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Abstract

A selective and sensitive method for analysis of perfluorooctanoic acid (PFOA) in human serum and plasma, utilizing liquid chromatography
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andem mass spectrometry (LC–MS/MS), has been developed and thoroughly validated to satisfy strict FDA guidelines for bio
ethods. A simple, automated sample preparation procedure, involving extraction of the target analyte with acetonitrile on protein pr
edia in a 96-well plate format was developed, allowing efficient handling of large numbers of samples. The proposed metho

alibration standards prepared in a surrogate matrix (rabbit serum or plasma) and13C-labeled PFOA as the internal standard to accoun
atrix effects, instrument drift, and extraction efficiency. Human serum and plasma could not be used for matrix matching of c

tandards as endogenous levels of PFOA observed in the control human serum and plasma significantly exceeded the targeted
uantitation (LLOQ) of the method. Precision and accuracy of the method were demonstrated by analysis of rabbit serum and pla
amples fortified at 0.5, 5, and 40 ng/mL PFOA and human serum and plasma fortified at 1.0, 5.0, 40 ng/mL PFOA. The LLOQ of
FOA was experimentally demonstrated for rabbit and human serum and plasma. Within-day precision and accuracy, short-ter

reeze–thaw stability, equivalence of response between PFOA and APFO (the ammonium salt of PFOA), and dilution of concentrat
ere also investigated. The results of the validation experiments comply with the precision and accuracy limits defined by the FDA
ocument: “Guidance for Industry, Bioanalytical Method Validation”, May 2001.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The availability of validated analytical methodology for
nalysis of perfluorooctanoic acid (PFOA) and its ammonium
alt (APFO, C8) in various environmental and biological ma-
rices has recently gathered significant attention. PFOA and
ther fluoroorganic compounds have been detected in human
erum[1,2] and various biota species[3,4] creating concerns
bout the sources and potential health and environmental im-
act of these compounds. As the origins of PFOA in human
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blood and the environment, as well as its actual leve
human blood for the general population and different e
ronmental compartments are investigated, improved an
orously validated analytical methods need to be establi
In addition, anticipating analysis of large numbers of s
ples, a simple and automated sample preparation tech
is desirable.

PFOA is used as a polymerization aid in making PT
(polytetrafluoroethylene) and other fluoropolymers. PTF
present in the component parts of analytical instrumenta
some sample preparation products such as SPE cartr
and some general-use labware. PFOA may be present a
levels in these products and has been detected in com
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HPLC solvents. All this creates significant “blank” problems
for analysis at trace levels, requiring diligent screening of all
reagents, labware, sample collection implements, and instru-
mentation used for the measurement.

Before the use of LC–MS techniques became routine,
PFOA analysis in biological matrices had been dominated
by gas chromatographic techniques (GC). PFOA requires
derivatization in order to be efficiently analyzed by GC.
Belisle and Hagen[5] derivatized PFOA as the methyl ester
using diazomethane and developed protocols for analysis of
PFOA in human plasma and urine as well as rat and monkey
liver tissue. A similar derivatization procedure with detection
by GC-ECD has been utilized by Kudo et al.[6] for deter-
mination of PFOA in rat tissues. Other researchers, experi-
encing problems with losses of methyl ester during sample
preparation, developed derivatization with larger chemical
moieties. Ylinen et al.[7] established a GC-ECD method for
determination of PFOA as the benzyl ester derivative in an-
imal urine and plasma. The GC-based methods, though in
general useful for analysis of PFOA in biological matrices,
require complex and tedious sample preparation that is not
easily automated and generally lack the sensitivity and selec-
tivity necessary for determination of PFOA in human blood.
A more sensitive method for determination of PFOA in rat
liver was developed by Ohya et al.[8] utilizing derivatization
and HPLC-fluorescence detection.

sis
a ical
m ttani
a ly-
s L
b ple
p LOQ
L
M of
t sul-
f n of
t ta-
t m,
u
p
a uo-
r rum
a trac-
t mL
O .
E gent
b pt-
a mL.
I i-
n ding
P for
o uman
p lume
o t was
l ack-

flushed into the analytical column. The reported limit of
quantitation of 0.5 ng/mL for plasma was estimated based
on signal-to-noise (S/N) ratio, rather than derived experimen-
tally by testing the proposed method with matrix spiked at the
stated LOQ. A similar approach, utilizing large volume injec-
tions of acetonitrile-extracted human plasma onto a capillary
column-switching system for determination of perfluorooc-
tane sulfonate and PFOA, was proposed by Holm et al.[13].
Using 250�L injection of plasma extract, a limit of detection
of 0.5 ng/mL (S/N ratio of 3) was achieved.

