described ion-pair extraction
method into a non-polar solvent [25] was modified and combined
with a Florisil/graphitized carbon SPE clean-up. The method was
optimized with respect to applicability range, sensitivity (sample
concentration factor), as well as avoiding matrix effects and pro-
cedural blank contamination in order to achieve method detection
and quantification limits in the low pg g~! range. The performance
of the newly developed method and its potential application in
estimating human dietary exposure are discussed.

2. Experimental
2.1. Standards and reagents

All native and isotope labeled PFCA and PFSA standard com-
pounds were purchased from Wellington Laboratories (Guelph,
ON, Canada) in 2 wgmL-! solution mixtures. The 9 target ana-
lytes were perfluorohexanoic acid (PFHxA), perfluoroheptanoic
acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic
acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorododecanoic acid (PFDoDA), perfluorohex-
ane sulfonic acid (PFHxS) and perfluorooctane sulfonic acid (PFOS).
Internal standards were 13C,-PFHXA, 13C4-PFOA, 13C5-PENA, 13C,-
PFDA, '3C,-PFUNDA, '3C,-PFDoDA, '80,-PFHXS and 13C4-PFOS.
Perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid
(PFTeDA) and perfluorobutane sulfonic acid (PFBS) were only qual-
itatively included in the method, due to the lack of authentic

isotope labeled standards for these compounds. 13Cg-PFOA and
13C5-PFOS were used as volumetric standards in the calculation of
total method recovery of the internal standards. All isotope labeled
standards were certified to contain <0.5% of their native analogues.

All reagents were analytical reagent grade. Tetrabutyl ammo-
nium hydrogen sulfate (TBA) was purchased from MERCK, sodium
hydroxide (NaOH) from Akzo Nobel, sodium carbonate (Na;CO3)
from Riedel-de Haén, sodium hydrogen carbonate (NaHCOs3) and
ammonium acetate (CH3COONH,4) from KEBO, and anhydrous
granulated sodium sulfate (Na;SO4) from Scharlau. Florisil sor-
bent (60/100 mesh) and Supelclean graphitized carbon (ENVI-carb)
were obtained from SUPELCO. The water used in the method was
HPLC grade (PROLABO Chromanorm) and was passed through a
mixed mode C8 plus quaternary amine (CUQAX) SPE cartridge
supplied by UCT to remove residual PFCAs and PFSAs. Methyl tert-
butyl ether (MTBE) was purchased from Rathburn chemicals and
was pre-cleaned by passing through a column manually packed
with Florisil sorbent (see Section 2.4). Methanol (MeOH, LiChrosolv
grade)was supplied by MERCK and was used without further purifi-
cation. All laboratory disposables (polypropylene or glass) were
rinsed with methanol before usage.

2.2. Food samples

Five different dietary test matrices were included in this study
for method development purposes, namely; total daily intake
homogenate (hereafter referred to as duplicate diet), baby food
composite, fish composite, meat composite and vegetable compos-
ite. The choice of test matrices was made to reflect differences in
water, protein and fat content, but also with respect to their poten-
tial importance in dietary exposure studies. The duplicate diet was
prepared by taking duplicate portions of all the food and drinks
consumed by one individual male adult during one day. Food items
included in the duplicate diet sample were prepared or cooked as
consumed, whereas the vegetable, meat and fish composites were
prepared from raw food items. A full description of the test matri-
ces is provided in the Supplementary Data including Tables S1-S4.
All food composite samples were homogenized using a kitchen
blender, divided into aliquots and stored at —18 °Cin polypropylene
containers until analysis.

For the evaluation of inter-method comparability, a fish fillet
sample from a worldwide interlaboratory comparison study (ILC)
[17]and aset of 10 duplicate diet samples were analyzed. The dupli-
cate diet samples originated from a previously published study by
Fromme et al., who quantified PFHxA, PFOA, PFHXS and PFOS [7].
The 10 samples were randomly selected among the samples con-
taining levels of PFOA and/or PFOS quantified above the reported
limits of detection (50-100 pgg~1) on wet weight (w.wt.) basis in
the Fromme study [7]. All samples were obtained coded, i.e. they
could not be linked to published concentrations of PFCAs and PFSAs.
The samples were additionally analyzed using another recently
developed method, which is published elsewhere [26].

