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bstract

Perfluorocarboxylic acids (PFCAs), namely perfluorooctanoic acid (PFOA) and perfluorononanoic acid (PFNA), have been identified as persis-
ent, bioaccumulative and potentially toxic compounds. The structural analog, 8-2 fluorotelomer alcohol (8-2 fTOH) is considered the probable
recursor of these stable metabolites. Because simultaneous quantification is needed for volatile and non-volatile perfluorinated chemicals (PFCs)
n complex matrices, a GC/MS method was developed and tested based on selected ion monitoring of perfluorinated alkyl parent chain fragment
ons. Although the method requires a derivatization step, combined GC/MS analysis of PFCA-me’s and FTOHs increases analytical efficiency
nd decreases sample analysis time. The method instrument detection limits are between 7.1 and 24.5 ng/mL extract (MTBE), and the method
uantification limits are below 50 ng/mL serum or ng/g liver for all PFCs investigated. Recoveries from mouse serum and liver homogenates,
hich were spiked with FTOHs and PFCAs at levels of 25 and 200 ng/mL or ng/g, ranged from 81 to 101%. Finally, the utility of the method was

emonstrated by dosing male CD-1 mice with 30 mg/kg-BW of 8-2 fTOH and quantifying PFCs 6 h post-treatment. The advantages of this method
re (1) the simultaneous detection of both volatile and non-volatile fluorotelomer-based chemicals in complex matrices, such as mammalian tissues,
2) as a confirmatory method to LC–MS/MS, and (3) as an alternative method of analysis for laboratories without access to LC–MS/MS.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The concern over perfluorinated chemicals (PFCs) has been
ropagated by their widespread use in consumer products cou-
led with their persistence in the environment [1]. Of particular
oncern is the environmental and mammalian bioavailability of

erfluorooctanoic acid (PFOA) which has been shown to be
lobally distributed [2], bioaccumulative [3,4], persistent and
otentially toxic [5,6].

� This paper has been reviewed in accordance with the U.S. Environmental
rotection Agency’s peer and administrative review policies and approved for
ublication. Mention of trade names or commercial products does not constitute
ndorsement or recommendation for use.
∗ Corresponding author at: National Exposure Research Laboratory, Office
f Research and Development, U.S. Environmental Protection Agency, Athens,
A 30605, USA. Tel.: +1 706 254 3117; fax: +1 706 355 8202.
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Sources for the release of PFOA into the environment include
he thermal breakdown of perfluorinated polymers in cook-
are and internal combustion engines, losses from production

nd application facilities [7], and losses from treated consumer
rticles [1,8]. Neither of these source terms, however, seems
ikely to account for the global distribution of PFOA currently
eing reported. Some have hypothesized that the volatile perflu-
roalkyl telomers released during preparation of telomer-based
roducts, are readily transported via atmospheric processes and
ubsequently transformed into PFOA [8,9]. Of interest among
he polyfluorinated telomers are the fluorotelomer alcohols
fTOH), in particular 8-2 fTOH. The FTOHs have been shown to
e present in the North American troposphere at concentrations
anging from 11 to 165 pg/m3 [8], and it is estimated that the

lobal production in 2002 exceeded 6.5 million kg/year [7].

The �-oxidation of 8-2 fTOH, resulting in the formation of
FOA, has been shown to occur in the mammalian liver via liver
eroxisomes for which the reactions mimic that of fatty-acid
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xidation [10,11]. 8-2 fTOH has been shown to be the metab-
lized in vitro into PFOA by both rat and human hepatocytes
12,13]. Notably, no evidence has been found for subsequent
etabolism of the terminal acids, PFOA or PFNA [11–15].
Liquid chromatography, tandem mass spectrometry

LC–MS/MS) is the predominant method utilized for the
ow-level, compound-specific quantification of PFCAs [16–18]
hile gas chromatography, mass spectrometry (GC/MS)
ethodology has been traditionally utilized for determination

f FTOHs [19,20]. Although GC(NCI)/MS has proven useful
or the detection of volatile fluorotelomer-based chemicals,
esolution of intermediate and terminal acids resulted in
ignificantly greater detection limits [19,21]. Because of the
nter-relationship among these compounds, there is a great need
o measure both of these types of analytes by a single technique,
articularly in small biological samples [22].

