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Abstract

A simple, rapid, sensitive and reproducible method based on solid-phase extraction (SPE) and acidified silica clean-up was developed for th
measurement of 12 polybrominated diphenyl ethers (PBDESs), including BDE 209, dmtj235-hexabromobiphenyl (BB 153) in human
serum. Several solid-phase sorbents (Empbeg, Isolute Phenyl, Isolute ENV+ and OASISHLB) were tested and it was found that OASY'S
HLB (500 mg) gives the highest absolute recoveries (between 64% and 95%, R.S.D.x43¥dpor all tested analytes and internal standards.
Removal of co-extracted biogenic materials was performed using a 6 ml disposable cartridge containing (from bottom to top) silica impregnatec
with sulphuric acid, activated silica and anhydrous sodium sulphate. PBDEs and BB 153 were quantified using a gas chromatograph coupled wif
a mass spectrometer (MS) operated in electron-capture negative ionization mode. The method limits of quantification (LOQ) ranged between 0.
and 25 pg/ml serum (0.1 and 4 ng/g lipid weight). LOQs were dependent on the analyte levels in procedural blanks which resulted in the highes
LOQs for PBDE congeners found in higher concentrations in blanks (e.g. BDE 47, 99 and 209). The use SMOABSPE cartridge allowed a
good method repeatability (within- and between-day precision < 12% for all congeners, except for BDE 209i<Bj% he method was applied
to serum samples from a random Belgian population. The obtained results were within the range of PBDE levels in other non-exposed populatio
from Europe.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sure to even low environmental concentrati¢és Although
increasing levels in the last decades have been found in human
Brominated flame retardants (BFRs) and, in particular poly-milk from Sweden[7] and human serum from Norwgg],
brominated diphenyl ethers (PBDES), have been identified asuman exposure to PBDEs in Europe is still at low levels
new environmental contaminants with global distribution ag[9]. Therefore, there is a need for sensitive, yet simple meth-
shown by their identification in both aquatic and terrestrial com-ods, ready to be applied in epidemiological studies involving
partments in Europgl,2], North America[1,3] and Asia[4]. PBDEs.
Although banned for use for several decades, polybrominated Most methods developed in the past for the determination
biphenyls (PBBs) may still be found in various environmentalof PBDEs in human serum employed liquid-liquid extraction
compartment$5]. PBDEs have been shown to act as hormongLLE) [10-12] which has the disadvantages of being labori-
disruptors, neuro-developmental toxicants and, in some case®ys. Recent methods take advantage of solid-phase extraction
carcinogenic agents. This has raised high concerns about exp&PE) techniques and several sorbents have been already tested
[13-15] The SPE techniques have several advantages over the
LLE procedures, such as reduced solvent consumption and pro-
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articles offer a comparison between the efficiencies of variougll glassware was washed with detergent, rinsed with water
sorbents. and dried at 150C. Prior to use, all glassware was rinsed with
The aim of this study is to set up a simple, rapid, sensitiveHex.
and reproducible method using SPE for the determination of 12 A Positive Pressure Manifold (3 M Company, St. Paul, MN,
major PBDE congeners and BB 153 in human serum. The list dJSA) was used for the extraction and clean-up. The follow-
PBDE congeners includes BDE 209, the principal componening SPE cartridges were tested: 10 mm/6 mg EmporéM
of the sole PBDE technical mixture presently used in Europextraction disk cartridges (3 M Company), 500 mg/6 ml O84is
[16]. Due to relatively high analytical background of BDE 209 HLB cartridges (Waters, Milford, MA, USA), 500 mg/10 ml
[13,14] this congener was not measured or not reported in modsolute Phenyl cartridges and 500 mg/6 ml Isolute Env+ car-
studies on the PBDE levels in human serum. Additionally, dif-tridges (International Sorbent Technology, Hengoed, UK).
ferent SPE sorbents were compared with regard to their abilitEmpty polypropylene columns for clean-up (6 ml) were from

to yield high recoveries of PBDEs. Supelco (Bellefonte, PA, USA).
2. Experimental 2.2. Serum samples and lipid determination
2.1. Reagents, materials and solutions Pooled serum used for the development and validation of the

analytical method was obtained in 2002 from the Blood Trans-
PBDE congeners 28, 47, 49, 66, 85, 99, 100, 138, 153fusion Centre of the University Hospital of Antwerp (Belgium)

