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7. ANALYTICAL METHODS

The purpose of this chapter is to describe the analytical methods that are available for detecting,
measuring, and/or monitoring perfluoroalkyls, their metabolites, and other biomarkers of exposure and
effect to perfluoroalkyls. The intent is not to provide an exhaustive list of analytical methods. Rather, the
intention is to identify well-established methods that are used as the standard methods of analysis. Many
of the analytical methods used for environmental samples are the methods approved by federal agencies
and organizations such as EPA and the National Institute for Occupational Safety and Health (NIOSH).
Other methods presented in this chapter are those that are approved by groups such as the Association of
Official Analytical Chemists (AOAC) and the American Public Health Association (APHA).
Additionally, analytical methods are included that modify previously used methods to obtain lower

detection limits and/or to improve accuracy and precision.

Although analytical methods sensitive to ppt/ppb levels have been developed for detecting perfluoroalkyls
in biological and environmental media, these methods have not yet been standardized (Longnecker et al.
2008; van Leeuwen et al. 2006). Both EPA (2009) and the International Organization for Standardization
(1SO 2009) have published methods for determining perfluoroalkanoic acids in water matrices. The EPA
method reports a single laboratory lowest concentration minimal reporting level (LCMRL) in drinking
water of 3.7-5.5 ng/L for C6—C13 carboxylic acids. The applicable levels in the ISO method are 10 ng/L
for PFOA and 2 ng/L for PFOS in unfiltered water samples. As part of EPA's PFOA Stewardship
Program, member companies have agreed to "work with EPA, other PFOA Stewardship Program
participants, and others in order to establish scientifically credible analytical standards and laboratory
methods for measuring the chemicals in the program by 2010" (EPA 2008f). This effort will be useful for
ensuring accuracy and reproducibility across studies monitoring for perfluoroalkyls. Analytical
techniques currently in use are summarized in the following sections (Longnecker et al. 2008; van
Leeuwen et al. 2006). Summaries of the analytical methods and challenges of measuring highly
fluorinated compounds exist in the literature (de Voogt 2006; Jahnke and Berger 2009; Larsen and Kaiser
2007; Martin et al. 2010). The results of an interlaboratory study on perfluorinated compounds in human
and environmental matrices were published in 2006 (van Leeuwen et al. 2006). The perfluoroalkyls that
were reported most frequently and had the best agreement within the interlaboratory results were PFOS
and PFOA. Poor agreement was reported for perfluoroalkyl levels in fish liver extract, fish tissue, and
water samples due to challenges with matrix matched calibration standards, extraction, and cleanup

procedures within these matrices (van Leeuwen et al. 2006). Moreover, most laboratories reported the

**DRAFT FOR PUBLIC COMMENT***



PERFLUOROALKYLS 426

7. ANALYTICAL METHODS

sum of the branched and linear isomers; however, some laboratories reported the concentration of the

linear isomer only, which further confounded the results.

7.1 BIOLOGICAL MATERIALS

Detection of individual perfluoroalkyls in biological materials was not possible until the 1980s, when
methods were developed based on gas chromatographic (GC) techniques (Belisle and Hagen 1980;
Kérrman et al. 2005). These techniques, however, required derivitization of the analytes to methyl esters
or other moieties (Belisle and Hagen 1980; Flaherty et al. 2005; Karrman et al. 2005; Kudo et al. 1998).
This involved complex and tedious sample preparation and resulted in low sensitivity. The introduction
of high-performance liquid chromatography (HPLC) coupled with tandem mass spectrometry (MS/MS)
allowed for more sensitive determination of individual perfluoroalkyls in biological materials and much
simpler sample preparation (Flaherty et al. 2005; Hansen et al. 2001; Kérrman et al. 2005; Ohya et al.
1998). Most perfluoroalkyl detection methods currently in use are forms of HPLC-MS/MS (van Leeuwen
et al. 2006). Methods of sample preparation used for perfluoroalkyls have included solvent extraction,
ion-pair extraction, solid-phase extraction, and column-switching extraction (Flaherty et al. 2005).
Analytical methods for detecting perfluoroalkyls in biological materials are listed in Table 7-1.

Calafat et al. (2007a, 2007b) reported a summary of the method that was developed to measure
perfluoroalkyls in NHANES serum samples. Serum samples were stored at -70°C prior to analysis.
Serum samples (1 mL) were then analyzed using automated solid phase extraction coupled to reversed-
phase HPLC-MS/MS. The limits of detection, accuracy, and precision determined for the perfluoroalky!l
analytes were 0.1-1.0 pg/L, 84-135%, and 10-26%, respectively.