Appropriate analytical methodology, sampling, sample
reparation procedures, as well as applicable measurement tech-
iques are being established by many researchers for PFCs
hat are amenable to analysis by LC–MS/MS, most notably
FOA [17,23]. However, use of LC–MS/MS is often prob-

ematic due to instrumental components that contain many of
hese fluorotelomer-based chemicals as well as their metabolic
roducts. A few publications have reported the analysis and
uantification of fluorotelomer alcohols (FTOHs) in mammalian
atrices with detection limits comparable to this study [12,20].
n analysis of the 8-2 fTOH in biological matrices (rat serum,

iver and kidney tissue) has been established, but did not focus
n the simultaneous analysis of both volatile and non-volatile
etabolites [20].
We report a method for the simultaneous analysis of C6–C12

FCs (FTOHs and methyl esters of PFCAs) in both serum and
iver. Following ion-pair extraction of PFCAs and derivatization
ith diazomethane, extracts that also contain the FTOHs were

nalyzed with GC/MS using selected ion monitoring (SIM) of
he perfluoroalkyl parent chain fragments produced by electron
onization (EI). The mass fragments produced by the FTOHs and
FCA-me’s are unlikely to be inherently present in biological
amples as evidenced by blank matrix analysis of both serum and
iver. Monitoring the ratios of three fragment ions determined in
tandards (relative to a quantification ion) coupled with retention
imes of the standards allows PFC analysis and quantification.

. Experimental materials and methods

.1. Chemicals

All chemical reagents used in this study were obtained at
he highest purity, greater than 98% as determined by the sup-
lier. Perfluorooctanoic acid (PFOA; CAS Number 335-67-1),
erfluorononanoic acid (PFNA; CAS Number 375-95-1), 8-
fluorotelomer alcohol (8-2 fTOH; CAS Number 678-39-7),
ethyl perfluorooctanoate (PFOA-me; CAS Number 376-27-2),

ethyl perfluorononanoate (PFNA-me; CAS Number 51502-

5-5), methyl perfluoroheptanoate (PFHA-me; CAS Number
4312-89-1), and 3-(perfluorooctyl) propanol (3-PFOP; CAS
umber 1651-41-8), were purchased from Oakwood Research

s
i
t
i

togr. B 846 (2007) 155–161

hemicals (West Columbia, SC) as were all other PFCs used for
omparative analysis. Both 8-2 fluorotelomer acid (8-2 fTCA;
AS Number 27854-31-5) and 8-2 fluorotelomer unsaturated
cid (8-2 fTUCA; CAS Number 70887-84-2) were purchased
rom TerraChem, Incorporated (Shawnee Mission, KS). Tetra-
utylammonium hydrogen sulfate (TBAHS) and sodium car-
onate, were purchased from Aldrich Chemical (Milwaukee
I), as were Diazald®, carbitol, and potassium hydroxide.

.2. Mammalian matrices

Male CD-1 mice were purchased from Charles River Labo-
atory (Raleigh, NC). Before initiating the study, animals were
llowed to acclimate for 7 days in micro-isolator cages (five
nimals per cage). The cages were housed in temperature and
umidity controlled rooms maintained at 21–26 ◦C and 30–70%
H with a 12 h light/dark cycle. Animals were fed Lab Diet
ertified Rodent Chow with both food and water provided ad

ibitum. Mice were gavaged with 8-2 fTOH in a 1:1 mixture of
eionized water: propylene glycol at a dose ratio of 30 mg/kg
ody weight (BW). Animals were sacrificed 6 h post-treatment
y carbon-dioxide asphyxiation and blood and liver samples
ere collected for PFC analysis. Tissues for spike-recovery

xperiments were similarly obtained from animals receiving
ehicle controls. All tissues were flash frozen with a combi-
ation of liquid nitrogen and dry ice, and stored at −80 ◦C until
nalyses were complete.