154, 183 and 209 (nomenclature and structure in R&j.and  anditwas a composite from approximately 100 individual serum
Table ) were purchased from Wellington Laboratories (Guelph,samples. Individual serum and pooled umbilical cord serum
ON, Canada)'3C-BDE 209 was also purchased from Welling- samples were available from other projects which took place
ton Laboratories and had ten bromine atoms and tw&l@  between 1999 and 2004 in Belgium. Total cholesterol (CHOL)
atoms, with an isotopic purity of 99%. Brominated biphenyl and triglycerides (TG) were determined enzymatically in a sep-
(BB) 153 was from Accustandard (New Haven, CT, USA).arate aliquot of serum at a clinical laboratory. Total lipids (TL)
BDE 104 and BDE 140 were used as internal standards (ISyvere calculated as described by Covaci et[#®] using the
while BDE 139 was used as recovery standard (RS) and werellowing formula: TL (g/l) =1.12x CHOL +1.33x TG +1.48.
also obtained from Accustandard. They were shown not td herefore, the concentrations of PBDEs in individual samples
co-elute with the analytes of interest and has similar degrewere also reported as ng/g lipid weight.
of bromination to the predominant analytes found in human
serum. All standard solutions were preparediso-octane. 2.3. Extraction and clean-up
Acetone,n-hexane (Hex), dichloromethane (DCM), methanol
(MeOH) andiso-octane were of pesticide grade (Merck, Darm-  The procedure for extraction and clean-up of PBDEs from
stadt, Germany). Concentrated sulphuric acid (98%) and formibuman serum was used with major modifications from the
acid (99%) were from Merck. Anhydrous sodium sulphatemethod described by Covaci and Schepé8$for the determi-
(NaxSOy) and silica gel (Merck) were washed with Hex and nation of polychlorinated biphenyls (PCBs) and organochlorine
used after heating overnight at 180. The acidified silica gel pesticides (OCPs) in human serum. The modifications consisted

(44% acid, w/w) was prepared as previously descrifde]. in the use of higher volumes for elution from the SPE cartridges
Table 1

Absolute recoveries and relative standard deviation (in parentheses) of target analytes and internal standards using different SPE cartridges

Analyte Structure & EmporéM Isolute-phenyl Isolute-ENV+ OASI¥' HLB
BDE 28 2,4,4 Tribromodiphenyl ether 47 (4) 20(17) 49 (13) 84 (10)
BDE 47 2,2,4,4-Tetrabromodiphenyl ether 38 (4) 15(16) 54 (22) 88 (9)
BDE 49 2,2,4,5-Tetrabromodiphenyl ether 41 (4) 16(16) 56 (18) 84 (6)
BDE 66 2,3,4,4-Tetrabromodiphenyl ether 38 (4) 13(15) 53 (20) 85 (7)
BDE 85 2,2,3,4,4-Pentabromodiphenyl ether 35(2) 12(14) 58 (12) 92 (5)
BDE 99 2,2,4,4,5-Pentabromodiphenyl ether 31(5) 11(13) 50 (2) 88 (6)
BDE 100 2,2,4,4,6-Pentabromodiphenyl ether 31(3) 11(15) 46 (7) 84 (5)
BDE 138 2,2,3,4,4,5-Hexabromodiphenyl ether 27 (2) 10(13) 54 (12) 86 (6)
BDE 153 2,2,4,4,5,5-Hexabromodiphenyl ether 22 (4) 8(16) 44 (9) 82 (4)
BDE 154 2,2,4,4,5,6-Hexabromodiphenyl ether 24 (4) 8(17) 43 (14) 74 (9)
BDE 183 2,2,3,4,4,5 ,6-Heptabromodiphenyl ether 18 (4) 7(16) 38 (11) 66 (12)
BB 153 2,2,4,4,5,5-Hexabromobiphenyl 24 (4) 10(15) 46 (11) 81 (3)

