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Abstract

A screening method for analysis of perfluoroalkylated substances (PFAS) in biota samples has been developed and validated using liver sam-
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les from polar cod (Boreogadus saida) and glaucous gull (Larus hyperboreus). The method was based on extraction of target compounds
omogenised samples into the solvent mixture used as mobile phase in high-performance liquid chromatography (HPLC), i.e. met
50:50; 2 mM ammonium acetate). The extract was filtered and directly injected into a HPLC/time-of-flight mass spectrometry (
ystem. Quantification was performed using 7H-perfluoroheptanoic acid as internal standard and a calibration standard solution diss
ample extract for each matrix type (matrix-matched calibration standard). The method is very time and cost efficient. Except for
ompounds and perfluorooctane sulfonamide (which cannot be covered by this method), recoveries were between 60% and 115%
etection limits were in the range 0.04–1.3 ng/g wet weight. Blank values could be neglected with the exception of perfluorooctan
PFOS), perfluorohexanoic acid (PFHxA) and perfluorooctanoic acid (PFOA). One of the major challenges in PFAS analysis is ioni
urbance by co-eluting matrix in the ion source of the mass spectrometer. Both matrix and analyte specific signal enhancement and
as observed and quantified. Repeated extractions (n= 3) gave relative standard deviations (RSD) <35% for all PFAS. Accuracy was exa
y comparing the screening method to the generally applied ion pair extraction (IPE) method. PFAS concentration values of a glauco
ample deviated by less than 30% for the two methods, provided that matrix-matched calibration standards were employed in bo
2005 Elsevier B.V. All rights reserved.

eywords: Perfluoroalkylated substances; Perfluorooctane sulfonate; PFOS; High-resolution MS; Method validation; Screening method; Liver sa

. Introduction

Perfluoroalkylated substances (PFAS) have been indus-
rially produced for several decades[1–3] and are applied
s stain and water repellents for surface treatment of tex-

iles, carpets, leather and paper products. Furthermore, they
re employed in the large-volume production of fire-fighting

oams and in the chromium-plating industry. Perfluorooctane
ulfonate (PFOS) has recently gained considerable attention
ecause of its ubiquitous distribution in biota[4–7] and its

∗ Corresponding author. Tel.: +47 777 50 385; fax: +47 777 50 376.
E-mail address:urs.berger@nilu.no (U. Berger).

presence in human blood plasma[8]. Though most of th
production of PFOS-based chemicals has been phase
voluntarily by the main manufacturer, similar compou
with polyfluorinated chains continue to be employed for c
parable applications[3]. Such compounds include shor
chain perfluorinated sulfonates, perfluorinated carbo
acids (usually produced by electrochemical fluorination
PFOS-based chemicals) and telomerisation products su
1H,1H,2H,2H-tetrahydro-PFOS.

In recent years, many articles about environmental m
itoring of PFAS in biota have been published[4–13]. All
these studies employed the same analytical method,
on ion pair extraction of the analytes[14,15]and subseque
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HPLC/MS quantification by tandem mass spectrometry[15].
This method is flexible and can be used for a wide range of
matrices, such as egg, blood plasma, liver and other biolog-
ical tissues. However, the method is quite time consuming
and matrix-matched calibration standards are not routinely
employed, i.e. matrix induced ionisation disturbances in the
ion source of the mass spectrometer are usually not accounted
for. Furthermore, tandem MS suffers from considerable sen-
sitivity loss due to low fragmentation yields for some PFAS
[16]. Recently, HPLC coupled to high-resolution time-of-
flight (TOF) MS was suggested as alternative and more sen-
sitive technique compared to tandem MS[16].