.3. Calibration standard preparation and matrix spiking

Concentrated solutions (5 and 40 �g/mL) of each standard
ere prepared in MTBE and diluted as required. Recovery

xperiments in thawed mammalian matrices were conducted by
piking 1 mL of serum or 1 g of liver with 5 �L concentrated
tandard solutions in methanol to achieve final PFC levels of 25
r 200 ng/mL or ng/g, respectively.

.4. Sample extraction and derivatization

With slight modifications, PFCAs and FTCAs in serum and
iver homogenates were extracted using a previously published
on-pair extraction method [22]. The method enabled concurrent
iquid–liquid extraction of the FTOHs and PFCAs. Briefly, 1 mL
f serum was added to 1 mL of 0.5 M TBAHS solution (adjusted
o pH 10 with sodium hydroxide), 2 mL of 0.25 M sodium
arbonate buffer and 10 �L of internal standard (20 �g/mL
FHA-me and 100 �g/mL 3-PFOP) in a 15 mL polypropy-

ene tube. After thorough mixing, 2 mL MTBE was added to
he solution and the solution vortexed for 15 min. The mixture
as centrifuged for 10 min and 1.75 mL of the organic layer
as removed for GC/MS analysis of PFCs. Sequential MTBE
ashes did not dramatically increase analyte recovery and con-

entration of the MTBE extracts under nitrogen flow resulted in

ignificant 8-2 fTOH losses (>40%). Because these steps did not
mprove extraction efficiency and method performance, addi-
ional MTBE washes and concentration steps were not included
n the final methods (data not shown). The derivatization of
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on-volatile metabolites (PFCAs and FTCAs) was performed
y reacting the carboxylic acids with diazomethane to form
he more volatile methyl esters. Diazomethane was gener-
ted with a Wheaton micro-generator (Aldrich Chemical Com-
any, Milwaukee, WI) by reacting Diazald® with potassium
ydroxide (KOH) as described by Ngan and Toofan [24].
amples were derivatized by adding 0.75 mL of MTBE from

he extraction step to 0.25 mL of ether-trapped diazomethane
or 30 min.

Similarly, liver extractions were also performed using the
ombined liquid–liquid and ion-pair extraction technique. For
he extraction of liver samples, a liver homogenate of 1.0 g of
iver diluted in 1.0 mL of Milli-Q water was prepared using an
lectric homogenizer. The homogenate was transferred to a new
olypropylene tube containing the same reagents as the serum
xtraction (discussed above).

.5. GS/MS conditions

Samples were analyzed using a HP 6890 Series Gas Chro-
atograph equipped with a 5973 Mass Selective Detector and
HP 6890 Series Injector (Palo Alto, CA). The GC oven
as equipped with a Restek (Bellefonte, PA) RTX200MS

30 m × 0.25 mm i.d., 0.5 �m d.f.) trifluoropropylmethyl-
olysiloxane-phase column. Samples were introduced (2 �L)
nto the capillary inlet operated in splitless mode (injector tem-
erature 225 ◦C). The oven temperature was held for 1 min
t 60 ◦C, ramped 5 ◦C/min to 150 ◦C, increased 50 ◦C/min to
50◦C and then held for 4 min (total run time equals 25 min)
nder constant pressure (1.02 psi) with an approximate flow of
.5 mL/min. The mass spectrometer was operated in selected
on monitoring (SIM) mode with scanning at m/z values 131,
69, 231, and 331 with a dwell time of 100 ms. The carrier gas
as helium and the transfer line maintained at 280 ◦C. Further-
ore, the MS quad and source were set at 150 ◦C and 230 ◦C,

espectively, with an electron energy of −70 ev and 1294 EM
olts. All silicone and Teflon®-based analytical products were
voided during sample preparation and GC/MS analysis.