This work was directed towards developing and rigorously
validating a method in 96-well plate format that would al-
low fast and accurate quantitation of PFOA at 500 pg/mL
in human serum or plasma. The goal of the method devel-
opment was to simplify the sample preparation procedure
as compared with methods proposed in the literature, mini-
mize the number of operations performed on a sample and
make the method easily adaptable to high-throughput pro-
cessing on robotic stations. Similarly, the LC/MS/MS was
optimized to handle large numbers of samples without the
need for complex systems for on-line sample treatment in
order to be easily adaptable to commercial laboratories. As
many published methods often lack thorough method val-
idation data that would be acceptable to regulatory agen-
cies, this work was designed to provide comprehensive val-
idation data. The validation protocol was developed based
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Introduction of LC–MS/MS technology to PFOA analy
llowed determination of PFOA at trace levels in biolog
atrices after relatively simple sample preparation. So
nd Minoia [9] showed method validation data for ana
is of PFOA in human serum with an LLOQ of 25 ng/m
y LC–MS/MS with negative ion electrospray. The sam
reparation procedure was analogous to the 5 ng/mL L
C–MS/MS method used by Hansen et al.[1] involving
TBE extraction of the buffered sample with addition

he ion pairing agent tetrabutyl ammonium hydrogen
ate, subsequent evaporation of MTBE, and dissolutio
he sample in methanol. A slightly lower limit of quanti
ion for determination of PFOA (3.9 ng/mL) in human seru
sing methodology developed by Hansen et al.[1] was re-
orted by Kubwabo et al.[10]. Kuklenyik et al.[11] reported
n LC/MS/MS method for determination of various perfl
inated organic compounds, including PFOA in human se
nd milk. The method involves automated solid-phase ex

ion of samples treated with 0.1 M formic acid on 60 mg/3
asis-HLB columns, eluted with 1% NH4OH/acetonitrile
ven though the authors report problems with rea
lanks for PFOA at∼1 ng/mL, they demonstrated acce
ble method accuracy for quantitation of PFOA at 1 ng/

noue at al.[12] described an LC/MS method for determ
ation of three perfluorinated organic compounds, inclu
FOA in human plasma using a column-switching system
n-line sample extraction and subsequent analysis. H
lasma samples were pretreated with an equivalent vo
f acetonitrile, centrifuged, and the resulting supernatan

oaded onto the extraction column and subsequently b
n a set of guidelines developed by FDA for bioanalyt
nalysis[14]. The major complication encountered in
alidation process at an LLOQ of 500 pg/mL was the d
ulty in obtaining blank human serum or plasma with s
iently low endogenous levels of PFOA. A number of ani
lasma and serum matrices were screened in order to
ppropriate surrogate matrices. The method validation
LOQ demonstration was performed for both human
abbit plasma and serum matrices using13C-labeled PFOA
o account for matrix effects, instrument drift, and extrac
fficiency.

. Experimental

.1. Standards and chemicals

The standard of perfluorooctanoic acid (99.2%) was
ained from Oakwood Products, Inc. (West Columbia,
SA) and characterized by DuPont (Newark, DE, US
nalysis by 19F NMR confirmed that the PFOA sta
ard essentially contained 98.7% straight chain PFOA
.53% branched PFOA isomers. The internal standard:13C-
erfluorooctanoic acid (C6F13

13CF2
13CO2H, 13C-PFOA)

96.4%) was provided by DuPont (Newark, DE, USA). A
onium perfluorooctanoic acid (APFO) (95.2%) contain
mixture of straight chain and branched forms (78.0%

ar, 22.0% branched PFOA isomers) was provided by th
nvironmental Laboratory (St Paul, MN, USA).
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Chemicals and reagents used in the extraction procedures
or in the mobile phase were of reagent grade and were
obtained from VWR Scientific (Bridgeport, NJ, USA) and
Sigma–Aldrich (St Louis, MO, USA). Solvents used for the
mobile phase (acetonitrile, water) were of HPLC grade and
were obtained from EM Science (Gibbstown, NJ, USA).

The control rabbit serum and plasma as well as the con-
trol human serum and plasma were purchased from Lampire
Biological Laboratories, Inc. (Pipersville, PA, USA). Six dif-
ferent lots of rabbit serum and plasma, and six different lots of
human serum and plasma were purchased and stored frozen
(≤−20◦C).