Kuklenyik et al. (2004) described a method for measuring perfluoroalkyls in human breast milk samples.
The milk samples were stored at -40°C. Sample preparation included combining 3 mL of 0.1 M formic
acid, 50 pL of internal standard solution, and 1 mL of milk. This solution was then analyzed using
automated solid-phase extraction followed by HPLC-MS/MS. Limits of detection, recovery, and
accuracy reported for the perfluoroalkyl analytes ranged from 0.1-1.0 pg/L, 26-102%, and 70-118%,

respectively.
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Table 7-1. Analytical Methods for Determining Perfluoroalkyls in Biological
Samples
Sample
Sample Detection detection Percent
matrix Preparation method method  Analytes limit recovery Reference
Human Solvent extraction, GC-ECD PFOA 15 ng/mL 97-113% Belisle and
Plasma derivatization with Hagen 1980
diazomethane
Human Solvent extraction, GC-ECD PFOA 1.5ng/mL  100% Belisle and
Urine derivatization with Hagen 1980
diazomethane
Rat and Homogenization, GC-ECD PFOA 0.145 uM/5  98% Belisle and
monkey solvent extraction, g liver Hagen 1980
liver derivatization with (60 ppb)
diazomethane
Rat liver  Homogenization, GC-ECD PFOA, PFNA, 40-60 ug/g 30-60%  Kudo et al.
solvent extraction, PFDeA liver 1998
derivatization with
diazomethane
Rat liver ~ Homogenization, ion HPLC-FD PFHpA, PFOA, 50 pmol/ 92-98%  Ohya et al.
pair extraction using PFNA, PFDeA 50 mg liver 1998
tetrabutylammonium
ion, derivatization with
3-bromoacetyl-7-
methoxycoumarin
Human lon pair extraction HPLC- PFOS, PFOA, 1-3ng/mL 85-101% Hansen et al.
serum using ESMSMS PFHXxS, 2001
tetrabutylammonium PFOSA
hydrogen sulfate
Human Automated solid- HPLC- PFOSA, Me-  0.1- 30-91% Kuklenyik et al.
serum, milk phase extraction MS/MS PFOSA-AcOH, 1.0 ng/mL  (serum); 2004
Et-PFOSA- (serum); 26—89%
AcOH, PFHxS, 0.1- (milk)
PFOS, PFHpA, 1.0 ng/mL
PFOA, PENA, (milk)
PFDeA, PFUA,
PFDoA
Human Centrifugation, LC-ESI- PFOS, PFOA, 0.05- 82.2— Inoue et al.
plasma Column-switching MS/MS PFOSA 0.25 ng/mL  98.7% 2004a
extraction,

backflushing into
analytical column
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Table 7-1. Analytical Methods for Determining Perfluoroalkyls in Biological

Samples
Sample
Sample Detection detection Percent
matrix Preparation method method  Analytes limit recovery Reference
Human Protein precipitation LC-IT-MS PFOS, PFOA, 0.2- NR Holm et al.
plasma using acetonitrile, PFHpA 0.5 ng/mL 2004
extraction via large
volume injection
capillary column
switching,
backflushing into
analytical column
Human Protein precipitation LC-MS/MS PFOA 0.5 ng/mL* 91-109% Flaherty et al.
serum/ using acetonitrile in a 2005
plasma column arrayed in a
96-well plate format
Human Treatment with formic LC-MSD  PFBuS, 0.1-2 ng/mL 26-112% Karrman et al.
whole acid, sonication, solid PFHxS, PFOA, 2005
blood phase extraction PFOS, PFNA,
PFDeA,
PFOSA, PFUA,
PFDoA
Human Samples collected in  HPLC- PFBuUS, 5-10 ng/mL? 93.2— Ehresman et
whole heparin or EDTA, MS/MS PFHxS, PFOS, 99.7% al. 2007
blood solid phase extraction PFOA

8Limit of quantitation.