. Results and discussion

The majority of current analytical techniques rely on
C–MS/MS for the detection and quantification perfluorocar-
oxylic acids (PFCAs) and GC/MS for the detection of volatile,
recursor compounds. Our effort has focused on the develop-
ent of analytical methodology for telomer alcohols (namely

-2 fTOH), as well as the metabolic products of 8-2 fTOH, pre-
ominately PFOA and PFNA. In addition, the analytical method
llows monitoring of the intermediate, non-volatile FTCAs, 8-2
TCA and 8-2 fTUCA which are known to be transient metabo-
ites of 8-2 fTOH [12–14]. Based on the articles by Martin et al.
19] and Ellis and Mabury [21], initial trials in our laboratory uti-
ized negative chemical ionization (NCI) GC/MS for the detec-

ion of fluorotelomer-based chemicals. While NCI allowed more
ensitive detection limits for the 8-2 fTOH (7 ppb as reported by

artin et al. [19] and approximately 4 ppb in our efforts), chro-
atography could not resolve the perfluorinated acids and/or

v
(
f
o
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heir methyl ester counterparts using chemical ionization. Using
C(NCI)/MS for the analysis of both PFOA-me and PFNA-me

esulted in detection limits greater than those established for the
urrent EI method (data not shown).

Although this method results in IDLs and MDLs higher than
iterature reported values of non-volatile PFCs, it has the advan-
age of simultaneously quantifying both volatile and non-volatile
uorotelomer-based chemicals. In addition, monitoring perflu-
roalkyl parent chain ions with GC/MS also has the ability to
dentify unknown metabolites by coupling other derivatization
echniques. Disadvantages include higher IDLs and MDLs for
on-volatile PFCs and extended sample preparation (approxi-
ately 45 min/8 samples). However, this method can also be

sed as a confirmatory method to LC–MS/MS, and offers a reli-
ble alternative method of fluorotelomer-based chemical analy-
is by small-scale laboratories.

.1. Method development and characterization (GC/MS
nalysis)

Initially, electron ionization (EI) spectra of the PFCs were
enerated over the range of 40–500 atomic mass units (amu),
or 8-2 fTOH, the methyl esters of PFOA and PFNA, the
ethyl esters of the intermediate compounds (8-2 fTCA and 8-2

TUCA), and the internal standards (PFHA-Me and 3-PFOP).
sing the chromatographic conditions outlined in the methods

ection, fragment ions suitable for detection and quantification
ith GC/MS were selected. Each of the spectra contained the
eprotonated molecular ion, but in low abundance, and therefore,
uantification based on these ions would result in higher limits
f detection. Upon investigating the fragmentation patterns, the
ajority of ions were less than 150 m/z as reported by Szostek

nd Pricket [20]. However, quantification was based on ions
etermined to be common among PFCs and included ions of m/z
31, 169, 231, 331 (Fig. 1). Chemical structures associated with
hese ions are C3F5, C3F7, C5F9 and C7F13, respectively, and
re expected to include unsaturated-secondary and saturated-
rimary perfluorinated carbonium ions. These ions were formed
y fragmentation of the perfluoroalkyl tail associated with the
ompounds of interest in 8-2 fTOH metabolism and degrada-
ion. Furthermore, it is also hypothesized that monitoring for
hese common ions allows identification of currently unknown
tructurally related, volatile fluorotelomer-based chemicals.