2.2. Chromatographic conditions

An Agilent 1100 series (Palo Alto, CA) HPLC system
consisting of a quaternary pump, vacuum degasser, autosam-
pler, and controlled-temperature column compartment was
used. Two 4 mm× 10 mm Hypercarb drop-in guard car-
tridges (Keystone, Bellefonte, PA, USA) were attached in-
line after the purge valve and before the sample injector port
to trap any residue contaminants that may be in the mobile
phase and/or HPLC system. Chromatographic separation was
achieved using a Genesis C8 column (50 mm× 2.1 mm i.d.,
4�m particle size; originally supplied by Argonaut, Foster
City, CA and currently supplied by Grace/Vydac, Hesperia,
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energy, corresponding to a nearly 100% fragmentation of the
molecular (or precursor) ions, were similar for each analyte,
−14 eV.

For quantitative purposes, the instrument was oper-
ated in SRM mode, monitoring the transition: PFOA,m/z
413→ 369m/z, and13C-PFOA,m/z415→ 370m/z. Quanti-
tation using these transitions was performed using the Ana-
lyst 1.2 software provided by PE (Applied Bioscience, Foster
City, CA).

2.4. Standards and sample preparation

Stock solutions of PFOA and13C-PFOA were prepared
at a concentration of 100�g/mL in methanol. Fortification
solutions of PFOA at 1.0, 0.1, and 1.0�g/mL of 13C-PFOA
were prepared by appropriate dilutions of the stock solutions
in acetonitrile.

Typically, a set of calibration standards containing from
0.05 to 5 ng/mL PFOA and 1 ng/mL13C-PFOA was prepared
by dilution of the 0.1�g/mL PFOA and the 1.0�g/mL 13C-
PFOA stock solutions in acetonitrile. The matrix-matched
calibration standards were made by processing 0.5 mL of an
acetonitrile standard and 50�L of appropriate matrix using
the protein precipitation procedure. Separate standards were
made for plasma and serum work. The fortifications of sam-
ples were done in a similar manner. First, an acetonitrile stock
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A, USA) operated at a temperature of 30◦C. The mobile
hase consisted of a 2 mM ammonium acetate solutio
ater (A) and methanol (B). The following gradient elut
as employed: 60% B (isocratic) to 3.0 min. (0.3 mL/min)
00% B (linear) at 3.5 min (0.3 mL/min), 100% B (isocra
t 3.7–7 min (0.5 mL/min) at 7 min (0.5 mL/min), to 60%
linear) at 7.5 min (0.5 mL/min), 60% B (isocratic) at 9 m
0.5 mL/min), 60% B (isocratic) at 9.5 min (0.3 mL/mi
0% B (isocratic) at 12 min (0.3 mL/min). Retention tim
nder these conditions were similar for both PFOA and13C-
FOA (∼2.0 min).

.3. Mass spectrometric conditions

A PE SCIEX API 4000 triple quadrupole mass spectr
ter (Foster City, CA, USA), equipped with a SCIEX Tu
ion-spray interface, operated in the negative ion MS
ode, and using selected reaction monitoring (SRM)
mployed. Instrument tuning was conducted for each

yte by direct-infusion of a∼1�g/mL standard solution o
FOA at a flow rate of 10�L/min introduced via a “T” into
stream of mobile phase containing 60% methanol and
mM ammonium acetate in water at a 0.3 mL/min flow r
he analyte was initially tuned for the parent ion and t
ubsequently tuned for the product ion. Typically, the foll
ng tune parameters were used: source temperature 3◦C;
esolvation temperature (500◦C), desolvation (curtain) ga
ow 20 L/h; nebulizer gas flow 30 L/h; ion spray volta
4000 V; declustering potential−40 V; entrance potenti
6 V; dwell time 500 ms. The optimal settings for collis
olution containing appropriate concentration of PFOA
3C-PFOA was made and 0.5 mL of the acetonitrile fortifi
ion solution and 50�L of appropriate matrix were process
sing the protein precipitation procedure. For freeze/t
nd storage stability, approximately 0.5 mL of appropr
atrix was spiked with PFOA and then 50�L aliquots were
sed for extraction with acetonitrile containing13C-PFOA

nternal standard. The stock standard solution and all fo
ation/calibration standard solutions were stored in a re
rator (4± 2◦C) when not in use.