2.3. Extraction procedure

The extraction method was based on the ion-pair extraction
method developed by Ylinen et al. [25] with some modifications.
Isotope labeled internal standards were spiked (200 pg of each stan-
dard in 20 pL of methanol) to 5g w.wt. of duplicate diet, baby
food or vegetable sample or 2.5 g w.wt. of fish or meat sample in a
50 mL polypropylene tube. The spiked standards were left to equi-
librate with the sample material at room temperature overnight.
To release analytes from the sample matrix, 1.5mL of aqueous
NaOH (0.4 mol L) was added and the samples were vortex mixed
for 30s and left for 30 min. After addition of 2 mL of 0.25 mol L~!
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Na,CO3/NaHCO3; buffer (adjusted to pH 10 with NaOH) and 1 mL
of 0.5molL~! TBA-solution (both in pre-cleaned HPLC water) the
samples were vortex mixed. A volume of 5 mL of MTBE was added
and the mixture was vortex mixed again for 30 s. The samples were
extracted in an ultrasonic bath at room temperature for 10 min
after which the organic phase was separated by centrifugation
for 10 min at 3500 rpm. The top MTBE layer was transferred to a
15 mL polypropylene tube and the extraction was repeated twice
with 5mL MTBE. The combined extracts were evaporated to a
final volume of approximately 3 mL under a gentle stream of dry
nitrogen gas.

2.4. Solid phase extraction clean-up

SPE was performed using a Florisil and ENVI-carb sorbent
mixture. The Florisil sorbent was dried at 450°C overnight and
deactivated with 0.5% (w/w) HPLC water prior to use. To prepare
SPE columns, 1.5 g of Florisil was mixed with 25 mg of ENVI-carb
and used to fill a 10 mL disposable glass pipette with a plug of pre-
cleaned (MeOH) glass wool in the bottom. To remove remaining
moisture from the extracts, 1 g of anhydrous granular Na,SO4 was
applied on top of the column. The cartridge was rinsed with 5mL
of MeOH and conditioned with 5mL of MTBE before the sample
extract (3 mL) was loaded. The cartridge was then washed with
10mL of MTBE that was discarded. The target compounds were
eluted with 6 mL of a 30/70 MeOH/MTBE mixture (vol/vol). The
MeOH/MTBE extract was evaporated to ~100 wL under nitrogen
and the final volume was adjusted to ~250 L by addition of the
volumetric standards (100 pg of each standard in 50 p.L of MeOH)
and 100 L aqueous ammonium acetate (4 mmol L—1). Prior to anal-
ysis, the extracts were cooled overnight to —18 °C and subsequently
centrifuged at 10,000 rpm for 10 min. An aliquot of 100 L of the
clear supernatant was transferred to an auto-injector vial.

2.5. Instrumental analysis and quantification

The purified sample extracts were analyzed using an Acquity
ultra performance liquid chromatography (UPLC) system coupled
to a Xevo TQS tandem mass spectrometer (MS/MS) with an elec-
trospray ionization (ESI) interface (all from Waters Corp.). A “PFC
isolator column” obtained from Waters (“PFC kit”) was inserted
in the UPLC system prior to the injector to trap and delay con-
tamination originating from the UPLC instrument and solvents.
The analytical separation column was a BEH C18 (1.7 wm parti-
cles, 50 mm x 2.1 mm, Waters). The column temperature was set
to 65°C. An injection volume of 5 L in the partial loop injection
mode was used in all experiments. The mobile phase consisted of
solvent (A) 10% MeOH in water and solvent (B) MeOH, both con-
taining 2 mmol L~! ammonium acetate. A binary gradient elution
program was applied with a constant flow rate of 0.4 mL min~!. Ini-
tial conditions of 90% A and 10% B were held until 2 min, then the
percentage of B was linearly increased to 20% until 5 min. At 5 min,
a step increase to 100% B occurred, which was held until 8 min to
complete the elution. The column was reconditioned for 2 min at
the starting composition of 90% A prior to the next injection.