The aim of this study was to develop and validate a quick
and cost efficient screening method for analysis of PFAS in
biological tissues. The method should involve as few steps as
possible to avoid loss of the surface-active analytes, which
may occur during extract transfer between containers, solvent
change or solvent evaporation to dryness. Applying TOF-
MS instead of tandem MS was expected to compensate for
the sensitivity loss implied by omitting a concentration step.
The screening method was to be validated for liver sam-
ples from polar cod and glaucous gull, which are important
species in the Arctic marine food web. Though PFAS are
known to be ubiquitously present in liver[4–7], low contam-
ination was expected in the test samples due to the remote
sampling location. This was expected to facilitate spiking
e

2. Experimental

2.1. Chemicals

The analysed PFAS are listed inTable 1, including the
here used abbreviations as well as the purity and sup-
plier of the standard compounds. Additionally,13C2-PFOA
(≥90%, Perkin-Elmer, Shelton, CT, USA) and 2H,2H-
dihydro-PFDcA (>98%, Wellington Laboratories, Guelph,
Canada) were tested as internal and recovery standard,
respectively. The abbreviations PFBS, PFHxS, PFOS and
PFDcS are used for the sulfonate ions. All concentrations
given in this study are based on these ions, not the respec-
tive salts.n-Hexadecane (≥98%, for synthesis) and tetra-n-
butylammonium hydrogensulfate (≥99%, for synthesis) were
purchased from Merck-Schuchardt (Hohenbrunn, Germany).
All other solvents and reagents used in this work were of ana-
lytical or HPLC grade. Gas (quality 5.0) was purchased from
Hydrogas (Porsgrunn, Norway).

2.2. Samples, extraction and clean-up

Polar cod (Boreogadus saida) and glaucous gull (Larus
hyperboreus) were collected from the marginal ice zone in
the Barents Sea northwest of Hopen (Norwegian Arctic;
77◦1′N, 29◦5′E) during one week in late May 2004. The liver
w urrax
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P 95
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P 9
7 98
3 98
xperiments.

able 1
he target analytes and analytical standards, their abbreviation, purity
ass chromatograms for quantification (typical mass tolerance 0.06 u

ompound Abbreviation

etrabutylammonium perfluorobutane
sulfonate

PFBS

otassium perfluorohexane sulfonate PFHxS
otassium perfluorooctane sulfonate PFOS
mmonium perfluorodecane sulfonate 25%
(weight) in 2-butoxyethanol in water (37%)

PFDcS

erfluorohexanoic acid PFHxA
erfluoroheptanoic acid PFHpA
erfluorooctanoic acid PFOA
erfluorononanoic acid PFNA
erfluorodecanoic acid PFDcA
erfluoroundecanoic acid PFUnA
erfluorododecanoic acid PFDoA
erfluorotetradecanoic acid PFTeA
H,1H,2H,2H-Tetrahydro perfluorooctane
sulfonic acid

TH-PFOS

erfluorooctane sulfonamide PFOSA
H-Perfluoroheptanoic acidf 7H-PFHpA
,5-Bis(trifluoromethyl)phenyl acetic acidg BTPA
a Fluka, Buchs, Switzerland.
b Interchim, Montluçon Cedex, France.
c No information available.

d Sigma–Aldrich, Steinheim, Germany.
e ABCR, Karlsruhe, Germany.
f Used as internal (surrogate) standard.
g Used as recovery (volume) standard.
as removed and homogenised using a blender (Ultrat

upplier as well as cone voltage and ion mass to charge ratio (m/z) used in extracte

ty (%) Supplier Cone voltage
(V)

Quantification
mass (m/z)