The method was tested with FTOHs ranging from 8 to 12 car-
ons (6-2 fTOH to 10-2 fTOH) at 500 ng/mL and PFCA-me’s
anging from 6 to 12 carbons at 250 ng/mL (data not shown), all
ith fragmentation patterns containing the perfluoroalkyl chain

ons. The range of PFCA-me’s tested, and commercially avail-
ble FTOHs, all contained the desired mass fragments except
he shorter chained perfluorohexanoic acid (PFHxA) and 4–2
TOH. These two chemicals, due to smaller molecular weight,
re absent of mass fragment 331 m/z and were quantified based
n ions 131, 169, and 231 m/z. Because of PFHxA’s increased

olatility as a short-chain methyl ester, the initial hold time
1 min at 60 ◦C) had to be increased to 3 min to prevent PFHxA
rom eluting with the solvent front. Instrumental response, based
n area under the curve, increases for both homolog series of
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Fig. 1. Representative mass spectra of 8-2 fTOH (A), and the derivatized
m
s
c
s

P
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P
a

Fig. 2. Ratio of average abundance of ions 169, 231, and 331 m/z normalized
to 131 m/z for PFHA-me (C7 acid methyl ester) through PFdDA-me (C12 acid
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etabolites PFOA-me (B), and 8-2 fTUCA-me (C). Chemical-specific ions,
tructurally related to each compound, are denoted by solid boxes and those
ommon to the group of PFCs investigated in this study are illustrated by dashed
quares.
FCA-me’s and FTOHs, reaching maximum values when 10
arbons are present and plateaus for longer chain compounds.
eak shouldering occurred early in the method run (PFHxA-me
nd PFOA-me) and can be attributed to the 5 ◦C/min ramp. This

a
c
F
a

able 1
ragmentation patterns, retention times, and method validation parameters for PFCs

ompound Molecular weight (amu) RT (min)a

-2 fTOH 464.12 11.11
-2 fTCA-me 478.11 12.08
-2 fTUCA-me 458.10 12.83
FNA-me 478.11 7.90
FOA-me 428.10 6.28
FHA-med 378.09 4.90
-PFOPd 478.14 14.91

a Retention time of chemical under chromatographic conditions outlined above.
b r2 – Correlation coefficient for regression analysis over calibration range.
c Instrumental detection limit – concentration equivalent to three times the standard
d PFHA-me and 3-PFOP were used as internal standards for the PFCA-me’s and F
ethyl ester) and the 6-2, 8-2, and 10-2 FTOHs in MTBE. 3-PFOP and PFHA-
e are used as internal standards for the FTOHs and FTCA-me’s, respectively.

ffect was experimentally corrected by incrementally increasing
his rate; however, peak separation for compounds eluting later
n the chromatography was compromised. Therefore, integra-
ion was conducted including the peak shoulders and correlation
oefficients (r2) exceeded 0.99 (Table 1).

When examining the relative abundance of the ions moni-
ored, 131 and 231 m/z increase with increasing chain length
n PFCAs, while ion 331 m/z abundance decreases (Fig. 2).
n increasing trend was apparent with ion 169 m/z in the
roup of FTOHs examined while the abundance of 231 and
31 m/z remained constant. The EI spectra of 6-2 fTOH and
-2 fTOH have been previously investigated by Napoli et al.
25]. In agreement with their research, similarly dominant,
tructurally-specific ions were noted for the FTOHs. The
eveloped method was compared with GC/MS conditions
elying on the chemical-specific, parent ions (Fig. 1). Based
n area under the curve, the method monitoring for mass
ragments 131, 169, 231, and 331 m/z allowed for greater sen-
itivity and lower detection limits than previously established

nalytical techniques. Thus, quantification of each analyte was
alculated using the area under the curve for all ions monitored.
urthermore, quantification based on the ion with the largest
bundance (m/z 131 for all PFCs) was investigated. When all

implicated in 8-2 fTOH metabolism

Calibration range (ng/mL); r2b Estimated IDLc (ng/mL)

5–500; 0.9908 5.6
5–200; 0.9916 24.5
5–200; 0.9959 7.1
5–500; 0.9977 4.5
5–500; 0.9924 5.5
10–250; 0.9912 7.6
10–250; 0.9935 11.2

deviation of replicates (n ≥ 7) in reagent blank (MTBE).
TOHs, respectively.
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ig. 3. Representative chromatograms of serum (A) and liver (B) spike-recove
or monitoring fragments 131, 169, 231, and 331 m/z. Internal standards and PF
n (B). Chromatographic plots have been offset by a factor of +500 units to aid

ons were normalized to mass fragment 131 m/z, similar trends
ere noted and quantification and confirmation can be based on

wo qualifying ions (m/z 169 and 231) in ratio to the quantifying
on (m/z 131) coupled with standard retention times in each

atrix (Fig. 2). Specificity can be added by monitoring for
ons 59 or 95 m/z that are characteristic for methyl esters and
lcohols and to further confirm compound classes (Fig. 3).