BDE 104 (IS1) 2,24,6,6-Pentabromodiphenyl ether 38 (6) 17(18) 46 (19) 84 (8)
BDE 140 (1S2) 2,23,4,4,6 -Hexabromodiphenyl ether 29 (8) 10(19) 45 (18) 95 (5)
13C-BDE 209 (IS3) 2,23,3,4,4,5,5,6,6-Decabromodiphenyl ethetiC1,) 22 (28) 8(50) 28 (13) 64 (17)

Recoveries are given as percentages (%). Each experiment was done in triplicate.
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(other than Emporé! Cygdisks) and an additional layer of acti- closo-dodecarborane 8% phenyl methyl siloxane) capillary col-
vated silica in the clean-up cartridge. umn (SGE, Zulte, Belgium). The ion source, quadrupole and
All samples were first thawed and then homogenised by shaknterface temperatures, together with injection parameters were
ing the serum for 2 min. Internal standards (500 pg BDE 104as described above. The temperature of the HT-8 column was
BDE 140 and'3C-BDE 209) were added to a glass tube andprogrammed from 90C, kept for 1.50 min, then raised with
the solvent was evaporated. The ISs were redissolved inll00 30°C/min to 200°C, then with 5 C/min to 300°C, and kept for
acetone, vortexed, after which 5 ml serum was added, then vo20 min. Bromine ionsn/z =79 and 81 were monitored during
texed and finally sonicated for 20 min. The spiked serum washe entire run. Dwell times were set at 40 ms.
kept overnight at +4C.
The next day, the serum was mixed with 2 ml formic acid2.5. Recovery experiments
and 3 ml water and sonicated for 20 min. Prior to sample appli-
cation, the SPE cartridges were washed with 5ml DCM and For adsorbent selection, four different cartridges were tested
activated with 5 ml MeOH and 5 ml water. After sample loading (see Sectior2.1). For each type of adsorbent, three spiked and
at a low positive pressure of 2—4 psi, the SPE cartridges wervo non-spiked pooled serum samples, together with two proce-
rinsed with 3 ml water. The sorbent bed was dried thoroughhydural blanks, were used to assess the recoveries of analytes and
under a nitrogen stream at 20 psi positive pressure (10 min) aridternal standards. The spiking level was 80 pg/ml serum for all
by centrifugation (15 min, 4000 rpm). The SPE cartridges werd®>BDEs except BDE 209 spiked at 250 ng/ml serum. The extrac-
eluted with 3x 3 mlI DCM in a separate tube and the eluate wagion and clean-up procedures were as described in SeziBn
concentrated te-1 ml under nitrogen. except for experiments conducted opgEmporé™ extraction
An empty cartridge (6 ml) filled (from bottom to top) with disk cartridges for which the procedure described by Covaci and
2 g of acid silica, 200 mg activated silica (freshly activated forSchepen$l8] was used. To assess between-day precision and
2h at 200°C) and 500 mg NSO, was pre-washed with 5ml  accuracy, experiments on the OASYSHLB cartridge were per-
DCM. The concentrated eluate obtained from the SPE cartridgtormed in three replicates during 3 days. The absolute recovery
was then loaded on the clean-up cartridge and the analytes wenas determined using external calibration with BDE 139 as RS,
eluted with 8 ml DCM. The final eluate was concentrated undewhile the recovery relative to IS (BDE 104 and BDE 140) was
a gentle nitrogen stream at room temperature until dryness arwhlculated using internal standard calibration. The tri- (BDE 28),
resolubilised in 6Qul iso-octane. Recovery standard (BDE  tetra- (BDE 47, 49, 66) to penta- (BDE 85, 99, 100) congeners
139 with a concentration of 10 pgl) was added, the mixture were calculated based on BDE 104, while hexa- (BDE 138, 153,
was vortexed and transferred to a vial for GC analysis. 154), hepta- (BDE 183) congeners and BB 153 were calculated
As procedural blank, 5 ml of water in place of serum samplebased on BDE 140. BDE 209 was calculated based@rBDE
was subjected to the same procedure. The value of each analy2@9.
in the procedural blank was subtracted from values found in the
serum samples. 2.6. Method validation

