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The coupling of fast (ultrahigh pressure) liquid chromatography with ICP MS fitted with an octopole

collision cell was developed for the separation and detection of ten polybrominated diphenyl ethers

(PBDE) (47, 85, 100, 138, 155, 201, 206, 207, 208, 209). The compounds were eluted within 12 min using

an acetonitrile-rich (70–95%) mobile phase at 1.5 mL min�1 which could be introduced directly into an

inductively coupled plasma owing to a new plasma frequency-marching RF generator. The limit of

detection (as bromine) at these conditions was 17� 1 ng mL�1 and was independent of the mobile phase

composition. The method was applied to the screening metabolites of the high molecular weight PBDE

decabromodiphenyl ether in rat liver and faeces and was validated by independent HPLC with

radioactivity detection. It offered, as a main advantage over molecular MS, the virtual independence of

the signal intensity of the molecular structure of the compound, and thus the possibility to detect

unknown metabolites and control bromine mass balance.
Introduction

The determination of polybrominated diphenyl ethers, a class of

synthetic organic compounds used as flame retardants, is

becoming of increasing concern because of their persistence in

the environment, bioaccumulation, and potential toxicity.1 There

can exist 209 different PBDE congeners, varying in number and

position of bromination but many of them are unstable and tend

to debrominate in the environment.2 The most frequently used,

and one of the most persistent, is decabromodiphenyl ether

(bis(pentabromophenyl) ether; BDE-209 in Fig. 1) which

accounted (in the mid 1990’s) for 75% of PBDE flame retardants

used in the EU.3 Being lipophilic, PBDEs have a tendency to

accumulate in fatty tissues but also in target endocrine glands

such as the adrenals, and magnify up the food chain.4–6 The

congener composition varies in different biological specimens

because of the different breakdown pathways.7 Studies of the

metabolism of PBDEs depend critically on the availability of

analytical methods allowing the separation of the different

congeners, and their detection, identification, and quantitative

determination.

Gas chromatography (GC), used routinely with electron

impact ionization high resolution mass spectrometric detection

for the analysis of low molecular mass (up to ca. 700) PBDEs,4,8,9

fails for heavier congeners because of the long retention times

and on-column degradation.10 Therefore, HPLC has recently

been proposed as the alternative.6,11–13 The separation, carried

out by reversed-phase HPLC, requires high contents of organic

modifiers for quantitative elution of the PBDEs10 and reliable

and straightforward detection techniques are lacking. As PBDEs

are difficult to ionize efficiently by electrospray or chemical
aCNRS/UPPA, LCABIE, UMR 5254, H�elioparc, 2, Avenue Angot, 64053
Pau, France
bINRA, UMR 1089 X�enobiotiques, 180 Chemin de Tournefeuille, 31027
Toulouse cedex 3, France
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ionization, atmospheric pressure photoionization (APPI) is

required for molecular MS detection.11,12,13 The fragmentation

patterns being similar for many compounds, the development of

complex detection schemes based on the multiple reaction

monitoring is necessary for each analyte in APPI MS/MS.11,12
Fig. 1 Structures of the studied compounds.
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The a priori knowledge of the metabolites is necessary, their

ionization differing from one compound to the other and being

dependent on the chromatographic conditions. An alternative is

the use of 14C-labelled PBDE species which could be detected in

HPLC on the basis of their radioactivity.6,14 The use of radio-

active compounds is limited to model experiments and requires

dedicated synthesis of the target molecules.