GC = gas chromatography; ECD = electron capture detection; EDTA = ethylenediamine tetraacetic acid;
ESMSMS = negative ion electrospray tandem mass spectrometry; HPLC-FD = high performance liquid
chromatography with fluorescence detection; Et-PFOSA-AcOH = 2-(N-ethyl-perfluorooctane sulfonamide) acetic
acid; LC-ESI-MS = liquid chromatography with electrospray mass spectrometry; LC-IT-MS = liquid chromatography
coupled to electrospray ionization mass spectrometry; LC-MSD = liquid chromatography coupled to mass
spectrometric detector; Me-PFOSA-AcOH = 2-(N-methyl-perfluorooctane sulfonamide) acetic acid; MS = mass
spectrometry; PFBuUS = perfluorobutane sulfonic acid; PFDeA = perfluorodecanoic acid; PFDoA = perfluoro-
dodecanoic acid; PFHpA = perfluoroheptanoic acid; PFHxS = perfluorohexane sulfonic acid; PFNA = perfluoro-
nonanoic acid; PFOA = perfluorooctanoic acid; PFOS = perfluorooctane sulfonic acid; PFOSA = perfluorooctane
sulfonamide; PFUA = perfluoroundecanoic acid
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One of the greatest challenges with regard to trace-level analysis of perfluoroalkyl compounds is avoiding
sample contamination (Flaherty et al. 2005; Longnecker et al. 2008; Van Leeuwen et al. 2006; Yamashita
et al. 2004). Perfluoroalkyl compounds may be present at trace levels in reagents, labware, sample
collection implements, and instrumentation; therefore, these items must be carefully screened prior to

analysis to avoid contamination.

Jahnke and Berger (2009) have published a comprehensive review article for the trace analysis of
perfluoroalkyl compounds in both biological and environmental matrices. Readers are encouraged to
examine this article for details regarding instrumental methods, extraction techniques, detection limits,
and strengths and weaknesses of the methods with respect to the analysis of individual perfluoroalkyl

compounds in a wide variety of matrices.

7.2 ENVIRONMENTAL SAMPLES

As with biological matrices, methods developed for analysis of perfluoroalkyls in environmental samples
such as air, water, and soil are primarily based on HPLC-MS/MS technology (Harada et al. 2006; Jahnke
et al. 2007b; Kubwabo et al. 2005; Schroder 2003; Schultz et al. 2006; Taniyasu et al. 2005; Tseng et al.
2006; Washington et al. 2008; Yamashita et al. 2004). Some studies have measured perfluoroalkyls in air
samples using GC-MS (Barber et al. 2007; Barton et al. 2006; Martin et al. 2002). Available methods
report sensitivities of low pg/m® levels in air, high pg/L to low ng/L levels in water, and high pg/g to low
ng/g levels in soil (Jahnke et al. 2007b; Martin et al. 2002; Schultz et al. 2006; Taniyasu et al. 2005;
Washington et al. 2008). Analytical methods for detecting perfluoroalkyls in environmental samples are

listed in Table 7-2. A more comprehensive listing is provided in Jahnke and Berger (2009).

7.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with the
Administrator of EPA and agencies and programs of the Public Health Service) to assess whether
adequate information on the health effects of perfluoroalkyls is available. Where adequate information is
not available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of
research designed to determine the health effects (and techniques for developing methods to determine

such health effects) of perfluoroalkyls.
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Table 7-2. Analytical Methods for Determining Perfluoroalkyls in Environmental

Samples
Sample
Sample Detection detection Percent
matrix Preparation method method Analytes limit recovery  Reference
Air Collection using high LC/MS Et-PFOSA- pg/m® 61-116 Boulanger et
volume sampler and AcOH; PFOSA, (range) al. 2005
glass fibers or XAD PFOS; PFOA
resin followed by
extraction with
methanol, acetone,
dichloromethane, and
hexane
Air Collection with LC/MS PFOA; PFOS 0.1 pg/m® No data Harada et al.
cascade impact 2006
sampler with quartz
membrane filter
followed by
accelerated solvent
extraction
Dust Dispersion using SPE- PFBuUS; 4.0 ng/g for 73.2-100.2 Kato et al.
0.1 M formic acid and HPLC- PFHXS; PFOS; PFHpA,; all 2009a
methanol followed by MS/MS PFHpA; PFOA,; others
SPE PFNA; PFDeA; 2.6 ng/g
PFUA; PFDOA,
PFOSA; Me-
PFOSA-AcCOH,;
Et-PFOSA-
AcOH
Water SPE followed by LC/MS/MS Me-PFOSA-  0.5-6.5 ng/L 93-120 EPA 2009
elution with methanol AcOH; Et- Method 537
PFOSA-ACOH;
PFBuUS;
PFDeA;
PFDOA;
PFHXS; PFENA;
PFOS; PFOA;
PFUA
Soll Alkaline pretreatment LC/MS/MS PFOA; PFDoA; 270 ag/uL ~ 28-152 Washington et
followed by PFHpA; PENA; (ppa) al. 2008
acetonitrile/water PFBA
extraction
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Table 7-2. Analytical Methods for Determining Perfluoroalkyls in Environmental