Flukaa 40 298.94

98 Interchimb 40 398.94
Flukaa 40 498.93
Sigma–Aldrichd 40 598.92

ABCRe 20 268.98
Sigma–Aldrichd 20 318.98

Flukaa 20 368.98
Sigma–Aldrichd 20 418.97

Flukaa 20 468.97
Sigma–Aldrichd 20 518.97
Sigma–Aldrichd 20 568.96

7 Sigma–Aldrichd 20 668.96
Interchimb 40 426.97

7 ABCRe 40 497.95
ABCRe 20 280.98
ABCRe 40 227.03
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T 25, Janke & Kunkel, IKA Labortechnik, Staufen, Ger-
many). For polar cod, pooled samples consisting of livers
from three fish were employed, due to the small size of the
liver. To 1.0 g of the homogenized sample in a polypropylene
(PP) centrifuge tube, 20 ng internal standard (7H-PFHpA, see
Table 1, 20�L of a 1 ng/�L solution in methanol) and 2.7 g
(corresponding to 3.0 mL) of methanol/water (50:50; 2 mM
ammonium acetate (NH4OAc)) were added. The PP tube was
capped and the sample was thoroughly mixed using a Vor-
tex chemical mixer, and then allowed to extract for 30 min
in an ultrasonic bath at room temperature. After extraction,
the mixture was first coarsely filtered through Kleenex cov-
ering the tip of a Pasteur pipette, and the resulting solution
was filtered through a Microcon YM-3 centrifugal filter (Mil-
lipore, Billerica, MA, USA) at 14 000 rpm. Approximately
100�L of the final extract were transferred to an autoinjector
vial, weighed and 2 ng recovery standard (BTPA, seeTable 1,
20�L of a 0.1 ng/�L solution in methanol) were added before
HPLC/MS analysis. For each species, calibration standards
were dissolved in an unspiked liver extract, which proved to
contain only minor amounts of the relevant PFAS.

2.3. Ion pair extraction for method comparison

For method comparison, a modification of the ion pair
extraction (IPE) method originally developed by Ylinen et
a .
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ear gradient to 99% A, followed by 4.5 min rinsing with 99%
A. The void volume of the HPLC pump led to approximately
6 min delay of the gradient on the column. The equilibration
time with 50% A was 8 min and the total run time 23 min.
The TOF-MS was employed in the negative ion electro-
spray ionisation (ESI(−)) mode. Mass spectra were registered
in full scan mode (mass rangem/z 165–720). The follow-
ing optimised parameters were applied: Capillary voltage,
3 kV; sample cone voltage, alternating 20/40 V; desolvation
temperature, 325◦C; source temperature, 120◦C; nitrogen
cone, desolvation and nebuliser gas flows, 20, 400 L/h and
maximum, respectively. Quantitative analysis was performed
employing extracted mass chromatograms from full scan
recording using the cone voltages and mass to charge val-
ues (m/z, typical mass tolerance of 0.06 u) given inTable 1
for the different analytes.

2.5. Detection limits, linear range and recoveries

The instrumental limit of detection (LOD, based on a
signal-to-noise ratio of three) and the linear range of the
mass spectrometer were determined by triplicate injections
of a dilution series (20�L injections of each concentration)
of all analytes in methanol/water (50:50; 2 mM NH4OAc)
with concentrations ranging from below LOD to 10 ng/�L
(eight measuring points). The method detection limit (MDL)
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l. [14] and later adapted by Hansen et al.[15] was applied
n short, to 0.5 g of homogenous liver sample 10 ng
FHpA, 2 mL water, 2 mL buffer (0.25 M NaHCO3 plus
.25 M Na2CO3 in water) and 1 mL TBA solution (0.5 M

etra-n-butylammonium hydrogensulfate in water, adjus
o pH 10 with 2 M NaOH in water) were added. Extract
as performed twice with 5 mLtert-butyl methyl ether b
haking for 15 min on a wrist-action-shaker, and the c
ined extracts (10 mL) were evaporated to dryness.
esidues were suspended in 2 mL methanol/water (5
mM NH4OAc) and 5 ng BTPA were added. Finally, t
xtract was filtered through a Microcon YM-3 centrifu
lter. Calibration standards were dissolved in an unsp
laucous gull liver extract.

.4. HPLC/MS analysis

A 1100 series low-pressure quaternary gradient pump
uto-injector (Agilent Technologies, Palo Alto, CA, US
ere coupled to a time-of-flight (TOF) mass spectrom

LCT, Micromass, Manchester, England). The mobile ph
olvents for chromatography were degassed with a g
ow of helium. A sample volume of 25�L was injected into
C18 reversed phase column (Ace 3 C18, 3�m particles