Inductively coupled plasma mass spectrometry (ICP MS) is

a convenient detector of heteroatom-bearing compounds in

HPLC15,16 because of its sensitivity and the response being

virtually independent of the molecular structure of the

compound and readily controlled in different mobile phase

conditions. The detection of bromine by ICP MS is, however,

negatively affected not only by its relatively high 1st ionization

potential (11.84 eV)17 and the low degree of ionization in the

plasma (ca. 5%)18 but also by the common polyatomic interfer-

ences: 38Ar40Ar1H+ and 40Ar40Ar1H+ on the both bromine

isotopes: 79Br (50.69%) and 81Br (49.31%), respectively. Never-

theless, ICP MS detection of bromine was successfully used in

GC of bacterial breakdown products of PBDEs19 and pesticides20

and in HPLC of 3H-bromohexine,21 4-bromoaniline metabo-

lites,22 and bromine containing preservatives in cosmetic

products.17

The goal of this work was the development of a HPLC–ICP

MS method for a rapid screening of the metabolites of deca-

bromodiphenyl ether in rat liver and faeces. The removal of

polyatomic interferences was achieved by the use of a collision

cell. A new plasma frequency-marching RF generator was

examined to cope with the high-flow rates of organics-rich phases

used, necessary for the elution of PBDE compounds in fast

HPLC.

Experimental

Instrumentation

Chromatographic separations were carried out using a 1200

Model rapid resolution LC (Agilent, Wilmington, DE) as the

delivery system. The ICP mass spectrometer was an Agilent 7700

(Tokyo, Japan) equipped with a plasma frequency-matching RF

generator and an octopole reaction collision cell. The exit of the

column (Agilent ZORBAX Eclipse XDB-C18: 4.6 � 50 mm,

1.8 mm) was connected by means of PEEK tubing to the Mein-

hard nebulizer (Glass Expansion, Romainmotier, Switzerland)

fitted with a Peltier-cooled double-pass quartz spray chamber

(Glass Expansion) A 1-mm id injector torch and platinum

sampler and skimmer cones were used. Samples were injected by

means of a Rheodyne valve with a 100 mL sample loop. Samples

were filtered prior to analysis by centrifugation (Ependorff, Le

Pecq, France) using 0.2-mm filters (VWR International, Fonte-

nay-sous-Bois, France). A microbore column SB-C18 (Agilent,

Zorbax: 150 � 0.5 mm, 5 mm) and an Agilent Model 7500ce ICP

MS (Tokyo, Japan) were used in the initial phase of the study.

Reagents, solutions and materials

Analytical reagent grade chemicals, purchased from Sigma-

Aldrich (Saint-Quentin Fallavier, France), and water (18 MU

cm) obtained with a Milli-Q system (Millipore, Bedford, MA),

were used throughout unless stated otherwise. The
890 | J. Anal. At. Spectrom., 2010, 25, 889–892
chromatographic mobile phases were degassed by purging with

helium. The PBDE standards were obtained as 50 mg mL�1 stock

solution in nonane or nonane/toluene from Wellington Labo-

ratories (Guelph, ON, Canada) with the exception of BDE-209

purchased from Sigma-Aldrich. Their empiric formulas and

structures are given in Fig. 1. The stock solutions were evapo-

rated to dryness, re-dissolved in toluene and diluted with aceto-

nitrile to reach the nominal concentration.
Metabolic experiments

Metabolic experiments were carried out as described in detail

elsewhere.6 In brief, three pregnant Wistar rats were purchased

from Charles River (l’Arbresle, France) and housed individually

in stainless metabolic cages. Animals were allowed free access to

water and standard diet (SAFE, Augy, France). They were

maintained on a 12-h light/dark cycle. Each animal was force-fed

daily with decabromodiphenyl ether solubilised in peanut oil

from gestational days 16 to 19. Faeces were collected daily over

4-day period. Animals were killed by cervical dislocation fol-

lowed by exsanguination on the 20th day of gestation. The liver

of each animal was removed and stored at �20 �C until analysis.
Sample preparation