2.4. Instrumentation Five-points calibration curves were created for the quantifica-
tion and high correlation coefficient8{ > 0.998) were obtained
An 6890 Agilent (Palo Alto, CA, USA) gas chromato- forthe tested interval (0.5-1000 pg/ml). The ratios between peak
graph (GC) coupled to a 5973 mass spectrometer opemreas of analytes and the corresponding ISs or RS were plot-
ated in electron-capture negative ionization (ECNI) wasted against the corresponding concentration ratios using inverse
equipped with a 12 nx 0.18 mmx 0.10um AT-5 (5% phenyl square of concentration-weighted linear regressions. Quantifica-
dimethylpolysiloxane) capillary column (Alltech, Lokeren, Bel- tion was based on the sum of ions 79 and 81 for all analytes and
gium). The ion source, quadrupole and interface temperaturds, except for BDE 209 ant?C-BDE 209 for which ions:/z 487
were 250, 150 and 30, respectively. Helium was used as and 495 were used. The identification of PBDEs was based on
carrier gas at constant flow (1.0 ml/min). Opéextract was theirrelative retention times to the IS used for quantification, ion
injected in solvent vent mode (injector initial temperaturé@0  chromatograms and intensity ratios of the monitored ions (for
kept for 0.05 min, then raised with 70@/min to 295°C, kept  BDE 209). At least two procedural blanks were included with
for 18 min, vent flow 100 ml/min, venttime 0.03 min, purge time each sample batch and values obtained for the serum samples
1.5min). The temperature of the AT-5 column was programmedvere blank-corrected. All individual samples were processed in
from 90°C, kept for 1.50 min, then raised with 3G/min to  one batch together with two procedural blanks and the pooled
200°C, then with C/min to 275°C and finally with 40C/min  serum used for method validation.
to 300°C, and kept for 5 min. The following ions were moni-
tored during the entire runn/z=79 (bromine trace) and 81, 2.7. Quality assurance
mlz=485/487 and 495/497, corresponding to the iogHG O]~
obtained by fragmentation of BDE 209 afdC-BDE 209, While our laboratory regularly participates with good results
respectivelyf20]. Dwell times were set at 40 ms. to the Arctic Monitoring and Assessment Programme (AMAP)
For the determination of BB 153, the GC/ECNI-MS was ring test for PCBs and OCPs in humans serum, organised by
equipped with a 25 nx 0.22 mmx 0.25um HT-8 (1,7-dicarba-  the Toxicological Centre of G@bec (Canada), there are no such
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programs for the determination of PBDES in human matrices. Abundance
However, regular participation to the QUASIMEME proficiency
exercises for PBDEs in environmental samples ensures a suffi- >°
cient knowledge on the analysis of PBDESs. A variation of less
than 15% from mean values obtained from 42 participating lab- so000
oratories was obtained during the second interlaboratory study

on PBDEs, where a human milk sample processed through as5q09
similar SPE method, was includgzil].

00

BDE 140 (IS2)

BDE 153

23.00 23.50 24.00 24.50 25.00 25.50 26.00 26.50 27.00 27.50

3. Results and discussion ) c
Time (min)

3.1. General considerations Fig. 2. Partial chromatogram (ionsz 79 and 81 monitored) of a spiked serum
on HT-8 (25 mx 0.22 mmx 0.25pm) showing baseline separation of BDE 154
The use of the SPE procedure replaced the LLE step an@-5Pg9/m!)and BB 153 (0.8 pg/ml).
implicitly allowed a reduced solvent consumption together with
parallel processing of a h.igher number pf samples. The tesﬁgon-spiked serum samples, only the recover}*a-BDE 209
SPE adsorbents haq a h'gh hydr.ophopilc character needed hs evaluated. The lowest recoveries were observed on the Iso-
the successful retention of highly lipophilic compounds, such a te Phenyl, followed by g Empord™ and Isolute-ENV+
PBDESs. In the present method, the hydrophilic co-extractableg . 1o hi,ghest recoveries were obtained on the OA@I’S
_pre_f,ent in serum were removed by SPE.’ follpvyed by the e"mHLB cartridge {Table 3. This is probably due to a higher
ination of hydrophoblg: _c_ompqgnds (mainly lipids) by normal hydrophobic character associated with an increased retention
phase cleqn-up on.aC'd'f'ed silica gel. capability through hydrophilic interactions between the sorbent
The activated silica layer on the top of the clean-up Ca5nd analytes. On the OASI® HLB cartridge, the absolute
tridge was essential for a good performance of the Clean'uPecoveries of most PBDE congeners and IS,s were in accept-
step and allowed an efficient retention of polar biogenic mate- ble rangeTable 3, while the lowest recoveries (between 64%
rial. The activated silica acted as trapping layer for cholesterg nd 74%) were ot;served f43C-BDE 209 and BDE 183. fol-
and preventgd the cc_)ny_ersiqr_\ of cholesterol to the acid-resista[bRNed by BDE 154. The lower recoveries observed for, higher
cholestene in the acidified silica layia#,22] brominated PBDE congeners are probably due to poor desorp-