The ESI source was operated in the negative ion mode with a
capillary voltage of 3.6 kV, a source temperature of 150°C, and a
nitrogen desolvation gas flow rate of 650 Lh~1. The argon collision
gas pressure was 5.9 pbar. Table S5 in the Supplementary Data lists
the MS/MS transitions, cone voltages and collision energies applied
for the different target analytes and isotope labeled standards. The
MassLynx Software v. 4.1 (Waters) was used for instrument control,
data acquisition and processing.

Quantification was performed using the internal standard
method (isotopic dilution) for all target analytes. For PFHpA, which
did not have a corresponding isotope labeled standard, 13C,-PFHXA

was used for quantification. A six point calibration curve ranging
for all compounds from 0.018 to 9 pg wL~! in MeOH/water (50/50,
containing 2 mmol L-! ammonium acetate) was used to calculate
relative response factors and to control the linear range of the
instrumental response. All quantified concentrations given in this
paper are on a sample w.wt. basis and were not blank corrected.

2.6. Method validation and applicability

A series of nine procedural blank experiments were performed
for assessment of the method detection limits (MDLs) and the
method limits of quantification (MLQs) of the different target
analytes. In order to fully reflect the variability in instrumental
noise and method extraction efficiency, procedural blanks were
performed in triplicate on three different days. Procedural blank
chromatograms contained detectable signals for all analytes. The
MDL was derived from the arithmetic mean plus three times the
standard deviation of the analyte signal in the procedural blanks.
Analogously, the MLQ was derived from the mean blank concen-
tration plus ten times the standard deviation.

Total method recoveries (calculated against external calibration
after volume correction using the volumetric standards) were eval-
uated by spiking 100 pgg-! of the internal standards to the five
different test matrices in triplicate. In addition, the duplicate diet
sample matrix was spiked with the internal standards at four dif-
ferent concentrations (1, 10, 100, and 1000 pgg~1) to test if total
method recoveries were concentration dependent. All spiking con-
centrations in this paper are given on a sample w.wt. basis. Possible
matrix effects on the ionization in ESI-MS/MS determination were
evaluated by comparison of response factors for internal standards
spiked to purified matrix extracts (immediately before instrumen-
tal analysis) and internal standards dissolved in the corresponding
pure solvent (MeOH/water with 2 mmol L-! ammonium acetate).

Precision and accuracy were tested according to a guidance doc-
ument for bioanalytical method validation [27]. Triplicate analyses
of laboratory control spikes of the duplicate diet sample matrix
with native PFCAs and PFSAs at 20pgg~! were performed. Pre-
cision is expressed as the percentage relative standard deviation
(%RSD) of the three replicate analyses. The accuracy of quantified
concentrations was evaluated by comparison with theoretical lev-
els in the laboratory control spike experiments after subtraction of
endogenously present concentrations. Furthermore, the fish fillet
sample from the ILC study was analyzed in triplicate and quanti-
fied concentrations were compared to the indicative values from
the ILC study [17]. Inter-method comparability at low pgg~! con-
centrations in non-fortified samples was evaluated by analyzing
the set of 10 duplicate diet samples both using the method pre-
sented here and another recently developed method [26]. In short,
the method of comparison employed a different set of internal
standards, acetonitrile extraction, clean-up on a mixed mode co-
polymeric (C8 + quaternary amine) SPE phase, and HPLC coupled
to high resolution MS analysis [26]. The 10 duplicate diet sam-
ples had previously also been analyzed by another laboratory using
yet another methodology [7]. However, this method [7] only com-
prised four analytes and reported relatively high limits of detection
compared to the more recently developed methods.