Liver and faeces were homogenised and aliquots (ca. 1 g) were

taken for analysis. PBDEs were extracted as described else-

where.6 In brief, each sample aliquot was extracted three times

with fresh 5-mL (liver) or 10-mL (faeces) portions of acetonitrile

and then three more times with similar portions of acetonitrile–

toluene mixture (90 : 10, v/v). The extracts were combined,

evaporated to dryness under N2 and the residue was re-dissolved

in 1.5 mL of toluene.
Procedure

A 10-mL sample aliquot was chromatographed for 12 min using

a gradient of water (A) and acetonitrile (B) according to the

following programme: 0–4 min (70% B), 4–8.5 min (90% B),

8.5–11.5 min (95% B) and 11.5–12 min (70% B) at a flow rate of

1.5 mL min�1. The isotopes monitored were 79Br and 81Br (dwell

time 0.1 s). Flow rates of collision gas (helium) and carrier gas

(argon) were optimized to obtain the correct 79Br/81Br isotopic

ratio and to maximize the sensitivity, respectively. The optimum

values were 2 mL min�1 for the helium collision gas and 0.65 L

min�1 for the argon carrier gas. The plasma RF power was

1550 W. 8% of oxygen was added to the argon carrier gas. Spray

chamber temperature was maintained at �5 �C.
Results and discussion

Optimisation of HPLC–ICP MS analysis PBDEs

The reversed-phase HPLC separations of PBDEs are known to

require high concentrations of organic modifier (e.g. 90%

methanol)6,11–13 which cannot be readily tolerated at 1 mL min�1

by the model 7500 Agilent ICP MS. Therefore, microbore HPLC

separation at 50 mL min�1 using a dedicated interface described

elsewhere23 was optimized. The system allowed a stable detection

of bromine but the sensitivity in 90% methanol was one order of
This journal is ª The Royal Society of Chemistry 2010
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magnitude lower than in aqueous solutions and the baseline

separation of the pairs of PBDE congeners 85/100 and 207/208

could not be obtained.

In a second attempt, ultra-high performance HPLC using

1.8-mm beads was examined in order to improve the separation

efficiency. UPLC–ICP MS was first proposed to speciation

analysis (of Se compounds) by Bendahl et al.24 It was then

applied by the same group to investigate bromine speciation in

cosmetic products with a lot of problems due to the high solvent

load despite the relatively low flow rates (90 mL min�1) and

methanol concentrations (up to 40%) used.17 Our optimization

efforts have resulted in the baseline separation of all the PBDEs

investigated except the pair of PBDE congeners 207/208 which

have the same molecular mass and vary only slightly in the

structure (cf. Fig. 1). As no data suggesting any differences in the

metabolism and toxicology of these two isomers are available,

the separation obtained was considered to be satisfactory.

This satisfactory separation could, however, be obtained using

a 4.6-mm column at flow-rates of 1.5 mL min�1 and using

a mobile phase containing more than 70% of acetonitrile during

most of the duration of the run. In these conditions the plasma

could not be sustained. Therefore, the tolerance to such solutions

of a new generation ICP MS spectrometer (Agilent 7700),

equipped with the fast frequency-matching RF generator, was

investigated. Using a standard sample introduction system

(Meinhard nebulizers) and double-pass Scott spray chamber
Fig. 2 HPLC-ICP MS chromatograms of (a) standards; (1) BDE 47, (2)

BDE 85, (3) BDE 100, (4) BDE 138, (5) BDE 155, (6) BDE 201, (7) BDE

206, (8) BDE 207 and 208, (9) BDE 209, 0.25 mg mL�1 of each (b) ——:

control liver sample; ----: control liver sample spiked with the mixture of

0.4 mg mL�1 as in Fig. 2a.

This journal is ª The Royal Society of Chemistry 2010
cooled down to �5 �C, acetonitrile could be fed directly in to the

plasma at 1.5 mL min�1 without affecting its stability. A chro-

matogram obtained in these conditions for the mixture of PBDE

standards is shown in Fig. 2a. It is not affected by the sample

matrix as demonstrated in Fig. 2b.

Analytical figures of merit

The effect of the acetonitrile concentration on the sensitivity was

examined by comparing the slopes of the calibration curves

obtained for a FIA–ICP MS analysis of NaBr solution using the

mobile phases containing 0, 35, 70, 80 and 95% v/v acetonitrile.