Samples
Sample
Sample Detection detection Percent
matrix Preparation method method Analytes limit recovery  Reference
Fish Acetonitrile followed UPLC/MS/ PFOS; PFBuUS; Sub to 50-102 Ullah et al.
by SPE cleanup MS and PFHXS; single-digit 2014
extraction GC/MS PFOSA,; Et- pg/g range
PFOSA-ACOH;
Me-PFOSA-
AcOH
Plants Homogenize sample HPLC/MS/ PFOA; PFOS; No data No data Stahl et al.
followed by solvent  MS 2009

extraction

Et-PFOSA-AcOH = 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid; HPLC = high performance liquid
chromatography; LC = liquid chromatography; Me-PFOSA-AcOH = 2-(N-methyl-perfluorooctane sulfonamide) acetic
acid; MS = mass spectrometry; MS/MS = tandem mass spectrometry; PFBuS = perfluorobutane sulfonic acid,;
PFDeA = perfluorodecanoic acid; PFDoA = perfluorododecanoic acid; PFHpA = perfluoroheptanoic acid,;

PFHxS = perfluorohexane sulfonic acid; PFNA = perfluorononanoic acid; PFOA = perfluorooctanoic acid;

PFOS = perfluorooctane sulfonic acid; PFOSA = perfluorooctane sulfonamide; PFUA = perfluoroundecanoic acid;
SPE = solid phase extraction; UPLC = ultra performance liquid chromatography;
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The following categories of possible data needs have been identified by a joint team of scientists from
ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that if met would
reduce the uncertainties of human health assessment. This definition should not be interpreted to mean
that all data needs discussed in this section must be filled. In the future, the identified data needs will be

evaluated and prioritized, and a substance-specific research agenda will be proposed.

7.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect.

Exposure. The presence of perfluoroalkyls in blood and other human biological matrices are biomarkers
of exposure to these substances. The presence of some perfluoroalkyls in the blood may also be the result
of exposure to precursor compounds. For example, PFOSA, Me-PFOSA-AcOH, and Et-PFOSA-AcOH
are expected to be oxidized in the body to form PFOS (Olsen et al. 2005; Seacat and Luebker 2000).
Exposure to 8-2 fluorotelomer alcohol may result in the formation of PFOA as a metabolite within the
body (Fasano et al. 2006; Henderson and Smith 2007; Kudo et al. 2005; Nabb et al. 2007).

Analytical methods that identify perfluoroalkyl compounds in blood or other biological matrices are
available; however, these have not been standardized. Two studies have been performed that assessed
interlaboratory variability in the analysis of perfluoroalkyls. According to Longnecker et al. (2008),
assays of identical plasma specimens from six different laboratories were relatively precise. However,
van Leeuwen et al. (2006) stated that 38 laboratories were not able to produce consistent data when
analyzing for perfluoroalkyls in provided samples of human plasma, whole blood, fish muscle tissue, and
fish liver extract, although agreement was better for the human matrices than for the fish matrices and
water. These authors suggested that laboratories need to address poor extraction efficiency, suitability of
external calibration, suitability of native perfluorinated compounds as internal standards, quality of
standards used, matrix effects, and selectivity of MS/MS technique. Both interlaboratory studies
concluded that standardized methods are needed for the analysis of perfluoroalkyls (Longnecker et al.
2008; van Leeuwen et al. 2006).

Effect. There are no known biomarkers of effect for perfluoroalkyl compounds.

Methods for Determining Parent Compounds and Degradation Products in Environmental

Media. As mentioned for analytical methods for measuring perfluoroalkyls in biological materials,
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standardization is needed for methods for measuring these substances in environmental media as well.
According to van Leeuwen et al. (2006), 38 laboratories were not able to produce consistent data when

analyzing for perfluoroalkyls in provided samples of water.

7.3.2 Ongoing Studies

No ongoing studies regarding analytical methods for measuring perfluoroalkyls in biological materials or

environmental media were located.
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