3. Results and discussion
3.1. Design of the method

It is worth elaborating on the design of the method before dis-
cussing the method performance and analytical results. Extraction
and enrichment of the target analytes was achieved by exploiting
the amphiphilic properties of PFCAs and PFSAs. In order to make
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the method broadly applicable without freeze-drying the samples,
ion-pair extraction into an organic solvent (MTBE) was identified
as a suitable technique that would prevent co-extraction of water
from the food samples. Previous studies of PFCAs and PFSAs in
soil and sediment samples have shown that aged residues may
display a different extraction behavior compared to fortified stan-
dards [28]. In the method presented here, an equilibration time
of 16 h for internal standards and the release of analytes from the
food matrix with the help of NaOH helped ensure that the internal
standards correctly mimicked the behavior of naturally embedded
target analytes. In order to achieve MDLs in the low pgg~! range a
high concentration factor is needed between sample and extract. As
ion-pair extraction of PFCAs and PFSAs from complex matrices (e.g.
fish muscle and fish liver samples) has previously been associated
with matrix effects on ionization due to the co-extraction of lipids
[29],arigorous clean-up procedure was developed. The polar-polar
interactions between the target analytes and a magnesium sili-
cate sorbent (Florisil) were exploited to separate analytes from
co-extracted lipids and hydrophobic matrix constituents. Addition-
ally, graphitized carbon was mixed into the sorbent to selectively
retain aromatic compounds [20]. Freezing overnight and subse-
quent centrifugation was finally employed to achieve an extract
clear of any type of sample matrix.

3.2. Blank contamination

A widely reported challenge in ultra-trace analysis of PFCAs and
PFSAs is the background contamination of the LC system [21,30].
To overcome this problem a “PFC isolator column” was inserted
prior to the injector to trap and delay any analytes originating
from the mobile phase solvents and LC system. Less frequently
reported, but potentially more problematic, is the contamination
of procedural blank extracts. All laboratory disposable equipments
included in this method were sonicated with MeOH and analyzed
to determine potential sources of contamination. None of the lab-
ware articles were found to contribute to background levels of any
analyte, with the exception of commercially available Florisil SPE
cartridges, which were excluded from the method. The purity of
solvents was tested by evaporating 50 mL of solvent to dryness fol-
lowed by reconstitution in 200 pL of MeOH. Artifacts originating
from the evaporation procedure were investigated by testing both
nitrogen gas and vacuum evaporation, but comparable results were
obtained with both methods. All solvents tested, namely MTBE,
MeOH, and water from various suppliers, were found to contain
low, yet detectable amounts of target analytes. PFHxA, PFOA and
PFDA were generally found to be present at the highest concen-
trations around 0.1-0.4 pgmL~!, while PFNA (0.01-0.11 pg mL™1),
PFUnDA (0.06-0.1 pgmL~1), PFDoDA (0.02-0.04 pg mL~1), PFHxS
(0.03-0.04 pgmL~1), and PFOS (0.01-0.03 pgmL-!) were present
at lower concentrations. The solvents from the suppliers listed in
the experimental section were used as they displayed the lowest
levels of contamination. However, further purification of MTBE and
water was achieved using Florisil and CUQAX SPE clean-up, respec-
tively. For MeOH no efficient purification procedure was found

Table 1

because rapid breakthrough of PFCAs and PFSAs was observed on
all SPE cartridges tested. By analyzing extraction blanks, SPE blanks
and solvent blanks separately, it was concluded that the small
remaining procedural blank contamination originated primarily
from residuals in MeOH and water, which could not be eliminated
entirely.

3.3. Investigation of matrix effects and interferences

MS/MS detection with an ESI interface demonstrates excel-
lent selectivity and sensitivity for the target analytes, however,
method recovery calculations and MDLs may be adversely affected
by ionization suppression through co-eluting matrix constituents
[31,32]. The presence (or absence) of matrix effects in the method
was examined by fortification of purified food sample extracts
with internal standards immediately prior to injection into the
UPLC/MS/MS system (Table 1). Internal standards were chosen in
this experiment in order to avoid misinterpretations due to the
presence of native PFCAs and PFSAs in all investigated food matri-
ces (see Section 3.7) and in procedural blank extracts (see Section
3.2). The majority of food extracts displayed only a minor ioniza-
tion enhancement or suppression of the internal standards (<12%
deviation from solvent based standards), which was in the range
of the quantification uncertainty. A slight matrix ionization sup-
pression (—14%) was observed for 13C,-PFUnDA in the vegetable
extract whereas a small enhancement (up to 22%) of the signal was
observed for 13C,-PFUnDA and 13C,-PFDoDA in the fish and dupli-
cate diet extract. The small deviation in signal area response in food
extracts compared to solvent based standard solutions demon-
strates the efficiency of the clean-up procedure to remove a wide
variety of matrix components despite the high concentration factor
between sample and extract.