00Å pore size, 150 mm length, 2.1 mm i.d., Advanced C
atography Technologies, Aberdeen, Scotland). The t

ompounds were separated at a flow rate of 200�L/min using
mM NH4OAc in both methanol (A) and water (B). The f

owing binary gradient was applied: 0 min, 50% A; 0–5 m
inear gradient to 85% A; 5–10 min, 85% A; 10–10.5 min,
as defined as the higher value of the following two a
atives: (1) Average blank signal plus three standard d

ions of a series of five blind extractions fromn-hexadecan
surrogate matrix) on five different days of the valida
xperiments; (2) signal-to-noise ratio of three in the c
atogram of a sample extract from spiked liver (the sele

iver did not contain detectable amounts of PFAS and
ortified with all analytes close to the MDL). For recove
etermination, all analytes including the internal stan
H-PFHpA were spiked inton-hexadecane or low contam
ated liver samples (spiking levels 50 ng/g). After extrac
FAS recoveries were determined relatively to the re
ry standard BTPA. External calibration standards were
olved in methanol/water (50:50; 2 mM NH4OAc) for the
-hexadecane experiments, or in the respective unspiked
xtracts for the experiments with spiked liver samples.
as done in order to determine recoveries independe
atrix effects.

.6. Matrix effects

For determination of matrix effects on ionisation, eq
oncentrations of standard solutions were prepare
nspiked liver extract and in pure methanol/water (50
mM NH4OAc). The solutions were analysed consecuti
nd the absolute signal areas in the two chromatograms
ompared. The matrix effect of a given liver matrix on a gi
nalyte was quantified as the ratio of these areas, i.e. a m
ffect >1 represents signal enhancement, and a value <
esents signal suppression by co-eluting matrix compou
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2.7. Determination of precision and accuracy

The precision of the screening method was evaluated by
determining its repeatability and reproducibility. For repeata-
bility testing, three aliquots of a glaucous gull liver sample
(GG1 a–c) were extracted and analysed. Reproducibility was
tested with another glaucous gull liver sample (GG2). Three
aliquots were analysed on different days over a period of nine
months, which included freezing and thawing of the sample
homogenate between the different extractions. Since no certi-
fied reference material exists yet for PFAS analysis, accuracy
was only estimated by comparing the screening method to the
IPE method.

3. Results and discussion

3.1. Internal and recovery standard

The lack of pure calibration standards (free from iso-
mers and homologues) and well-suited, isotopically labelled
internal standards for PFAS analysis has been discussed in
literature[17]. The selection of internal and recovery stan-
dard is crucial for reliable quantification using the internal
standard method. The only isotopically labelled PFAS, which
were commercially available at the time of this study, were
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Fig. 1. Extracted chromatograms from full scan (m/z 165–720) TOF-MS
analysis of a black guillemot liver extract demonstrating the specificity
of high mass resolution. (A) Total ion current (TIC) chromatogram; (B)
extracted mass chromatogram atm/z499 (PFOS, mass tolerance±0.5 u; the
shown range of 600 counts corresponds to 3% of the full abundance range
for the base signal at 12.1 min); and (C) extracted mass chromatogram at
m/z498.93 (mass tolerance±0.03 u). The PFOS isomers were quantified to
28 ng/g in the liver.

covered three orders of magnitude from the LOD upwards
(results for selected compounds previously shown[16]).

3.3. Specificity of LC/TOF-MS

The high mass resolution of the TOF-MS instrument
(5000 FWHM) offers excellent specificity for unequivocal
compound identification after a crude sample clean-up.
This is illustrated inFig. 1 with extracted chromatograms
from LC/TOF full scan MS analysis of a black guillemot
liver extract. A considerable amount of matrix compounds
remained in the extract, which coeluted with the PFAS in
LC separation (see TIC chromatogram inFig. 1A). Fig. 1B
shows the extracted mass chromatogram for PFOS (m/z
498.5–499.5) the way it would be expected for single MS
analysis with a low-resolution (unit resolution) instrument.
Only the extracted high-resolution mass chromatogram
(Fig. 1C; m/z 498.90–498.96) resolves the PFOS isomer
signals from virtually all matrix compounds. Tandem mass
spectrometry shows excellent specificity as well, but has the
drawback that the matrix background is eliminated by the
instrument, thus it cannot be visualised. Applying TOF-MS
gives an estimation of the amount of matrix left in the
extract, which could impair the ionisation performance.