The protein precipitation procedure involved manu
oading a 50�L aliquot of each specimen (serum or plasm
nto an Argonaut protein precipitation column, arraye
96-well plate format (Isolute, Argonaut, Foster City, C

nd a 500�L aliquot of acetonitrile containing an appr
riate concentration of analyte and/or internal standard

hen added to each column. A Packard MultiProbe II sam
andling robot (Perkin-Elmer Life and Analytical Scienc

nc., Boston, MA) was used to automate repetitive dispen
f the acetonitrile. Repeated vacuum cycles were appli

he extraction plate manifold until all acetonitrile had b
rawn through the column. Four hundred microliter aliqu
f the eluate from each column were then transferred to

osampler vials for subsequent analysis. A 5�L aliquot was
njected onto the HPLC.

Frozen samples of serum or plasma were allowed to
letely thaw, un-aided, at room temperature. Samples
ad been stored refrigerated were allowed to equilibra
oom temperature. All samples were thoroughly mixed
ore being sampled for extraction.
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2.5. Method validation protocol

The method validation protocol was derived from the US
FDA’s Guidance for Industry for Bioanalytical Method Val-
idation [14]. The challenge in designing the validation pro-
tocol was the difficulty finding human serum or plasma with
at most 0.1 ng/mL endogenous PFOA (0.1 ng/mL constitutes
20 % of desired method LLOQ). A similar but lesser chal-
lenge was encountered when plasma and serum of various
animals were screened. The rabbit serum and plasma met the
blank criteria for 0.5 ng/mL LLOQ and were used as surro-
gate matrices for method validation and for preparation of
matrix-matched calibration standards for validation of the
method with human serum and plasma. The evaluation of
method specificity, linearity, accuracy and precision, LLOQ,
and storage stability was done with rabbit serum and rabbit
plasma. Method accuracy, precision, and LLOQ were evalu-
ated for human serum and plasma.

The specificity of the method was determined by analyzing
six control rabbit serum and plasma samples from six differ-
ent lots. These six control samples were evaluated for the
presence of interfering signal and compared to a 0.5 ng/mL
standard of PFOA prepared in 50:50 methanol:water to de-
termine the level of inherent PFOA present in the con-
trol matrix. The linearity of the method was established
by the triplicate analysis of extracted calibration standards
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prepared and compared to those that sat at room temperature
for approximately 24 h.

The stability of the analyte during the freeze/thaw cy-
cle was evaluated by fortifying three control samples at
5.0 ng/mL and three at 40 ng/mL. These samples were kept
frozen for approximately 24 h and then allowed to thaw at
room temperature. This process was repeated three more
times, and the samples were analyzed after the fourth thawing
process.

Validation of the method for human serum and plasma was
conducted using six different lots of control human serum
and plasma. Each lot was used to prepare one control sample
and samples fortified with PFOA at 1.0, 5.0, and 40 ng/mL
(three replicates per fortification level). These were analyzed
using extracted standards prepared in control rabbit serum
and plasma. The recoveries were calculated by subtracting
the amount of endogenous PFOA determined in the con-
trol matrix from the amount obtained for the fortified sam-
ple and comparing that with the spiked amount. Initially,
the human serum and plasma were fortified at 0.5 ng/mL
in order to establish the LLOQ at this level. However, en-
dogenous levels of PFOA present in commercially available
human serum and plasma prohibited accurate recoveries at
this level. Therefore, a validation of LLOQ at 0.5 ng/mL was
conducted with13C-PFOA in human serum and plasma. Sin-
gle lots of human serum and plasma were tested by prepar-
i 0.5,
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anging from 0.5 to 40 ng PFOA/mL of plasma or ser
he LLOQ of the method for rabbit serum and rab
lasma was determined by analyzing three replicates
ontrol sample and five replicates of fortified sample
.5 ng/mL.

The within-day and between-day precision and accu
f the method were determined by extracting and an

ng two sets of fortified rabbit serum and plasma sam
n two separate days by two separate analysts. One se

ained six control samples fortified at 0.5 ng/mL, six c
rol samples fortified at 5.0 ng/mL, and six control sam
ortified at 40 ng/mL. The second set contained six con
amples fortified at 5.0 ng/mL. The method accuracy and
ision for samples outside the calibration range was e
ned by the analysis of three fortified samples prepare
0�g/mL, extracted, and the extracts subsequently di

n 50:50 methanol:water into the range of calibration s
ards.