Potential misidentification of PFHxS and PFOS due to inter-
ferences in the m/z 399-80 and 499-80 transitions, respectively,
have been reported in samples of animal origin [33]. Therefore, to
confirm the identity of PFHxS and PFOS in the test matrices, the
qualifier transitions m/z 399-99 and 499-99, respectively, were
additionally measured for quality assurance. The ratio of peak areas
of the transitions to m/z 80 and 99 in all food extracts did not dif-
fer significantly from that in the standard solution, which again
demonstrates the efficient clean-up and indicates that accurate
quantification can be achieved using the more sensitive transition
to m/z 80.

3.4. Total method recoveries

Total method recoveries were determined by fortification
experiments with the internal standards as described in Section
2.6. Internal standards were used in these experiments due to the
ubiquitous presence of native PFCAs and PFSAs in all food sample
matrices (see Section 3.7) and in procedural blank extracts (see Sec-
tion 3.2). Using native analytes would have led to overestimation of
recoveries at low spiking levels and thus to an apparent concentra-
tion dependence of analyte recoveries. A drawback of this approach

Ionization suppression and/or enhancement for the internal standards fortified at 200 pg to purified food sample extracts (250 wL). Matrix effects are expressed as deviation

(%) in signal area response from that of a solvent-based internal standard solution.

Mean matrix effect (%)+ 1 standard deviation (n=3)

13C,-PFHXA 13C4-PFOA 13C5-PFNA 13C,-PFDA 13C,-PFUNDA 13C,-PFDoDA 180,-PFHxS 13C4-PFOS
Duplicate diet 12+5 2+6 8+7 13+ 6 13+6 19+ 6 19+7 20+6
Vegetable 7+3 -7+2 -3+2 -7+4 -14+4 1+£5 14 +£2 14 +4
Baby food 3+10 -13 £ 12 -3+ 11 -2+ 14 1+13 3+13 6+ 10 4+10
Fish 3+1 7+3 20+ 3 14+ 6 19+7 22+6 9+ 4 21+5
Meat -8+3 12+ 12 5+ 14 10+ 11 12+2 12+ 4 -4+ 12 9+ 11
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Fig. 1. Total method recoveries (%) for the internal standards (A) spiked at 100 pgg~! to the different food matrices (see legend) and (B) spiked at different concentrations
(see legend) to the duplicate diet homogenate. Error bars depict the standard deviations (n=3).

is, however, that potential analytes, which lack corresponding iso-
tope labeled analogues (e.g. PFBS, PFTrDA and PFTeDA), could
only be included qualitatively in the method. Since '3C,-PFHXA
and 13C4-PFOA showed comparable recoveries (Fig. 1), PFHpA was
included in the validated method with the assumption that quan-
tification using either of these two internal standards would lead
to accurate results also for PFHpA.

Fig. 1 displays total method recoveries for the internal stan-
dards spiked at 100 pgg~! to the five sample matrices investigated
(Fig. 1A) and spiked at four different concentrations to the duplicate
diet homogenate (Fig. 1B). Recoveries of 60-80% were observed for
most of the internal standards and food matrices. Slightly lower
recoveries were occasionally observed for some PFCAs. However,
all calculated recoveries were consistently above 50% (Fig. 1A and
1B) and were therefore acceptable for quantitative purposes when
using isotope labeled standards. In line with previous observations
[1,25] it was crucial to maintain an alkaline pH (~10) and to use
a freshly prepared TBA solution to achieve reproducible extraction
recoveries.