.2. Detection limits and calibration

Based on United States Environmental Protection Agency
U.S. EPA) guidelines (40 CFR part 136, Appendix B.), IDLs
ere defined as the concentration (ng/mL) equivalent to three

imes the standard deviation of replicate instrumental mea-
urements of the target analyte in MTBE. To establish the
ethod quantification limit, a minimum of seven samples of

ach matrix (serum and liver), at both the low and high spike
evels, were processed through the entire preparation and ana-
ytical method; including ion-pair extraction and derivatization
ith diazomethane. The standard deviation (σ) of the replicates
as computed, and the MQL was determined by multiplying
times a Student’s t-value (STV) appropriate for a 99% confi-

ence level (i.e., n = 7, STV = 3.143). Instrument detection limits

or all of the target analytes were determined to be in the low
g/mL range (Table 1). Average IDLs for fTOH target analytes
n MTBE ranged from 5.6 to 9.0 ng/mL, the PFCA-me ana-
ytes in MTBE ranged from 4.5 to 7.6 ng/mL, and the FTCAs

o
i
t
p

eriments, including matrix blanks (bottom plot), using the developed method
e’s are labeled in (A) and FTOHs and intermediate 8-2 fTCA-me’s identified

ualization of peak height and area under the curve differences.

anged from 7.1 to 24.5 ng/mL in MTBE (Table 1). Calibration
ata were then obtained on a linear range from 5 to 500 ng/mL
epending on the analyte, using at least 5 standards for each cal-
bration. All analytes had an r2 value greater than 0.99. Method
uantification limits for each analyte, calculated at both 25 and
00 ng/mL serum or ng/g liver, are reported in Table 2.

Within-day precision was tested by injecting 10 replicate
amples (25 ng/mL or ng/g) processed through extraction and
erivatization, to compare repetitive instrumental response and
o further validate % extraction and derivatization. Between-
ay precision of GC/MS analysis was determined by repeat-
dly analyzing the samples from above over a 7 day period
n = 5 replicates/day for days 1, 5 and 7). The coefficient of
ariation for between-day precision was slightly greater than
ithin-day most notably when comparing values for 8-2 fTOH,
-2 fTCA and 8-2 fTUCA (Table 2). This is expected due to the
tability of the intermediate acid metabolites and the volatility
f 8-2 fTOH [26].

Standard solutions were also made in methanol, MTBE
nd acetonitrile to determine which solvent worked best for
he developed chromatographic conditions. As published by
zostek and Prickett [20], solvent selection impacted the
esponse, baseline stability, and signals to noise (S/N) ratios

btained. MTBE resulted in minimal background/solvent
nterference, sharp analyte peaks and reproducibility compared
o the other solvents (data not shown). MTBE was also the
referred solvent due to its use in the ion-pair extraction method
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Table 2
Method performance parameters for volatile and non-volatile PFCs extracted from serum or liver samples

Compound Estimated MQLa Within-day precision (COV)b Between-day precision (COV)c

Lowd Highe Low Low

8-2 fTOH 15.6 22.8 2.7 13.8
8-2 fTCA NDf 49.5 5.6 8.6
8-2 fTUCA NDf 25.4 9.6 11.3
PFNA 13.9 17.3 2.9 8.0
PFOA 9.3 11.9 3.3 8.0
PFHAg 18.1 21.3 5.0 5.8
3-PFOPg 17.3 16.8 7.2 9.0

a Method quantification limit – concentration equivalent to three times the standard deviation of replicates processed through the entire method (n ≥ 7) appropriate
for a 99% confidence interval. MQL presented is the average from both serum and liver samples.