3.4. Recoveries

e
a

M + 2] compounds, i.e. their masses are only 2 u larger
he native compounds. The screening method was t
sing 13C2-PFOA or 7H-PFHpA as internal standard a
H,2H-dihydro-PFDcA or BTPA as recovery standard. Th
our compounds were not expected to be present in sam
3C2-PFOA might be a good surrogate for perfluorina
cids, especially for PFOA. However, it was not suited

nternal standard for the following reasons. Perfluorin
cids are most sensitively analysed by TOF-MS using

on [M − CO2 H]−. Due to loss of13CO2, [M − CO2 H]−
f 13C2-PFOA (m/z370) has only 1 u mass difference to
orresponding ion of native PFOA (m/z 369). Signal over
ap in the mass chromatograms of both these masse
bserved. Furthermore, the13C2-PFOA standard containe
bout 10%13C-PFHpA, which interfered with the quanti
ation of native PFHpA. Both,13C2-PFOA (retention tim
0.9 min) and 2H,2H-dihydro-PFDcA (12.0 min) eluted fro

he HPLC column in the time window where most ma
ffects were observed. Therefore, their signal abundanc

ed strongly between liver extracts from different spec
he earlier eluting 7H-PFHpA (retention time 7.0 min) a
TPA (9.0 min) were much less influenced by matrix effe
nd chosen as internal and recovery standard, respecti

.2. Instrumental detection limits and linearity

The instrumental limits of detection of LC/TOF-MS a
iven in Table 2. They were in the fg to low pg range f
ll analytes. These LODs are approximately factor 10 lo

han in LC/MS–MS (triple quadrupole instrument)[16]. The
inear range of the TOF-MS instrument for the PFAS typic
Recoveries for all compounds spiked ton-hexadecan
t a spiking level of 50 ng/g are listed inTable 2. Most
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Table 2
Validation parameters for the selected PFAS: instrumental limit of detection (LOD); recovery from spikedn-hexadecane; method detection limit (MDL),
recovery from spiked liver samples and matrix effect in spiked extracts for polar cod liver and glaucous gull liver

Compound LOD (pg
injected)

Recovery from
hexadecane (%)

Polar cod liver Glaucous gull liver Northern fulmar liver

MDL
(ng/g ww)

Recovery
(%)

Matrix effect
in ionisationa

MDL
(ng/g ww)

Recovery
(%)

Matrix effect
in ionisationa

Matrix effect
in ionisationa

PFBS 0.5 114 0.16 109 2.13 0.18 93 2.44 1.06
PFHxS 0.2 99 0.04 89 1.96 0.06 76 1.43 0.82
PFOS 0.3 70 0.23 79 1.68 0.30 90b 0.11 1.26
PFDcS 0.5 28 >15 n.q.c 0.05 >15 n.q.c 0.00 0.67
PFHxA 2 99 0.22 83 1.56 0.22 87 2.07 1.03
PFHpA 1 102 0.44 84 2.58 0.56 82 2.31 0.98
PFOA 1 73 1.25 84 0.31 1.28 83b 0.17 0.85
PFNA 1 61 0.24 67 2.15 1.00 51 0.50 1.08
PFDcA 2 51 0.32 86 1.41 3.40 46 0.19 0.95
PFUnA 3 28 0.75 175 0.30 >15 n.q.c 0.01 0.92
PFDoA 5 13 >15 n.q.c 0.00 >15 n.q.c 0.00 0.62
PFTeA 8 2 >15 n.q.c 0.00 >15 n.q.c 0.00 0.05
TH-PFOS 5 107 0.40 104 1.33 0.70 110 0.74 1.22
PFOSA 0.5 49 5.59 27 0.05 9.80 9 0.08 0.71
7H-PFHpA 5 112 n.d.d 98 2.17 n.d.d 79 2.51 1.23

For comparison, also the matrix effect in northern fulmar liver extracts is given. For definitions and experimental details see text. Two parallel extractions were
performed for all recovery experiments and the average value is given.