The total method recoveries at different concentrations span-
ning the range of expected levels in food samples were measured
by fortifying the duplicate diet homogenate in triplicate at 1, 10,
100 and 1000 pgg~! with the isotope labeled standards prior to

extraction (Fig. 1B). Comparable recoveries regardless of spike level
demonstrated that total method recoveries were not concentra-
tion dependent. Chromatograms of the extracts of duplicate diet
samples spiked with 10pgg~! and 1pgg-! of internal standards
are shown in Figures S1 and S2, respectively, in the Supplemen-
tary Data.

3.5. Method detection and quantification limits and linearity of
instrumental response

The linearity of the instrumental response was assessed with
standard calibration curves with native analyte concentrations
ranging from 0.018 to 9 pg wL~! (5 wL injection volume). Excellent
linearity (R2 > 0.99 and residuals deviating <10% from the calculated
linear trend line) was obtained for all target analytes, showing that
instrumental limits of quantification below 100 fg on column could
be achieved. Figures of merit for the calibration curves are displayed
in Table S6 in the Supplementary Data.

Table 2 lists the calculated MDLs and MLQs for all analytes as
determined from 9 replicate procedural blank extractions (see Sec-
tion 2.6). The MDLs and MLQs reported here are among the lowest
reported so far (compare e.g.[16,22,34]). When comparing method
sensitivity it should also be noted that previous studies [15,16,34]
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Table 2

Method detection limits (MDLs) and method limits of quantification (MLQs) in pg g~ for PFCAs and PFSAs in the different food matrices derived from nine procedural blank

extractions.

PFHxA PFHpA PFOA PFENA PFDA PFUnDA PFDoDA PFHxS PFOS
Duplicate diet, baby food and vegetable MDL 24 0.9 33 0.9 1.5 1.3 0.5 0.3 0.8
composite (5 g sample intake) MLQ 5.4 24 6.7 2.5 3.1 3.5 1.5 0.6 2.2
Fish and meat composite (2.5g MDL 4.7 1.7 6.6 1.8 2.9 2.6 1.0 0.6 1.7
sample intake) MLQ 11 49 13 5.1 6.2 7.0 3.0 1.2 45
have estimated the MDL from the instrumental signal to noise "j/f \ED_A,A__.\
ratios. Although frequently used, the estimation of method detec- 0

tion limits from solvent calibration curves ignores recovery losses
from sample preparation, variability in blank levels and matrix
effects, and will therefore probably underestimate the true MDL.
In this study, we chose a more conservative approach to define the
MDL (and MLQ) that incorporates recovery losses as well as the
variability in procedural blank levels [35].

3.6. Accuracy and precision

The accuracy and precision of the method were evaluated by
triplicate analyses of laboratory control spikes of the duplicate diet
fortified with all analytes at 20 pgg~! (see also Section 2.6). The
quantified mean concentrations obtained in the laboratory con-
trol spikes after subtraction of the endogenous concentrations (see
Section 3.7 and Table 3) compared favorably with the theoreti-
cal spike values. The percentage agreement for each analyte was
95% (PFHXA), 111% (PFHpA), 99% (PFOA), 92% (PFNA), 102% (PFDA),
94% (PFUnDA), 89% (PFDoDA), 68% (PFHxS) and 89% (PFOS) of the
theoretical value. A significant deviation from the theoretical con-
centration was only observed for PFHxS. This can be attributed to
larger uncertainties in the calculation method due to the relatively
high endogenous concentrations of 22 pgg~! found in the dupli-
cate diet sample. The precision (%RSD) of the triplicate analyses was
between 4 and 15% for all analytes. Quantified mean concentrations
in the ILC fish samples were 17.1ngg~! (PFOA), 17.6 ngg~! (PFNA),
18.1ngg 1 (PFDA),14.0ngg ! (PFUnDA), 14.8 ng g~ ! (PFDoDA)and
144 ng g~ (PFOS). These results were all within 14% deviation from
the indicative mean values reported in the ILC study [17]. Precision
in this experiment was 5 to 9% for all analytes with the exception
of PFOA (14%).