The short .AT'S Cap'”a!ry column_ offere_d sufficient resolution tion from the SPE cartridge because of high lipophilicity of these
for the baseline separation of the investigated PBDE congene %mpounds and/or strong—m interactions with the sorbent

((jF|g.t1). Fl;rthtermotre, no<dl%gr§1dat||_c|) n OfBDEch.O? was (f)btset_rve ore polar solvents (e.g. acetone or methanol) could not be
lrje ﬁas dor ru: tImI?S/v mln)r. tiO\r:VSV?vI;; ':Bygg C1)5?1 ar'lgn' sed for the elution of PBDEs from the SPE cartridge due to
ary phase does notallowa separation betwee a eir incompatibility with the subsequent acid silica clean-up.

153, which is achievable on a HT-8 stationary phdsg.(3. Similar recoveries on OASI%' HLB with those observed in
the present study were obtained byp@ et al.[14] for which
3.2. Recovery mean recoveries of thE®C-labelled ISs ranged from 69% to

95% for the PBDES (except BDE 209) and BB 153.
The absolute recoveries of the analytes and ISs calculated The recoveries of analytes relative to the ISs used for their
based on the RS are shownTiable 1 For BDE 209, to exclude quantification on the four tested sorbents are givehahble 2
variations from inconsistent values in procedural blanks andror Cig EmporéM, Isolute Phenyl, and Isolute-ENV+, a strong

fey @
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Fig. 1. Total ion chromatogram (iom&/z 79 and 81 together) on AT-5 (12 m0.18 mmx 0.10p.m) of a spiked serum sample after SPE and clean-up. The serum
sample was spiked with 80 pg/ml serum of all analytes except BDE 209, which was spiked with 250 pg/mlz148% and 495 were monitored for BDE 209 and
13C-BDE 209, respectively.
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Table 2

Relative recoveries and relative standard deviation (in parentheses) of target analytes based on internal standard calibration usindeditietréntg &P
Analyte Gig EmporéM Isolute-phenyl Isolute-ENV+ OASI¥' HLB
BDE 28 153(4) 156 (5) 114(7) 96 (9)
BDE 47 141(1) 143(10) 140(15) 109(3)
BDE 49 130(3) 124(3) 131(12) 95(4)
BDE 66 121(2) 101 (5) 123(15) 95(3)
BDE 85 111(3) 100 (6) 135(6) 106(11)
BDE 99 103(1) 91(12) 119(6) 102 (4)
BDE 100 98(1) 84(8) 105(1) 95(5)
BDE 138 106 (6) 99(11) 130(3) 94(5)
BDE 153 99(5) 90(12) 115(1) 88(6)
BDE 154 100(8) 97(9) 108(4) 81(5)
BDE 183 67(3) 65(15) 88(2) 68(8)
BDE 209 104(5) 110(10) 97 (6) 98(6)
BB 153 95(5) 94(9) 112(3) 90(5)

BDE 28, 47, 49, 66, 85, 99 and 100 were calculated based on BDE 104, while BDE 138, 154, 153, 183, together with BB 153 were calculated based on BDE 14C
Recoveries are given as percentages (%). Each experiment was done in triplicate.

