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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A sample preparation method was
developed for the “one-shot” simul-
taneous analysis of PBDEs, OH-BDEs,
and MeO-BDEs.

� Method positively correlated with
previously published literature on
PBDE concentrations in the same
paired samples.

� Findings provide insight on the
different partitioning behavior of
PBDEs, OH-BDEs, and MeO-BDEs in
humans.
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a b s t r a c t

The presence of polybrominated diphenyl ethers (PBDEs) and their hydroxylated (OH-BDE) and
methoxylated (MeO-BDE) analogs in humans is an area of high interest to scientists and the public due to
their neurotoxic and endocrine disrupting effects. Consequently, there is a rise in the investigation of the
occurrence of these three classes of compounds together in environmental matrices and in humans in
order to understand their bioaccumulation patterns. Analysis of PBDEs, OH-BDEs, and MeO-BDEs using
liquid chromatography-mass spectrometry (LC-MS) can be accomplished simultaneously, but detection
limits for PBDEs and MeO-BDEs in LC-MS is insufficient for trace level quantification. Therefore, frac-
tionation steps of the phenolic (OH-BDEs) and neutral (PBDEs and MeO-BDEs) compounds during sample
preparation are typically performed so that different analytical techniques can be used to achieve the
needed sensitivities. However, this approach involves multiple injections, ultimately increasing analysis
time. In this study, an analytical method was developed for a “one-shot” analysis of 12 PBDEs, 12 OH-
BDEs, and 13 MeO-BDEs using gas chromatography with tandem mass spectrometry (GC-MS/MS). This
overall method includes simultaneous extraction of all analytes via pressurized liquid extraction fol-
lowed by lipid removal steps to reduce matrix interferences. The OH-BDEs were derivatized using N-(t-
butyldimethylsilyl)-N-methyltrifluoroacetamide (TBDMS-MTFA), producing OH-TBDMS derivatives that
can be analyzed together with PBDEs and MeO-BDEs by GC-MS/MS in “one shot” within a 25-min run
time. The overall recoveries were generally higher than 65%, and the limits of detection ranged from 2 to
14 pg in both breast milk and serum matrices. The applicability of the method was successfully validated
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on four paired human breast milk and serum samples. The mean concentrations of total PBDEs, OH-BDEs,
and MeO-BDEs in breast milk were 59, 2.2, and 0.57 ng g�1 lipid, respectively. In serum, the mean total
concentrations were 79, 38, and 0.96 ng g�1 lipid, respectively, exhibiting different distribution profiles
from the levels detected in breast milk. This “one-shot” GC-MS/MS method will prove useful and cost-
effective in large-scale studies needed to further understand the partitioning behavior, and ultimately
the adverse health effects, of these important classes of brominated flame retardants in humans.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs) are additive flame re-
tardants that are mixed with, or coated onto consumer products to
prolong flame dispersion. Because these compounds are not
chemically bound to the polymer, they are leached into the sur-
roundings more readily [1]. Consequently, PBDEs are ubiquitous in
the environment and have been found to bioaccumulate in humans
[2]. Furthermore, the hydroxylated (OH-BDE) and methoxylated
(MeO-BDE) analogs of PBDEs have become a concern to environ-
mental chemists and toxicologists because of their retention in
higher trophic level organisms such as in fish, birds, seals, polar
bears, sharks, and humans [3e8]. The OH-BDEs and MeO-BDEs are
not commercially produced; they are biotransformation products of
anthropogenic PBDEs and are also known to be naturally occurring
in the environment [9]. These three classes of brominated diphenyl
ethers (BDEs) have also been linked to the development of neuro-
logical disorders, and are considered endocrine disrupting chem-
icals with effects related to developmental delays, disruptions of
neurotransmitter release, and cytotoxicity [10e12]. Due to their
lipophilic nature, BDEs have been detected in human blood
(maternal and fetal), breast milk, and umbilical cord tissue; their
levels vary depending on age, diet, occupation, and geographical
location [13e17]. Therefore, understanding BDE accumulation
patterns can ultimately provide information on their sources and
metabolism patterns in humans.