a Signal area of PFAS standard diluted in liver extract relative to signal area of the standard diluted in LC mobile phase. Values >1 and <1 represent matrix
induced signal enhancement and suppression, respectively.

b Single determination, the second parallel could not be quantified due to disturbance in the chromatogram (low signal abundance due to strong matrix
suppression).

c No quantification possible due to low signal abundance.
d Not determined.

values were between 60% and 115%. The internal stan-
dard 7H-PFHpA, TH-PFOS and short chain PFAS were
quantitatively recovered, while the recovery rates decreased
with increasing chain length for both the sulfonates and the
acids. PFDcS, PFDcA to PFTeA and the non-ionic PFOSA
had recoveries below 60%, probably due to poor solubility
in the extraction solvent mixture of methanol and water.
Recovery experiments from spiked (50 ng/g) polar cod liver
and glaucous gull liver were performed in duplicates and
the average recovery rates are given inTable 2. In most
cases, the parallel determinations did not deviate more than
10%. With the exception of lower recoveries for PFOSA, the
values found for spiked liver were comparable to the values
from spikedn-hexadecane, i.e. the matrix did not have a
strong influence on extraction andn-hexadecane was a good
matrix surrogate for blank experiments. The only peculiarity
was that the recoveries of PFHxA to PFDcA from polar
cod liver did not seem to decrease with increasing chain
length.

A weakness of recovery determination in the screening
method is that it is based on the ratio of the weight of the
final extract to the total weight of the extraction solvent with
the assumption that no solvent evaporation occurs during
extraction and filtration. This might lead to overestimation
of recoveries due to evaporation loss. On the other hand,
samples with considerable water content would add to the
t cov-
e

3.5. Matrix effects

Matrix effects in LC/TOF-MS were observed as effects
on signal intensity (ionisation efficiency) of the PFAS in
ESI(−). Neither retention times nor signal shapes in LC were
influenced by the presence of liver matrix in the extract. The
matrix effect on ionisation was quantified as described in Sec-
tion 2.6. Results for liver matrix of polar cod, glaucous gull
and northern fulmar (Fulmarus glacialis, for comparison)
are summarised inTable 2. Large species-specific differ-
ences were observed. The matrix residues of northern fulmar
liver had only a minor effect on ionisation efficiencies, with
exception of strong suppression of PFTeA. In polar cod and
glaucous gull liver extracts signal enhancement of up to a
factor 2.6 was observed for the smaller compounds, com-
pared to pure solvent solutions of the PFAS. Ionisation of
PFOSA and the long chain sulfonates and acids, however,
was strongly suppressed by the presence of matrix residues
from the same species. These data emphasis the necessity
of using external calibration standards dissolved in authen-
tic sample extracts for proper quantification, especially in
connection with a crude sample clean-up and a vulnerable
ionisation technique such as ESI.

3.6. Blank values and method detection limits

ery,
m ise,
otal solvent volume and result in underestimation of re
ry rates.
For most analytes the MDL was governed by recov
atrix effects, instrumental LOD and chromatographic no
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rather than laboratory blank values. However, laboratory con-
tamination by PFOS, PFHxA, PFOA, TH-PFOS and PFOSA
was present. Blank values were the limiting factor for the
MDL of PFOS, PFHxA and PFOA in polar cod liver as well
as PFHxA in glaucous gull liver. Typical MDL for all analytes
are given inTable 2. They varied slightly between indi-
vidual samples, however, the variation between livers from
different species was much more pronounced. For most com-
pounds (except PFOSA and long chain PFAS) the MDL was
in the range 0.04–1.3 ng/g wet weight. These values com-
pare favourably with literature values, being about one order
of magnitude lower than the MDL (or quantification limits)
reported in the years 2001–2003[4,5,8,9,15]for the method
described in[15]. Newer publications (2004–2005) using this
method[6,7,11–13]achieved values, which correspond to the
values for the here described screening method.