To demonstrate the method applicability to the determ
ion of APFO, six control samples of rabbit serum and pla
ere fortified with 5.0 ng/mL of APFO and analyzed aga
set of PFOA calibration standards.
The short-term stability of samples and extracts was d

ined by fortifying six control samples at 5.0 ng/mL and
t 40 ng/mL. Three replicates at each level were immedi
nalyzed, whereas the other fortified samples were all

o remain at room temperature for approximately 24 h
ore analyzing. After analysis, the initial extract and stan
ials were allowed to remain at room temperature for∼16 h
nd then re-injected. A fresh set of calibration standards
-

ng one control and three replicate samples fortified at
.75, and 1 ng/mL with13C-PFOA and analyzed with
et of 13C-PFOA standards prepared in human serum
lasma.

. Results and discussion

.1. Chromatographic and mass spectrometric
onditions

The selection of an analytical column for the analysi
FOA in serum or plasma was based on previous ex
nce gathered from methods developed for other biolo
nd environmental matrices. The Genesis C8 column sh
uitable retention and peak shape for PFOA in a variety o
rices. It offers relatively short analytical runtimes (∼12 min)
ith good separation of the PFOA signal originating fr

he injected sample and the PFOA signal originating from
nstrument (“system PFOA”). Since various parts of HP
ystems are made of PTFE and since APFO is used a
olymerization aid in making PTFE, the background PF
riginating from the HPLC system has to be eliminate
istinguished from the PFOA originating from the injec
ample. Instrument background can be minimized only
ertain degree by extensive flushing of the HPLC syste
eplacement of PTFE parts with those made of other ma
ls. However, there is a limit to that approach, as not al
arts can be replaced. For example, in the HP1100 HPL
utlet check valve of the pump passes all of the mobile p
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Fig. 1. SRM chromatogram demonstrating the elution of “analyte” PFOA
and “system” PFOA.

through a solid PTFE frit (Part Number: 01018-22707). In
order to assist the analytical column in separating this “sys-
tem PFOA” from the sample PFOA, Hypercarb filters (Key-
stone Scientific) were placed at the exit of the pump prior to
the autosampler. The appropriate gradient design allows elu-
tion of the analyte PFOA at essentially isocratic conditions
(40% 2 mM ammonium acetate/60% methanol) without in-
terference from the “system PFOA”. Immediately following
elution of the analyte PFOA, the HPLC, Hypercarb filters,
and analytical column are flushed with 100% methanol at
an increased flow rate to elute the “system PFOA”.Fig. 1
illustrates this principle with the analyte PFOA being eluted
at 2.0 min and the “system PFOA” eluting as a broad peak
starting at approximately 6 min and returning to the baseline
value by 12 min.

The 5�L injection volume was determined to be op-
timal considering the required sensitivity of the method
and chromatographic performance. Larger injection volumes
have been shown to cause excessive peak fronting or split-
ting. Acceptable peak shapes are obtained for these extracts
with 5�L injections. The composition of the extracts from
serum:acetonitrile or plasma:acetonitrile extraction also ap-
pears to be critical to the chromatographic performance. In-
jections of samples in 100% organic solvent (acetonitrile or
methanol) resulted in broad, fronting peaks for this chromato-
graphic system. Samples requiring dilution were initially
d phy
w water
s

OA
w a-
j of
t
t l
s

3.2. Method validation

Specificity of the method for PFOA was determined by
analyzing control rabbit plasma and serum samples from dif-
ferent lots along with a calibration standard at 0.5 ng/mL. For
all tested lots a signal for PFOA was detected (signal to noise
ratio larger than 3:1) originating from endogenous levels of
PFOA present in the tested matrices. No PFOA signal was
detected for either instrumental or reagent blanks supporting
the claim that the detected PFOA originated from the biolog-
ical matrix. Typically, the PFOA signal (peak area) obtained
for control rabbit serum or plasma lots did not exceed 1/3 the
peak area obtained for the 0.5 ng/mL standard prepared in
the examined matrix. Occasionally, a result not meeting this
criterion was obtained, but re-analysis after extensive vor-
texing of rabbit plasma or serum to remove inhomogeneity
in the sampled aliquots of the matrix brought the results to
acceptable range.

The linearity of the method was established by analyz-
ing calibration standards ranging from 0.5 to 40 ng/mL in
triplicate, separately, in rabbit plasma and rabbit serum. For
each set of standards, the coefficients of determination (r2)
were greater than 0.985 using a linear model of the calibra-
tion curve with 1/Xweighing using peak areas for PFOA. All
calibration standards deviated less than 20% from the nom-
inal concentration of the LLOQ and less than 15% for the
o /mL
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iluted in 100% acetonitrile; however, the chromatogra
as unacceptable. Samples diluted in 50:50 methanol:
howed excellent peak shape.