3.7. Analysis of food samples including inter-method
comparability

Table 3 displays detected and quantified concentrations of
PFCAs and PFSAs in the five test matrices. Extracted MS/MS chro-
matograms for all detected analytes in the baby food sample are
shown in Fig. 2. Further example chromatograms are given in
Figures S3 and S4 in the Supplementary Data. A total detection fre-
quency of 73% was observed for all analytes in the five food matrices
and 60% of the analyte concentrations were above the respective
MLQs. The concentrations of PFOS and long-chain PFCAs measured
in the fish composite were within the range of recently reported
concentrations in various lean and fatty fish from the Netherlands
[18,34] and marine fish samples from the Baltic Sea [36]. In the
present study, PFHpA and PFOA were found in all samples close
to their MLQs, confirming the ubiquitous presence of these com-
pounds in food samples of different origins [18].

To evaluate inter-method comparability for non-fortified, low
contaminated samples, a separate set of duplicate diet samples
(n=10) were analyzed using the method presented here and the
results were compared to concentrations obtained by another
method recently developed by Ullah et al. [26]. The method by
Ullah et al. is completely independent from the present approach
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Fig. 2. Extracted MS/MS chromatograms of PFCAs and PFSAs in the baby food sam-
ple. For quantified concentrations see Table 3.

(see Section 2.6). An overview of the analytical characteristics
(method recoveries, MDLs and MLQs) of the present method and
the method of comparison [26] is presented in Table S7 in the Sup-
plementary Data. Detailed results for the two methods are given
in Tables S8 and S9 in the Supplementary Data. All target analytes
could be detected and quantified in at least one of the samples.
However, only PFOS and PFOA were repeatedly above MLQ for
both methods. A comparison of concentrations of six analytes that
were determined above MLQ using both methods showed an agree-
ment of results within a factor of 2 (Fig. 3). This is the first method
inter-comparison for PFCAs and PFSAs at low parts per trillion
levels in food. Considering the facts that the two methods are com-
pletely independent from each other, that the MDLs are pushing
the boundaries of what is possible today, and that there remain
substantial challenges in producing accurate results in PFCA and
PFSA analysis [17], the observed agreement between the method
presented here and that of Ullah et al. [26] represents a significant
step forward towards reliable quantification of PFCAs and PFSAs at
ultra-trace levels.

Although good agreement was observed between these two
recently developed methods, the previously reported concen-
trations of PFOA (70-210pgg~!) and PFOS (60-270pgg~!) in
the same samples [7] could not be reproduced (see also
Tables S8-S10 in the Supplementary Data). As only one sam-
ple analyzed with the present method was found to contain
PFOS>50pgg-!, and PFOA concentrations were consistently
<25pgg~1, there appears to be a systematic difference between the
two sets of results. Analytical characteristics of the present method
and the original method [7] are compared in Table S7 in the Sup-
plementary Data.

Both PFCAs and PFSAs are highly persistent [37] and involatile,
thus are not expected to degrade or evaporate during sample stor-
age [21]. It may be possible that the analytes have become sorbed
to sample containers during storage, but we believe this is unlikely
because the contact area between the sample and container walls
was small compared to the total sample volume. The analytes could
theoretically have become more strongly sorbed to the matrices
during the long-term storage of the samples. However, the two
recently developed methods (the one presented here and in [26])



70 R. Vestergren et al. / J. Chroma

Table 3

togr. A 1237 (2012) 64-71

Estimated (between MDL and MLQ) and quantified (bold > MLQ) concentrations in tested food homogenates. All samples were analyzed in triplicate.