The limits of detection calculated as blank + 3s were: 4, 16, 18,

18 and 16 ng mL�1, respectively. It can be seen that although the

organic modifier reduced the sensitivity by a factor of 4, this

decrease happened between 0 and 35% fraction of acetonitrile.

Consequently, the sensitivity remained constant at acetonitrile

concentrations exceeding 35% which largely facilitated quantifi-

cation. Note that the behaviour of the 7700 series generator used

in this work is different from that of the 7500 series. Indeed, when

the latter was used, a tremendous drop in sensitivity due to the

presence of high concentrations of an organic modifier was

observed25 and needed to be compensated for by dedicated setups

or calibration strategies.

As all the investigated compounds elute at acetonitrile

concentrations above 35%, no trend in the decrease of the

detection limits was observed. They were on the level of
Fig. 3 HPLC-ICP MS chromatograms of (a) liver samples; (b) faeces

samples. —— sample; ---- sample spiked with 0.25 mg mL�1 of bis(penta-

bromophenyl) ether.

J. Anal. At. Spectrom., 2010, 25, 889–892 | 891
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20 ng mL�1 (as Br) and similar for all the compounds taken into

account the uncertainty about the exact concentration of the

compound in the purchased standards.

The retention times were stable within 1%, the exact values for

three injections for the different compounds given in brackets:

BDE-47 (0.5%), BDE-85 (0.40%), BDE-100 (0.35%), BDE-138

(1.15%), BDE-155 (0.44%), BDE-201 (0.7%), BDE-206 (0.9%),

BDE-207 (0.48%), BDE-208 (0.11%), and BDE-209 (0.6%). The

average repeatability of the peak height was within 5%, the exact

values for the different compounds are given in brackets: BDE-

47 (3.8%), BDE-85 (9.9%), BDE-100 (1.22%), BDE-138 (7.46%),

BDE-155 (2.41%), BDE-201 (2.38%), BDE-206 (7.22%),

BDE-207 (3.6%), BDE-208 (5.8%) and BDE-209 (2.6%).
Quantification of the PBDEs in biological samples

The method was applied to the probing for the metabolite

products of decabromodiphenyl ether (bis(pentabromophenyl)

ether, DBE-209) and the quantification of the residual

compound. The typical HPLC–ICP MS chromatograms are

shown in Fig. 3a and 3b for the liver and faeces samples,

respectively. They show the absence of metabolites of deca-

bromodiphenyl ether, the latter being the only compound

present. It could be quantified by the method of standard addi-

tions (3-levels). The concentrations determined (3 independent

measurements) were 7.9 � 0.2 and 14.1 � 1.1 mg mL�1 (as Br) for

the extracts of liver and faeces, respectively. The reproducibility

of the retention times of the samples were 0.25%, 0.17%, 0.17%

and 0.04% for the liver, spiked liver, faeces and spiked faeces

samples, respectively. The precision for three independent

measurements was 6.8% and 6.9% for liver and faeces samples

respectively.

The method was validated by demonstrating the agreement of

the results obtained with those obtained by HPLC with radio-

activity detection described elsewhere:6 7.8 and 11.5 mg of Br

mL�1 for the extracts of the liver and faeces samples, respectively.
Conclusion

The use of a novel ICP mass spectrometer equipped with the fast

frequency-matching RF generator was demonstrated to allow

the introduction of HPLC mobile phases containing up to 90% of

acetonitrile at high flow rates (1.5 mL min�1) thus opening new

perspectives for applications of HPLC-ICP MS coupling. This

performance was the key feature enabling the development of

a method for the screening for metabolites of deca-

bromodiphenyl ether (bis(pentabromophenyl) ether) in a rat

metabolic study. The HPLC-ICP MS developed offers the

accuracy of HPLC with radioactivity detection and is an alter-

native to other methods for screening PBDE metabolites in

biological samples.
892 | J. Anal. At. Spectrom., 2010, 25, 889–892
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