The mass transition selected to monitor for PF
as (negative ions) 413→ 369. This represents the m

or fragment of the parent molecule with the loss
he terminal carboxyl group. The transition 415→ 370 is
he equivalent transition for the dual13C-labeled interna
tandard.
ther levels. Injection precision was tested for the 0.5 ng
alibration standard by re-injecting it three times. Less
% RSD was demonstrated with experimentally determ
SDs of 4.25% for rabbit serum and 3.47% for rabbit plas
Table 1summarizes spike recovery data obtained f

he method validation in rabbit serum and rabbit plasma.
able presents the average recovery for a given sample
cation level and standard deviation of the recovery for
umber of replicates indicated. The accuracy and prec
within-day) of the method is expressed as the recovery
tandard deviation of recovery. All three fortification lev
or rabbit plasma and rabbit serum (Table 1) demonstrate
ecoveries in the range of±15% of nominal 100% recove
nd standard deviations not exceeding 15%. The betw
ay accuracy and precision of the method was tested b
eating the fortification for the 5 ng/mL level by a differe
nalyst on another day. The data obtained for rabbit pla
nd serum (Table 1) met the criteria outlined for within-da
nd between-day method precision and accuracy.

The method performance was also tested for rabbit s
nd rabbit plasma samples fortified at 10�g/mL PFOA, ex

racted, and diluted with 50:50 methanol:water to bring
oncentration into the range of calibration. Satisfactory
overy (100± 15%) and precision were obtained for b
abbit serum and plasma (Table 1). Initially, the samples wer
iluted in acetonitrile prior to analysis. It was discovered

his resulted in poor chromatography for PFOA and the
ernal standard though the recoveries were comparab
esults using methanol:water dilution, which improved
hromatography.
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Table 1
Percent recoveries for PFOA fortified rabbit serum and plasma samples

Sample matrix Experiment Fortification level (ng/mL)

0.5 5 40 10000

Rabbit serum Day 1, analyst 1; six replicates 101± 12 108± 1.5 94± 1.2 –
Day 2, analyst 2; six replicates – 108± 2.1 – –
LLOQ validation; five replicates 91± 8.0 – – –
Dilution; three replicates – – – 88± 0.6
APFO validation; six replicates – 101± 2.6 – –

Rabbit plasma Day 1, analyst 1; six replicates 98± 13 111± 4.1 96± 2.6 –
Day 2, analyst 2; six replicates – 106± 0.8 – –
LLOQ validation; five replicates 88± 17 – – –
Dilution; three replicates – – – 87± 1.5
APFO validation; six replicates – 101± 4.4 – –

Method validation for APFO in rabbit serum and plasma
was conducted at 5.0 ng/mL fortification level by analyzing
APFO fortified samples with a set of PFOA calibration stan-
dards. The accuracy and precision of the method to mea-
sure APFO in rabbit serum and plasma was demonstrated
(Table 1).

The LLOQ of the method was determined by analyzing
three replicates of a control sample and five replicates of for-
tified samples at 0.5 ng/mL PFOA. The LLOQ at 0.5 ng/mL is
justified as the average recoveries are between 80 and 120%
(Table 1) with an acceptable level of precision. Addition-
ally, the response expressed as the peak area obtained for
0.5 ng/mL fortifications was at least three times that of the
control samples for both rabbit plasma and rabbit serum.

Table 2summarizes the recovery and standard deviation
data obtained for short-term storage stability and freeze–thaw
stability. The stability experiments were conducted using rab-
bit serum and plasma at 5 and 40 ng/mL PFOA fortification
as described in Section2. The calibration standards (data not
shown) were shown to be stable (±15% of original value)
after remaining at room temperature for approximately 24 h
(except for the 0.5 ng/mL rabbit serum calibration standard).
This standard differed by 18% as compared to a standard that
was prepared and analyzed 24 h earlier. The fortified sam-
ples were shown to be stable (±15% of original value) after
remaining at room temperature for approximately 24 h be-
f m
s with

acceptable recoveries and precision for both fortification lev-
els (Table 2).

In order to demonstrate the method applicability to
analysis of PFOA in human serum or plasma, a partial vali-
dation involving demonstration of method precision and ac-
curacy was done using three different lots of human serum
and plasma with calibration standards prepared with rabbit
serum or plasma, respectively. The fortifications of human
serum and plasma samples were done at three different lev-
els: 1, 5, and 40 ng/mL PFOA. The endogenous levels of
PFOA were determined for each lot of human plasma and
serum. The spike recoveries were calculated by subtracting
the endogenous levels of PFOA from the results obtained for
different levels of fortifications for each lot of human plasma
and serum and comparing that with the spiked amount. The
results of this validation are presented inTable 3. All samples
met the validation criteria of accuracy and precision set by
the FDA validation guidelines[14].

