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Abstract: A method for the determination of 14 polybrominated diphenyl ethers ( PBDEs) in
human serum using isotope internal standard-gas chromatography-high resolution dual-focus

magnetic mass spectrometry ( GC-HRMS) was developed. After thawed to room temperature
0.5 mL serum samples were mixed with " C-labeled isotopic internal standard. Subsequently,
methanol was added to precipitate the proteins in the samples. The effects of three kinds of
acids on the removal of cellulite from the serum samples and the corresponding recoveries were
compared, and the results revealed that sulfuric acid was the most optimal. The target com-
pounds were extracted by liquid-liquid extraction (LLE), and the effects of different extraction
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solvents on recoveries were compared. The results indicated that n-hexane (6 mL)-methyl tert-
butyl ether (6 mL) was the best extraction solvent. The extracts were cleaned and eluted using
solid phase extraction cartridges. Furthermore, the factors that influenced the cleanup effects
and recoveries, including the solid phase extraction columns and elution solvents, were investi-
gated in detail. The results indicated that the optimal conditions were cleanup with a silica gel
column and elution with hexane-dichloromethane (1:1, v/v). The eluate was re-dissolved in
hexane after being blown to near dryness using nitrogen. The detection of PBDEs was per-
formed using GC-HRMS. The instrument conditions were optimized, and the capillary column
used was an Rtx-1614 column (30 mx0. 25 mmXx0. 1 um). Helium was used as the carrier gas at
a flow rate of 1. 0 mL/min. The injector temperature was 290 C, and the oven temperature was
programmed as follows: 150 C for 2 min, 150 C to 250 C at 15 C/min, held for 1 min, 250 C
to 290 C at 25 C/min, held for 3 min, and 290 C to 320 C at 25 C/min, held for 12. 5 min.
The injection volume was | pL in splitless mode. The samples were ionized in the positive elec-
tron ionization (EI) mode at 35 eV. Precursor ions and the production of each compound were
identified using a voltage-selective ion detection ( VSIR) program with a resolution of 10 000.
The ionization temperature was set at 280 C, and the transmission line temperature was set at
320 C. To ensure the integrity of the separation of low-brominated components, the column
separation time was shortened, the response of high-boiling components was improved ( BDE-
190 and BDE-209) , the decomposition of BDE-209 on the chromatographic column was effec-
tively prevented, and the requirement of the simultaneous determination of multiple PBDEs was
met. The method demonstrated good linearity in the range of 0. 40 to 25 pg/L for BDE-209, and
0.08 to 5 ng/L for the other 13 PBDEs, with correlation coefficients greater than 0. 995. The
method detection limits ( MDLs) were in the range of 0.01 to 0.51 wg/L, and the limits of
quantification ( LOQs) ranged from 0.04 to 1.70 pwg/L. The recoveries of the 14 compounds
ranged from 75. 5% to 120. 7%. The intra-day relative standard deviations ( RSDs) were within
3.8%-10.9% (n=6) and the inter-day RSDs were within 4. 2% to 12.4% (n=6). This method
was successfully applied to the determination of 14 PBDEs in 15 serum samples from an adoles-
cent population in an area. Notably, 1. 86 to 4. 66 ng/g lipid BDE-47 was detected in the serum
samples with a detection frequency of 100%, and the other compounds were not detected. The
results imply that the adolescent population in this region was exposed to some PBDE. Com-
pared with the existing methods reported, this method has less sample demand and higher sen-
sitivity and accuracy, can simultaneously determine 14 PBDEs, including BDE-209 in human
serum, and effectively improve the efficiency of detection. This study offers a new method for
studying the impact of polybrominated diphenyl ethers on population health in China.