Due to the uncertainties in recovery calculation (see Sec-
tion 3.4), it is not advisable to correct quantified PFAS levels
for recovery difference between the analyte and the internal
standard. Thus, levels of compounds with lower recoveries
than the internal standard (i.e. PFOSA, PFDcS and PFDcA
to PFTeA) are underestimated and can therefore be lower
than the MDL. Furthermore, these were basically the same
compounds that suffered from strong matrix suppression (see
Table 2), which additionally increased their MDL. If at all
detected, these compounds could only be analysed qualita-
t

3

per-
i e
r for
P ions
( d

analysis of PFHxS, PFNA and PFDcA showed RSD of 21%
or less. Similar variations were found in the reproducibility
experiment (GG2 dayx–z; RSD 10–39%). This indicates that
the deviations are rather due to method uncertainty than due
to day-to-day variations.

3.8. Accuracy/comparison with IPE method

Due to the lack of certified reference material for PFAS
analysis, accuracy testing was limited to comparison of val-
ues obtained with the screening method and the IPE method.
The results are summarised inTable 3. The mean concentra-
tions for GG1 found in repeatability testing with the screening
method are compared to mean levels (n= 3) found applying
the IPE method. As described in Section2, the two meth-
ods are different in extraction and clean up. Even though
matrix-matched calibration standards are not usually used
in combination with the IPE method, this was done here to
provide better comparability with the screening method. The
mean concentrations of PFAS in GG1 found applying the
screening method compared very well with the mean values
for the IPE method (Table 3). The biggest discrepancy was
found for PFHxS, which was the lowest concentrated of all
detected PFAS. However, it has to be kept in mind that this
excellent agreement between the two methods is based on
c s and
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.7. Precision

The results of the repeatability and reproducibility ex
ments are given inTable 3. Single determinations in th
epeatability study (GG1 a–c) varied with up to factor 2
FOS and PFHxA, resulting in relative standard deviat

RSD) of 35% and 34%, respectively (n= 3). The repeate

able 3
epeatability, reproducibility and accuracy data for the screening me

PFHxS PFOS PFDcS PFH

epeatability
GG1 a 0.13 225 <15 0.17
GG1 b 0.17 214 <15 0.09
GG1 c 0.13 109 <15 0.18

eproducibility
GG2 day x 0.35 117 <15 0.24
GG2 day y 0.23 119 <15 0.14
GG2 day z 0.34 140 <15 0.32

ccuracy
GG1 mean (RSD)a,

screening method
0.14 (16) 183 (35) <15 0.15 (

GG1 mean (RSD)a

IPE method
0.19 (5) 182 (11) 0.65 (9) <0.67b

ll values are given in ng/g ww. The triplicate repetitions for GG1 (a
ifferent days covering a period of nine months. For accuracy estima
IPE) method were compared.
a Mean value and relative standard deviation (%) of three replicates
b Method detection limit defined as three times blind value (single d
omparison of mean values of three repeated analyse
pplication of the same instrumental method and quant

ion approach.

.9. Advantages and limitations of the screening metho

The screening method was successfully applied to
amples of 12 different species (fish, birds and marine m
als). As an illustration, extracted mass chromatogram

he glaucous gull liver sample GG2 are shown inFig. 2.

ing two different glaucous gull liver samples (GG1 and GG2)

PFOA PFNA PFDcA PFUnA PFDoA PFO

<1.28 4.74 9.43 <15 <15 <15
<1.28 5.78 6.94 <15 <15 <15
<1.28 4.02 6.47 <15 <15 <15

<1.28 2.47 2.27 <15 <15 <15
<1.28 1.32 <3.40 <15 <15 <15
<1.28 2.14 2.65 <15 <15 <15

<1.28 4.85 (18) 7.61 (21) <15 <15 <15

<1.34b 5.10 (10) 8.04 (6) 14.0 (4) 2.74 (8) <0.67b

e performed as parallels, while the repeated extractions of GG2 wen
ean values for GG1 obtained by the screening method and the ion pion

ation) for the IPE method.
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Fig. 2. Extracted mass chromatograms (mass tolerance 0.06 u) from full
scan (m/z165–720) TOF-MS analysis of a glaucous gull liver extract (GG2
dayx, seeTable 3). Quantified concentrations are (A) PFHxS 0.35 ng/g; (B)
PFOS 117 ng/g; (C) PFHxA 0.24 ng/g; (D) PFNA 2.47 ng/g; and (E) PFDcA
2.27 ng/g.