According to the FDA validation guidelines[14] the
method lower limit of quantitation needs to be demonstrated
experimentally by fortifying sample matrix at the level of
LLOQ and meeting the criteria of accuracy and precision. The
initial intent was to fortify the human controls at 0.5 ng/mL;
however, endogenous levels of PFOA in commercially avail-
able controls (Table 3) prohibited accurate recoveries at this
level. Therefore, a validation of LLOQ was conducted using
1 g of
o .75,
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ore being extracted. (Table 2). The rabbit plasma and seru
amples were shown to be stable throughout freeze/thaw
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ercent recoveries for storage stability of PFOA fortified rabbit serum

ample matrix Experiment
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Fortified, stored for 24 h, extracted
Fortified, extracted, stored for 16 h
Freeze/thaw stability

abbit plasma Fortified, extracted, analyzed im
Fortified, stored for 24 h, extracted
Fortified, extracted, stored for 24 h
Freeze/thaw stability
3C-PFOA in human serum and plasma. A set consistin
ne matrix control and three samples fortified at 0.5, 0

asma samples

Fortification level (ng/mL)

5.0 40

ly 91± 6.7 91± 1.2
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zed 90± 3.1 91± 2.5

90± 14 91± 0.6
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86± 1.5 88± 4.7
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Table 3
Percent recoveries for PFOA fortified human serum and plasma samples

Sample matrix Lot (PFOA, ng/mL) Lot (PFOA, ng/mL) Fortification level (ng/mL)

1.0 5 40

Human serum Aa (5.5)b D (6.0)c 101 ± 5.2 104± 6.8 92± 1.5
B (7.0) E (3.5) 89± 3.5 102± 3.6 99± 11
C (5.2) F (3.2) 95± 13 112± 6.2 95± 1.0

Human plasma A1d (1.5) A1e (2.2) 108± 6.1 107± 4.0 94± 1.0
B1 (3.2) B1 (2.9) 118± 1.5 95± 4.6 95± 0.6
C1 (3.4) C1 (3.9) 114± 6.0 102± 3.0 95± 0.6

Fortification with13C-PFOA 0.5 ng/mL 0.75 ng/mL 1.0 ng/mL

Human serum C 101± 2.7 109± 2.5 103± 2.3
Human plasma A1 104± 3.1 106± 2.1 102± 1.0

a Lots A, B, C were used for 1 ng/mL fortifications.
b Background level of PFOA present in a particular matrix lot.
c Lots D, E, F were used for 5 and 40 ng/mL fortifications.
d Lots A1, B1, C1 analyzed for 1 ng/mL fortifications.
e Lots A1, B1, C1 analyzed for 5 and 40 ng/mL fortifications.

and 1 ng/mL13C-PFOA was prepared in human serum and
plasma and analyzed with a set of13C-PFOA calibration stan-
dards prepared in human serum. The results of this experi-
ment are presented inTable 3. This data clearly demonstrates
that the LLOQ of 0.5 ng/mL is justified for human serum and
plasma.

Figs. 2 and 3present representative chromatograms ob-
tained during the method validation for serum and plasma
samples, respectively. These chromatograms demonstrate
that the contribution of instrument blank to the analyte peak
was practically eliminated by the use of the guard column sys-
tem. The contribution of PFOA originating from the rabbit
plasma and serum used to prepare calibration standards is less
than 30% of the projected LLOQ of the method (0.5 ng/mL).
Human control plasma and serum are shown to contain en-
dogenous PFOA at levels above the projected LLOQ.

3.3. Sequence design and quality criteria for routine
runs

The method validation data led to the establishment of
guidelines for the sample sequence on the instrument and the
number and type of QC samples that are included in a rou-
tine run of the proposed method. It is recommended that the
entire set of calibration standards should be injected at the
b ards
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o tion
s nd of
a ibra-
t either
c ction
i ically
3 (ace-
t wo
m rify

procedural recovery for the batch. At least one sample per
batch should be extracted in duplicate. At least one sample
extracted should be separately fortified at a known concen-
tration and carried through the procedure to verify recovery.

The following data quality criteria were set for this
method: the correlation coefficient (R) for calibration curves,
linear, 1/x, generated must be≥0.9925 (R2 ≥ 0.985), any an-
alyte present in the method blanks must be at least three-fold
lower than the LLOQ, any analyte present in the reagent blank
must be at least five-fold lower than the LLOQ.