Key words: gas chromatography-high resolution dual-focus magnetic mass spectrometry ( GC-
HRMS ) ; liquid-liquid extraction ( LLE ); biological monitoring; polybrominated diphenyl
ethers; serum
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Table 1 Retention times and MS parameters of the 14 polybrominated diphenyl ethers (PBDEs)
and their corresponding isotope internal standards

Compound Abbreviation  Retention time/min Monitoring ion [ M*] (m/z) Internal standard

2,2’ ,4-Tribromodiphenyl ether BDE-17 7.82 405.8027/407.8002 3C,,-BDE-28
2,4,4'-Tribromodiphenyl ether BDE-28 8.02 405.8027/407.8002 13C,,-BDE-28
2,2',4,4'-Tetrabromodiphenyl ether BDE-47 9.51 483.7132/485.7111 3C,,-BDE-47
2,3',4,4'-Tetrabromodiphenyl ether BDE-66 9.75 483.7132/485.7111 13C,,-BDE-77
2,3',4’ 6-Tetrabromodiphenyl ether BDE-71 9.31 483.7132/485.7111 3C,,-BDE-47
2,2',3,4,4'-Pentabromodiphenyl ether BDE-85 11.52 563.6216/565.6196 13C,,-BDE-100
2,2',4,4" 5-Pentabromodiphenyl ether BDE-99 11.00 563.6216/565.6196 13C,,-BDE-99
2,2',4,4" 6-Pentabromodiphenyl ether BDE-100 10.71 563.6216/565.6196 13C,,-BDE-100
2,2",3,4,4',5'-Hexabromodiphenyl ether BDE-138 12.86 641.5322/643.5302 13C,,-BDE-138
2,2',4,4',5,5'-Hexabromodiphenyl ether BDE-153 12.20 641.5322/643.5302 1*C,,-BDE-153
2,2',4,4',5,6'-Hexabromodiphenyl ether BDE-154 11.78 641.5322/643.5302 13C,,-BDE-154
2,2",3,4,4',5" 6-Heptabromodiphenyl ether BDE-183 13.78 721.4406/723.4386 3C,,-BDE-183
2,3,3",4,4',5, 6-Heptabromodiphenyl ether BDE-190 14.95 721.4406/723.4386 13C,,-BDE-183
Decabromodiphenyl ether BDE-209 22.42 797.3355/799.3329 13C,,-BDE-209
2,4,4'-Tribromodiphenyl ether-">C,, 13C,,-BDE-28 8.00 417.8429/419.8409
2,2',4,4'-Tetrabromodiphenyl ether-"C , 13C,,-BDE-47 9.50 497.7514/499.7493
3,3',4,4'-Tetrabromodiphenyl ether-'*C, 13C,,-BDE-77 10.11 497.7514/499.7493
2,2',4,4',5-Pentabromodiphenyl ether-"C , 1*C,,-BDE-99 11.00 575.6619/577.6598

2,2',4,4" 6-Pentabromodiphenyl ether-'*C,, 3C,,-BDE-100 10.70 575.6619/577.6598

2,2',3,4,4' 5'-Hexabromodiphenyl ether-*C,, C,,-BDE-138 12.85 655.5704/657.5683
2,2',4,4',5,5"-Hexabromodiphenyl ether-*C,,  '>C,,-BDE-153 12.19 655.5704/657.5683
2,2',4,4',5,6’-Hexabromodiphenyl ether-"C,,  '*C,,-BDE-154 11.77 655.5704/657.5683
2,2',3,4,4' 5" 6-Heptabromodiphenyl ether-*C,, *C,,-BDE-183 13.77 733.4809/735.4788

Decabromodiphenyl ether-"*C,, 13C,,-BDE-209 22.41 809.3757/811.3731
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Fig. 2 Chromatograms of (a) the 14 PBDEs and (b) their isotope internal standards
a. The mass concentrations of 13 PBDEs were 50 png/L and that of BDE-209 was 250 wg/L; b. The mass concentrations of the isotope
internal standards of 13 PBDEs were 50 pg/L and that of '*C,,-BDE-209 was 250 p.g/L.
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~10.9% F1 4. 2% ~ 12. 4% , 45 F UL 3,
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Table 2 Linear ranges, linear equations, correlation coefficients (r), method detection limits (MDLs) ,
and limits of quantification (LOQs) of the 14 PBDEs