b COV – Coefficient of variation for within-day accuracy (n ≥ 7) calculated as the average of serum and liver values at the low spike level.
c COV – Coefficient of variation for between-day accuracy over a period of 7 days (n = 5 replicates/day for days 1, 5 and 7) calculated as the average of serum and

liver values at the low spike level.
d Low = Target spike level of 25 ng/mL serum or ng/g liver.
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e High = Target spike level of 200 ng/mL serum or ng/g liver.
f ND = Not determined because the MQL’s were above 25 ng/mL (ng/g) spike
g PFHA-me and 3-PFOP were used as internal standards for the PFCA-me’s

odified by Hansen et al. [22] and as a diazomethane solvent
n the derivatization step.

.3. Method performance (extraction and derivatization)

Percent derivatization experiments were conducted using
TBE as the ethereal trap for diazomethane in solvent blank,

nd in serum and liver homogenates. To determine percent
erivatization the following were processed with diazomethane
s described above: PFHA, PFOA, PFNA, 8-2 fTCA and 8-

fTUCA. PFHA, PFOA and PFNA methyl ester standards
ere used in calculating derivatization for the two perfluorocar-
oxylates. Standard solutions of the carboxylic acids and other

FCAs of interest were prepared (see Section 2), derivatized
nd the area under the curve compared to that of their respec-
ive methyl ester (me) standards (Table 3). Percent derivatization
ncreased as the carbon chain decreased for the series of PFCAs

able 3
alidation parameters for volatile and non-volatile PFCs extracted from both
erum and liver samples

ompound % Derivatizationa % Recovery
(Serum)b

% Recovery
(Liver)b

-2 fTOH 91 ± 3.5c 88 ± 6.7 84 ± 6.3
-2 fTCA NDd 91 ± 4.9 89 ± 2.6
-2 fTUCA NDd 93 ± 1.9 81 ± 5.9
FNA 92 ± 3.6 98 ± 2.4 89 ± 8.3
FOA 98 ± 4.1 101 ± 2.1 90 ± 3.7
FHAe 114 ± 9.2 84 ± 5.6 81 ± 4.8
-PFOPe 99 ± 6.4c 92 ± 3.7 90 ± 6.1

a Average % derivatization for n = 10 replicates ± standard deviation.
b Average % recovery for n = 10 spiked replicates for each matrix sam-
le ± standard deviation at the 25 ng/mL spike level.
c % derivatization for 8-2 fTOH and 3-PFOP is considered amount surviving
erivatization conditions.
d ND = Not determined because standards are not currently commercially

vailable.
e PFHA-me and 3-PFOP were used as internal standards for the PFCA-me’s

nd FTOHs, respectively.
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l and were therefore calculated based on 200 ng/mL (ng/g) concentration.
TOHs, respectively.

nvestigated. Because PFHA-me was the shortest chain PFCA
ested and coupled with the improved performance of the mod-
fied derivatization technique employed, PFHA-me was used as
n internal standard to more accurately reflect concentrations of
FOA and PFNA and the telomer acids in our samples.

As expected (due to minimal matrix interference), percent
erivatization was greatest in MTBE blanks. The complexity
f the tissue (liver more complex than serum), aids in explain-
ng the decrease in % derivatization in the liver. Increasing the
erivatization time for the liver extracts (≥45 min) increased
erivatization performance.

Several methodologies for the production of diazomethane
ere evaluated (data not shown). The formation of dia-

omethane by reacting N-methyl-N-nitro-N-nitrosoguanidine
MNNG) with sodium hydroxide (NaOH) resulted in signifi-
antly lower percent derivatization than did the method utiliz-
ng Diazald® [24]. Derivatization for all compounds exceeded
0%, which is in agreement with those published by Ngan and
oofan [24]. Average percent derivatization for each compound

s listed in Table 2. Previously mentioned temporal modifications
ecreased standard error across matrices to within 5% (data not
hown). Furthermore, percent derivatization (Table 3) for 8-2
TOH and 3-PFOP is considered the amount remaining after
erivatization when compared to standard solutions.