Recoveries of lab control spikes and matrix spikes must
be between 85 and 115% (80–120% for levels at the LLOQ)
of their known values. Any method fortification (lab con-
trol spike) falling outside the acceptable limits warrants
re-extraction of the entire analytical set. Any matrix spike
outside the acceptable range should be evaluated by the ana-
lyst to determine if re-extraction is warranted.

The stated quality criteria were applied to analysis of au-
thentic human serum samples originating from 255 individ-
uals employed at three different production sites that use
perfluorooctanoic acid or ammonium perfluorooctanoate. To
evaluate the precision of the method every fifth sample was
processed and analyzed in duplicate. These samples were
grouped by ranges of PFOA found, percent relative standard
deviation (%RSD) for each duplicate analysis was calculated,
and then average %RSD and standard deviation of the %RSD
w ob-
t
p
t
%
% hod
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eginning of a sample set followed by calibration stand
nterspersed every 5–10 samples (to account for a seco
f standards). As an alternative, an entire set of calibra
tandards may be included at the beginning and at the e
sample set. However, it is still recommended that cal

ion standards be interspersed every 5–10 samples. In
ase, calibration standards must be the first and last inje
n a sample set. Each batch of samples analyzed (typ
5 or less) should include at least one reagent control

onitrile blank), one matrix control (method blank), and t
atrix controls fortified at known concentrations to ve
t as calculated for each group. The following data were
ained: for samples containing 0–10 ng/mL PFOA (n= 4 sam-
les) the %RSD was 5.7± 6.2%, for 10–100 ng/mL (n= 16)

he %RSD was 8.1± 5.1%, for 100–1000 ng/mL (n= 19) the
RSD was 4.7± 4.9%, and for >1000 ng/mL (n= 11) the
RSD was 3.6± 2.5%. This data demonstrates good met

recision for a wide range of concentrations of PFOA fo
n authentic samples. In addition to duplicate analysi
elected samples, fortifications of rabbit serum and co
uman serum as well as fortifications of authentic sam



336 J.M. Flaherty et al. / J. Chromatogr. B 819 (2005) 329–338

Fig. 2. Chromatograms obtained for SRM transitions 413→ 369 of instrument blank (A), control rabbit serum (B), 0.5 ng/mL PFOA rabbit serum calibration
standard (C), human serum control (E), and SRM transition 415→ 370 for13C-PFOA internal standard (D).
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Fig. 3. Chromatograms obtained for SRM transitions 413→ 369 of instrument blank (A), control rabbit plasma (B), 0.5 ng/mL PFOA rabbit plasma calibration
standard (C), human plasma control (E), and SRM transition 415→ 370 for13C-PFOA internal standard (D).
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were analyzed. The percent recovery for each fortification
was determined. The typical method performance observed
for analysis of authentic samples is represented by data ob-
tained for analysis of a batch of 116 authentic samples. For
this batch of samples processed and run in smaller sets at
different days, a total of six samples of control rabbit serum
were fortified at 5 ng/mL PFOA and six at 50 ng/mL, six
each of control human serum samples were fortified at 20
and 1000 ng/mL PFOA, and twenty six authentic samples
were fortified at 1000 ng/mL PFOA. The following average
percent recoveries and standard deviations were obtained for
this batch of samples: 101± 4.9% (rabbit serum fortifica-
tions, n= 12), 109± 4.6% (control human serum fortifica-
tions at 20 ng/mL,n= 6), 91± 8.8% (control human serum
fortifications at 1000 ng/mL,n= 6), and 91± 9.4% (authentic
human serum samples fortifications at 1000 ng/mL,n= 26).
This data demonstrates the method performance on authentic
samples consistent with data obtained during method valida-
tion.

4. Conclusions

A selective and sensitive method for analysis of perfluo-
rooctanoic acid in human serum and plasma using a 96-well-
p d un-
d on.
T the
m levels
i shed
u pli-
c and
p d pre-
c
r

at LLOQ) were met for rabbit serum and plasma control sam-
ples fortified at 0.5, 5, and 40 ng/mL PFOA and human serum
and plasma fortified at 1.0, 5.0, 40 ng/mL PFOA. Within-day
precision and accuracy, short-term stability, freeze–thaw sta-
bility, equivalence of response between PFOA and APFO
(the ammonium salt of PFOA), and dilution of concentrated
samples were demonstrated to meet the above criteria. Qual-
ity criteria were established to demonstrate the day-to-day
performance of this method in routine runs.
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