Mean concentration (pgg~! w.wt.) + 1 standard deviation (n=3)

PFHXA PFHpA PFOA PFNA PFDA PFUNDA PFDoDA PFHXS PFOS
Duplicate diet 11.2+34 51+22 6.0 £ 0.9 <MDL <MDL <MDL <MDL 218 +7.1 10.8 + 4.2
Baby food <MDL 85+24 7.6 +1.7 23+0.6 <MDL 1.4+0.1 <MDL 36.6 + 114 84 + 35
Vegetable 13.1+6.7 8.8 + 2.6 82+ 14 <MDL <MDL <MDL <MDL 9.2 +49 59+16
Fish? <MDL 144+47 175+26 19.8+1.3 18.6 +2.0 52.9+2.8 153+1.1 393+ 78 177 £+ 18
Meat 9.9+3.0 191 +61 143+19 74+39 79+3.2 26+04 29+04 80.6 + 23.1 246 + 7.2

a PFTrDA and PFTeDA were additionally detected in the fish homogenate at estimated concentrations of 47 +7 and 7 + 2 pgg~', respectively.
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Fig. 3. Quantified concentrations of (A) PFOS, (B) PFOA and (C) PFHXA (diamonds), PFHpA (square), PFNA (cross), and PFHXS (circle) in duplicate diet samples using two

independent analytical methodologies IPE + Florisil/[ENVI-carb (presented in this paper
represent a 1:2 and 2:1 deviation between results obtained by the two methods.

use very different extraction approaches but achieved comparable
results for the stored food samples, making incomplete extraction
rather unlikely. The method used for subsampling of the stored food
samples could also have introduced a bias in the results. Before
subsampling the samples were thawed and during this thawing
some phase separation may have occurred with water rising to
the top of the sample containers. As the whole samples were not
re-homogenized, it is thus feasible that the subsamples were not
entirely homogeneous and that lower levels were present in the
recently analyzed subsamples compared to the whole samples.
Although we cannot entirely rule out the possible artifacts arising
from sample storage and subsampling, a more plausible explana-
tion, in our opinion, is that the modern methods have superior
sensitivity and quality control, and thus the previous method has
overestimated concentrations of PFOA and PFOS in these dietary
samples.

4. Conclusions

A novel analytical method employing ion-pair extraction and
Florisil/ENVI-carb clean-up that allows efficient and matrix effect-
free extraction and enrichment of a range of PFCA and PFSA
homologues from food samples has been developed and validated.
Combined with state-of-the-art UPLC/MS/MS, the method achieves
MDLs in the low to sub pgg~! (parts per trillion) concentration
range for all target analytes in a wide range of dietary matrices.
Compared to previously described methods for food analysis, the
method presented here represents a significant step forward with
respect to:

- Sensitivity. MDLs are a factor of 5-100 (depending on the homo-
logue) lower than in earlier studies [7,15] and at least equal to
MDLs of recently reported methods [16,22,34]. This improvement
in method performance enabled the first detection and quantifi-
cation of PFNA, PFDA and PFUnDA in duplicate diet samples.

) and ACN +CUQAX [26]. The solid line represents 1:1 agreement and dashed lines

- Reliability of results. This is the first study to demonstrate com-
parable results of two independent methods for low pgg~!
concentrations of four PFCAs and two PFSAs in complex matrices
using non-fortified samples.

- Applicability. The rigorous clean-up approach exploiting the
amphiphilic properties of PFCAs and PFSAs makes the method
applicable to a wide range of (food) matrices, irrespective of the
water or fat content. Solids and liquids can be analyzed alike.

Furthermore, the method has the potential to include further
(shorter- and longer-chain) homologues of PFCAs and PFSAs as
well as other fluorinated surfactants. This has been shown by the
successful analysis of PFTrDA and PFTeDA in the fish homogenate.

The method inter-comparison study revealed systematically
lower concentrations of PFOA and PFOS in duplicate diet sam-
ples using recent methods compared to previously reported data.
Although the reasons for this discrepancy could not be entirely
elucidated, we hypothesize that earlier methods may have over-
estimated concentrations of PFOA and PFOS in dietary samples due
to less rigorous quality control measures compared to state-of-
the-art methods today. This leads to the further hypothesis that
dietary exposure to PFOA and PFOS has been previously overesti-
mated. However, this hypothesis needs to be confirmed by a wider
monitoring of representative dietary samples using analytical tech-
niques such as the one presented here.
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