tendency of decreasing recoveries with the increasing numbéor the analysis. Only BDE 47, 99 and 209 were detected at
of bromine atoms was observe@iaples 1 and 2 Such trend higher, but consistent (R.S.D.<25%) levels in the procedural
was less evident for the OASTS HLB, for which only BDE  blanks. For these PBDE congeners, the limit of quantification
153, BDE 154 and BDE 183 presented lower recoveries than itd OQ) was dependent on the procedural blanks and was cal-
corresponding ISTable 2. To compensate for the difference in culated as X S.D. of the blank valug23]. For the remaining

the absolute recoveries of each congener and its correspondiRBDE congeners and BB 153, which were not detected or at very
IS (BDE 140), the concentrations of BDE 153, BDE 154 andlow levels in the procedural blanks, the LOQs were calculated in
BDE 183 measured in individual samples were corrected witlthe spiked serum samples on the basis of a signal-to-noise ratio

10%, 20% and 30%, respectively. (S/N) of 10. For calculation of concentrations in the samples,
the value of each PBDE congener in the procedural blank was
3.3. Procedural blanks and limits of quantification subtracted from the corresponding value in the sample and the

resulting value was compared to the LOQ calculated for each

A low level of contamination of procedural blanks has beencongener. LOQs ranged between 0.2 and 1.5 pg/ml for BB 153
obtained by minimizing the number of steps and glassware usedd all PBDEs except BDE 209, for which LOQ was 25 pg/ml,

and were in the range of LOQ values previously reported for

PBDEg413]. Expressed on alipid weight basis, the LOQs ranged

Table 3 between 0.1 and 4 ng/g lipid weight (the latter corresponding to

Within- and between-day precision and accuracy of the method developed fortt%DE 209)'
determination of PBDEs and BB 153 in human serum which includes OASIS
HLB SPE and multilayer clean-up cartridge

Analyte Within-day Between-day Accuracy (%) Table 4
precision (%) precision (%) Linear regression equations and correlation coefficients for calibration curves

of each PBDE congener

BDE 28 5 10 -4 . , . , —

BDE 47 5 9 +9 Analyte Linear regression equation Correlation coeffici&d) (

BDE 49 2 6 -5 BDE 28 y=0.90x x—9.7x 104 1.000

BDE 66 3 7 -5 BDE 47 y=0.87x x+1.0x 102 0.999

BDE 85 2 5 +6 BDE 49 Y=1.22x x+2.5x 104 0.998

BDE 99 4 6 +2 BDE 66 y=1.00x x—5.4x 10~ 0.998

BDE 100 3 5 -5 BDE 85 }=0.82x x+1.9x 102 0.999

BDE 138 6 6 +6 BDE 99 ¥=0.89x x+9.8x 104 0.998

BDE 153 4 4 -1 BDE100  y=1.05xx+23x 102 0.999

BDE 154 4 9 -18 BDE138  y=0.90xx+6.4x 104 0.999

BDE 183 10 12 -32 BDE153  y=1.11xx—14x10°3 0.999

BB 153 3 3 10 BDE 154 y=1.24x x—1.0x 1073 0.999
BDE 183 y=0.92x x+1.1x 103 0.998

BDE 104 (IS1) ’ 8 -16 BDE209  y=1.24x x+5.2x 102 0.999

BDE 140 (1S2) 5 5 -5

13C-BDE 209 (IS3) 15 17 _36 BB 153 y=1.20x x+2.9x 1073 0.998

Validation was done at single fortification level 80 pg/ml serum for all PBDEs, Five-points calibration curves (0.5-1000 pg/ml) were created as the ratios
except BDE 209 spiked at 250 ng/ml serum. Each experiment was done in trif2étween peak areas of analytes and the corresponding internal standards plotted
licate. against the corresponding concentration ratios.