Furthermore, also brain samples of fish and birds were suc-
cessfully analysed with the screening method (results not
shown). They showed much less matrix effects compared to
liver samples, but were sometimes difficult to filter.

The main advantages of the screening method over the IPE
method are the time and cost efficiency and the very short and
straightforward sample handling, reducing the risk for lab
contamination (blank values) and loss of analytes. The IPE
method has furthermore the weakness of an evaporation step
to dryness, which might lead to loss of PFOSA possessing a
relatively high vapour pressure. The screening method works
technically very well also for lipid rich samples such as polar
cod or burbot liver, whereas lipids are extracted intotert-butyl
methyl ether when applying the IPE method. This poses a
big challenge for evaporation to dryness and re-dissolution
in methanol or methanol/water.

The major drawback of the screening method is the inabil-
ity to comprise the less polar PFAS (PFDcS, PFUnA to
PFTeA and PFOSA) at low method detection limits. Depend-
ing on the type of matrix and the chosen internal standard,
very strong matrix effects due to the crude clean up procedure
can lead to reduced precision compared with the IPE method
(see RSD values inTable 3). However, since the screening
method corrects for matrix effects, accuracy is not expected
to be influenced other than by precision.

4

ning
m thod

despite a very quick and crude sample extraction and clean up.
Typical applications for the screening method could be large
sample series of the same matrix type, where the time and
cost efficiency are beneficial. At least one low-contaminated
sample of the same matrix type has to be available for obtain-
ing the sample extract needed for dilution of the calibration
standards. The method could also qualitatively be used to
select the most contaminated samples of a large sample set
for more comprehensive analysis. Furthermore, the screen-
ing method is a valuable alternative to verify quantitative
results and systematic errors (e.g. due to matrix effects if no
matrix-matched standards are employed) of the IPE method.
It is not beneficial for analysis of samples from many differ-
ent matrix types or when long-chain PFAS are of particular
interest. Independent of the applied method, matrix effects
are a big challenge in PFAS analysis. Although the limited
availability of suitable standards and the problems connected
to matrix residues in ESI-MS have been discussed before
[17], measures to avoid systematic errors due to these issues
are not yet routinely applied.
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tam. Toxicol. 14 (1985) 713.

[15] K.J. Hansen, L.A. Clemen, M.E. Ellefson, H.O. Johnson, Environ.
Sci. Technol. 35 (2001) 766.

[16] U. Berger, I. Langlois, M. Oehme, R. Kallenborn, Eur. J. Mass
Spectrom. 10 (2004) 579.

[17] J.W. Martin, K. Kannan, U. Berger, P. de Voogt, J. Field, J. Franklin,
J.P. Giesy, T. Harner, D.C.G. Muir, B. Scott, M. Kaiser, U. Järnberg,
K.C. Jones, S.A. Mabury, H. Schroeder, M. Simcik, C. Sottani, B.
van Bavel, A. K̈arrman, G. Lindstr̈om, S. van Leeuwen, Environ.
Sci. Technol. 38 (2004) 248A.


	Validation of a screening method based on liquid chromatography coupled to high-resolution mass spectrometry for analysis of perfluoroalkylated substances in biota
	Introduction
	Experimental
	Chemicals
	Samples, extraction and clean-up
	Ion pair extraction for method comparison
	HPLC/MS analysis
	Detection limits, linear range and recoveries
	Matrix effects
	Determination of precision and accuracy

	Results and discussion
	Internal and recovery standard
	Instrumental detection limits and linearity
	Specificity of LC/TOF-MS
	Recoveries
	Matrix effects
	Blank values and method detection limits
	Precision
	Accuracy/comparison with IPE method
	Advantages and limitations of the screening method

	Conclusions
	Acknowledgements
	References