The methyl esters of the intermediate metabolites are not
ommercially available; therefore percent derivatization was not
valuated for these compounds. Extraction and recovery were
stimated for 8-2 fTCA and 8-2 fTUCA from standard curves
onstructed from derivatized (assumed 100%) standards. For-
ation of the FTUCAs from their corresponding FTCAs was

hown to occur in methanol and water by Loewen et al. [26];
herefore, consideration must be given when quantifying these
ompounds to avoid possible confounding effects due to exper-

mental conversion. It was assumed that heat generated by the
eaction with diazomethane resulted in conversion of 8-2 fTCA
o 8-2 fTUCA (approximately 8%); however, heat generated did
ot significantly reduce the yield of the other analytes.
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.4. Mammalian matrices spike-recovery experiments

Extraction efficiencies for each matrix are presented in
able 3 as are the data obtained from method validation in mouse
erum and liver homogenates. Recovery in mammalian matri-
es exceeded 81% for all PFCs investigated. Hansen et al. [22]
rst reported utilization of ion-pair extraction for PFOA deter-
ination in mammalian matrices, for both serum and liver. For
FOA, compiled extraction efficiencies for serum and liver aver-
ged 101 and 87%, respectively [22]. In agreement with the
esults of Hansen et al. [22], extraction efficiencies for perflu-
rocarboxylates in this study were greater in serum than liver,
nd percent extraction decreased with increasing perfluoroalkyl
hain length.

.5. Quantitative analysis of 8-2 fTOH metabolism

Following the procedure outlined above and based on the pro-
osed metabolism pathway of the 8-2 fTOH, GC/MS analysis
as conducted for 8-2 fTOH, 8-2 fTCA, 8-2 fTUCA, PFNA,

nd PFOA. Concentrations of 8-2 fTOH, 6 h after treatment in
oth serum and liver were 97 ± 26 ng/mL and 134 ± 42 ng/g,
espectively. Several studies have illustrated that the metabolism
f 8-2 fTOH is rapid and most of the parent compound is
iotransformed at 6 h post-treatment in vivo and between 1-
h in vitro [11,12]. Martin and co-workers determined that at
h post-treatment in vitro, 78% of the parent fTOH had been
etabolized; however, metabolites only accounted for approxi-
ately 8.5% total molar mass [12]. Concentrations of metabo-

ites present exhibited the following trend; 8-2 fTUCA > 8-
fTCA > PFOA > PFNA [12]. In serum, the concentration of

FOA was 972 ± 44 ng/mL and 277 ± 29 ng/g in liver while
FNA concentrations were 65 ± 15 ng/mL and 60 ± 22 ng/g,
espectively. All data was validated with LC/MS–MS using the
ethod of Powley et al. [18] with less than 20% variation.

.6. Method significance

The present study describes a method for the simultaneous
etermination of several FTOHs and PFCA-me’s by a GC/MS
nalysis in SIM mode. A selective and sensitive method for anal-
sis of perfluorinated chemicals (PFCs) in both environmental
nd mammalian tissue matrices included monitoring for mass
ragments 131, 169, 231, and 331 m/z, which are all common
o the perfluorinated alkyl chains of this class of compounds.
he IDL of the method ranges from 4.5 to 24.5 ng/mL, depend-

ng on the analyte. The average IDL for FTOHs and terminal
FCA-me’s averaged 5.1 ng/mL (MTBE) while the MQL for
ll analytes was less than 50.0 ng/mL (ng/g). This study demon-
trates that this method can be used to measure perfluorinated
ompounds in environmental samples and mammalian matrices.

lthough average IDLs and MQLs are higher than currently

eported methods, this method has the advantage of simulta-
eously detecting both volatile and non-volatile fluorotelomer-
ased chemicals in complex matrices.
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