Table 5
Concentrations of PBDE congeners and BB 153 in 4 pooled cord serum and 11 individual serum samples from Belgium (1999-2004)

Cord 1 Cord 2 Cord 3 Cord 4 Serum 1 Serum 2 Serum 3 Serum 4 Serum 5 Serum 6 Serum 7 Serum 8 Serum 9 Serum 10 Serum 11

Lipids (g/l) 2.63 2.62 2.60 2.60 4.19 6.45 5.11 6.11 7.02 7.24 5.60 7.80 6.11 6.34 5.77
b
Serum (pg/ml) a
BDE 28 <0.2 <0.2 <0.2 <0.2 05 <0.2 0.8 0.3 <0.2 0.5 0.3 25 0.8 0.4 04 2
BDE 47 3.6 33 2.9 3.2 12.9 3.2 10.4 3.4 1.7 8.5 7.7 5.1 5.2 8.6 106 &
BDE 100 0.3 0.3 0.4 05 1.5 1.7 1.7 1.1 05 1.3 1.0 1.9 11.6 1.7 1.9 @
BDE 99 1.7 <0.9 1.7 <0.9 43 <1.3 2.8 <13 1.3 21 1.6 <1.3 15 2.6 32 §
BDE 153 1.6 1.2 2.2 1.6 6.5 9.1 10.7 17.3 6.9 10.0 7.6 8.9 18.8 10.6 91 3
BDE 183 <0.3 <0.3 <0.3 <0.3 0.9 <0.5 11 <0.5 <05 1.3 1.3 0.9 1.9 26 15 §
Sum PBDES 75 55 7.4 6.0 35.5 15.1 27.5 23.1 10.8 23.7 19.6 20.0 39.8 26.5 26.6 X
BDE 209 56 122 72 74 64 55 135 58 28 26 62 61 94 107 191 2
BB 153 <0.3 <0.3 <0.3 <0.3 1.6 3.9 5.0 15 43 3.0 3.9 5.8 10.0 75 42 g
Q
Lipid weight (ng/g) g
BDE 28 <0.10 <0.10  <0.10 <0.10 0.12 <0.10 0.15 <0.10 <0.10 <0.10 <0.10 0.32 0.13 <0.10 <0.1§,
BDE 47 1.38 1.26 1.11 1.22 3.07 0.50 2.03 0.56 <0.40 1.17 1.38 0.65 0.85 1.36 1.833
BDE 100 0.13 0.10 0.15 0.19 0.35 0.27 0.34 0.18 <0.10 0.18 0.18 0.25 1.90 0.27 0.3
BDE 99 0.64 <0.40 0.65 <0.40 1.02 <0.40 0.56 <0.40 <0.40 <0.40 <0.40 <0.40 <0.40 0.40 058
BDE 153 0.62 0.46 0.84 0.61 1.55 1.42 2.09 2.83 0.99 1.38 1.36 1.15 3.07 1.68 152
BDE 183 <0.20 <020  <0.20 <0.20 0.21 <0.20 0.21 <0.20 <0.20 <0.20 0.22 <0.20 0.30 0.41 0.2%
|
Sum PBDES 2.88 2.10 2.87 231 6.32 2.35 5.37 3.78 1.55 3.27 3.49 2.56 6.50 4.19 4.613
BDE 209 225 46.5 275 28.6 15.4 8.6 26.5 9.5 4.0 36 11.1 7.8 15.4 16.9 33.1
BB 153 <0.15 <0.15  <0.15 <0.15 0.38 0.60 0.97 0.25 0.61 0.41 0.69 0.75 1.63 1.18 0.73

To facilitate comparison with other studies, the results were expressed in pg/ml and ng/g lipid weight. For calculation of the sum, concelurali@® bere set to 1/2LOQ.
@ All congeners except BDE 209.
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Fig. 3. Total ion chromatogram (iom&/z 79 and 81 together) on AT-5 (12 #0.18 mmx 0.10p.m) of a non-spiked pooled serum sample after SPE and clean-up.
Note that BDE 154 and BB 153 co-elute on AT-5. lam 487 and 495 were monitored for BDE 209 dr€-BDE 209, respectively.