Established methods for analyzing PBDEs in human samples
often include extraction with a non-polar solvent, sample clean-up,
and separation by gas chromatography (GC) or liquid chromatog-
raphy (LC) followed by mass spectrometric detection [1]. However,
inclusion of OH-BDEs and MeO-BDEs necessitates that the sample
treatment and instrumental analysis bemodified in order to account
for these classes of compounds. While simultaneous determination
of PBDEs, OH-BDEs, and MeO-BDEs is theoretically possible using
liquid chromatography-tandem mass spectrometry (LC-MS/MS),
limits of detection (LOD) for PBDEs and MeO-BDEs are significantly
higher than OH-BDEs due to their poor ionization efficiencies [8].
Therefore, to achieve the necessary detection limits, PBDEs, OH-
BDEs, and MeO-BDEs have been analyzed separately through frac-
tionationusinganacidified silica columnand thenanalyzing theOH-
BDEs by LC-MS/MS, and the PBDEs and MeO-BDEs by GC-MS [18].
Another common technique used to separate theneutral (PBDEs and
MeO-BDEs) and phenolic (OH-BDEs) analytes involves partitioning
with potassium hydroxide [13,14,17,19e22]. However, an added
concern of this method is that small amounts of PBDEs can be
detected in the phenolic fractions resulting from incomplete sepa-
ration, which may lead to erroneous results [22]. Gel-permeation
chromatography can be used to isolate target analytes from inter-
fering lipids as well as fractionate compounds based on polarity and
size; however this approach is laborious and not environmentally
friendly because of the high organic solvent requirement [6,23].

BDEs have been analyzed by GC with an electron capture de-
tector (ECD) because of its inherently high sensitivity for

halogenated compounds [24]. However, GC-ECD is less selective
than GC-MS because the former relies solely on retention times,
hence co-eluting compounds cannot be distinguished from each
other in GC-ECD. Therefore, GC with electron capture negative
ionization mass spectrometry (ECNI-MS), high resolution mass
spectrometry (HRMS), and triple quadrupole mass spectrometry
(QqQ-MS) have gained popularity because of their enhanced
selectivity. While ECNI-MS is very sensitive, it generally monitors
for the signal of the bromine isotopesm/z 79 and 81. Consequently,
structural isomers of BDEs are difficult to differentiate, and
isotopically-labeled standards (13C-BDEs) are not as useful for
quantification. On the other hand, the use of electron ionization (EI)
coupled to HRMS or QqQ-MS can take advantage of isotopically-
labeled compounds for accurate quantification based on isotope
dilution. The latter technique also has the additional advantage of
identifying co-eluting BDEs based on the characteristic mass
spectral fragmentation obtained from the collision cell [25].

The objective of this study is to develop an efficient extraction,
clean-up, and detection method for the simultaneous analysis of 12
PBDEs, 12 OH-BDEs, and 13 MeO-BDEs using gas chromatography
with tandem mass spectrometry (GC-MS/MS). Derivatization via
silylationwithN-(t-butyldimethylsilyl)-N-methyltrifluoroacetamide
(TBDMS-MTFA) was chosen based on the high analytical responses
and distinct fragmentation patterns observed in the derivatized OH-
BDEs (OH-TBDMS-BDEs) [26]. A programmable temperature vapor-
izer (PTV) injector was optimized to avoid thermal degradation and
analyte discrimination of BDEs due to their range of vapor pressures,
molecular weights, and degree of bromination [27]. The GC-MS/MS
was operated under selected reaction monitoring (SRM) mode to
achieve high selectivity and signal-to-noise ratios. Four paired breast
milk and serum samples were used for method validation to
demonstrate the applicability of the method in analyzing human
samples for trace levels of PBDEs, OH-BDEs, and MeO-BDEs. The
novelty of this “one-shot” GC-MS/MS method lies in its ability to
simultaneously quantify the three classes of BDEs, with high speci-
ficity and sensitivity, without the need for tedious fractionation
steps. The method can prove useful in epidemiological studies
requiring large number of samples for analysis, such as in deter-
mining the partitioning behavior of the three classes of BDEs in
complex biological samples.

2. Materials and methods

2.1. Chemicals and reagents

Chromatographic silica gel (60 Å, 40e63 um) was purchased
from Sorbent Technologies (Norcross, GA). The derivatization
agent, MTBSTFA, was obtained from Sigma Aldrich (St. Louis, MO)
and analytical standards including all individual PBDEs, OH-BDEs,
and MeO-BDEs were purchased from Accustandard (New Haven,
CT). A surrogate mix containing nine stable isotope-labeled 13C-
PBDEs (13C- PBDE-3, -7, -15, -28, -47, -99, -153, -154, -183) and the
internal standard solution of 13C-PBDE-77 were obtained from
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