3.4. Validation [8], Sweder{7,10], The NetherlandR27], but lower than levels
reported from USA28].

The precision was established by repeated determinations The presented method for the determination of PBDES in
(n=3) using serum spiked with 80 pg/mlfor all PBDE congenershuman serum using SPE and GC/ECNI-MS is fast, simple,
except BDE 209 spiked at 250 ng/ml serum. The precision wasonsumes lower amounts of solvents, demands less equipment
expressed as the relative standard deviation (R.S.D.). The us@d presents a low risk of sample contamination compared to
of OASIS™ HLB SPE cartridge allowed a good repeatability traditional methods based on LLE. Up to 24 samples can be
with a within- and between-day precision of less than 10% angrepared within a day by one analyst. The method shows suffi-
12%, respectively, except for BDE 209 for which precision wascient sensitivity and provides repeatable quantification in a wide
15% and 17%, respectivelffgdble 3. The accuracy was esti- concentration range for all investigated analytes.
mated by analysing the pooled serum samples3) spiked at a
concentration level of 80 pg/ml serum. The values of PBDE conA cknowledgment
geners in the non-fortified serum sample were subtracted in each
case. The highest deviations from were observed36rBDE Dr. Adrian Covaci acknowledges financial support from a
209, followed by BDE 183, BDE 154 and BDE 158able 3.  GOA-2001 project of the University of Antwerp.

High correlation coefficientsk? > 0.998) were obtained for the

inverse square of concentration-weighted linear regressions COReferences

structed for each analyte in the concentration range expected in

human serum samples (0.5-1000 pg/ml). The regression equai] R.J. Law, M. Alaee, C.R. Allchin, J.P. Boon, M. Lebeuf, P. Lepom,
tions for individual PBDE congeners are presentedable 4 G.A. Stern, Environ. Int. 29 (2003) 757.

and it can be seen that the variation interval of the slopes had &1 R-J- Law, C.R. Alichin, J. de Boer, A. Covaci, D. Herzke, P. Lepom, S.
Morris, J. Tronczynski, C.A. de Wit, Chemosphere, 2005.

Very narrow range (between 0.82and 1'24)' [3] R.C. Hale, M. Alaee, J.B. Manchester-Neesvig, H.M. Stapleton, M.G.
Ikonomou, Environ. Int. 29 (2003) 771.

[4] N. Kajiwara, D. Ueno, A. Takahashi, N. Baba, S. Tanabe, Environ. Sci.
Technol. 38 (2004) 3804.

. . [5] J. de Boer, K. de Boer, J.P. Boon, in: J. Paasivirta (Ed.), The Handbook
The method has been used for the determination of PBDES  of Environmental Chemistry, vol. 3, Springer-Verlag, Berlin, 2000, pp.

and BB 153 in serum samples collected from Belgian population.  61-95 (Part K).

The results expressed in pg/ml serum as well as ng/g lipid weigh{6] P.O. Darnerud, Environ. Int. 29 (2003) 841.

are presented iffable 5and a typical chromatogram obtained [7] D-G- Meironyg, K. Nogn, A. Bergman, J. Toxicol. Environ. Health
(Part A) 58 (1999) 329.

for sample no. 1is given ifig. 3. In all samples, some PBDE [8] C. Thomsen, E. Lundanes, G. Becher, Environ. Sci. Technol. 36 (2002)
congeners were under LOQ (BDE 49 and 66 <0.2 pg/ml, BDE " 1414,
85, 154 and 138<0.3 pg/ml. [9] A. Sjodin, D.G. Patterson Jid. Bergman, Environ. Int. 29 (2003) 829.

The measured levels of PBDEs (except BDE 209) in thd10] A. Sjodin, L. Hagmar, E Klasson-Wehler, K. Kronholm-Diab, E. Jakob-
Belgian serum specimens were in the same range with leve|s  SSOMA. Bergman, Environ. Health Perspect. 107 (1999) 643.

d in Belai h h di ti 11] D.G. Meironye, A. Aronsson, G. Ekman-Ordeberg, Bergman, K.

measured In e.glan uman Serl[m]’_ uman adipose tssue Norén, Environ. Health Perspect. 111 (2003) 1235.
[25] or human m|”<[26]- They are also in the same range as pre{12] L. Hovander, M. Athanasiadou, L. Asplund, S. Jensen, E. Klasson-
viously reported PBDE levels in serum samples from Norway  Wehler, J. Anal. Toxicol. 24 (2000) 696.

3.5. Analysis of individual human serum samples
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