Compound Linear range/ ( ng/L) Linear equation r MDL/ ( ng/L) LOQ/ (pg/L)
BDE-17 0.08-5 y=0.74142+0.0435 0.999 0.02 0.07
BDE-28 0.08-5 y=0.77172+0.0006 0.999 0.02 0.06
BDE-47 0.08-5 y=1.01902+0.009 0.999 0.01 0.04
BDE-66 0.08-5 y=0.6454x-0.0144 0.999 0.03 0.09
BDE-71 0.08-5 y=0.75032+0.0230 0.999 0.02 0.08
BDE-85 0.08-5 y=0.5084x-0.0226 0.998 0.03 0.09
BDE-99 0.08-5 y=0.8007x+0.0084 0.999 0.03 0.10
BDE-100 0.08-5 y=0.94132-0.0028 0.999 0.02 0.06
BDE-138 0.08-5 y=1.02112-0.0127 0.999 0.04 0.13
BDE-153 0.08-5 y=0.9191x+0.0155 0.999 0.03 0.10
BDE- 154 0.08-5 y=0.9278x+0.0002 0.999 0.03 0.09
BDE-183 0.08-5 y=0.84142-0.0075 0.999 0.04 0.12
BDE-190 0.08-5 y=0.24242-0.0073 0.999 0.08 0.27
BDE-209 0.40-25 y=0.53932+0.0363 0.999 0.51 1.70
y: peak area ratio of quantitative ion of the analyte to IS; x; mass concentration ratio of the analyte to IS.

% 3 14 7 PBDEs ZEMiE R MIREIKEMB N . B ERBZE(n=6)
Table 3 Spiked recoveries and intra-day and inter-day relative standard deviations (RSDs)
of the 14 PBDEs in serum samples (n=6)
0.2 (1.0) pg/L" 0.4 (2.0) pg/L" 0.8 (4.0) pg/L" Intra-day Inter-day
Compound
Recovery/% RSD/% Recovery/% RSD/% Recovery/% RSD/% RSD/% RSD/%
BDE-17 92.5 4.0 82.9 4.0 100.2 6.2 4.8 8.4
BDE-28 118.6 2.5 119.3 4.1 120.7 6.6 4.4 8.4
BDE-47 105.2 2.8 113.2 2.5 97.2 6.3 3.8 4.8
BDE-66 118.9 3.8 116.5 1.9 115.4 6.6 4.1 8.0
BDE-71 75.5 5.6 81.6 4.1 99.7 6.4 5.3 12.4
BDE-85 119.7 3.7 116.8 3.7 108.2 4.7 4.0 9.5
BDE-99 102.3 11.9 109.3 2.2 115.0 34 5.8 10.9
BDE-100 100.1 7.5 106.6 1.4 119.4 6.7 5.2 5.7
BDE-138 98.7 6.4 99.9 4.6 109.8 6.1 5.7 9.1
BDE-153 88.8 5.7 98.7 2.6 107.1 7.3 5.2 8.6
BDE- 154 94.7 11.4 104.3 2.2 110.0 8.9 7.5 5.2
BDE-183 88.8 10.4 97.8 3.1 103.8 7.3 6.9 9.6
BDE-190 88.1 15.4 97.1 5.5 93.9 11.9 10.9 7.6
BDE-209 89.1 13.9 89.8 5.2 97.3 3.8 7.6 4.2

* The data in brackets are mass concentrations of BDE-209.
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Table 4 Comparison of experimental results and
certified values of SRM1958 (n=6)

Certified value/

Experimental result/

compound (ng/g) (ng/g)

BDE-17 0.453 0.458+0.032
BDE-28 0.466 0.462+0.019
BDE-47 0.656 0.651+0.029
BDE-66 0.471 0.440+0.041
BDE-99 0.434 0.492+0.015
BDE-100 0.489 0.475£0.027
BDE-153 0.412 0.455£0.054
BDE-154 0.418 0.441+0.039
BDE-1383 0.425 0.453+0.042
NIST: National Institute of Standards and Technology.
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Table 5 Comparison of the developed method with other reported methods for the determination of PBDEs in serum samples

Sample MDLs/ ( ng/L)
Method volume/ BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE- BDE-
mL 17 28 71 47 66 100 99 85 154 153 138 183 190 209
GC-MS/MS!®] 1 0.03 0.03 / 0.06 0.03 0.04 0.05 / 0.03 0.04 / 0.05 0.2 /
GC/ITD-MS/MS! ! 1 0.4 0.3 / 0.2 0.07 0.5 0.1 0.3 0.2 0.1 / 1.3 / /
GC-HRMS! ! 2~5 / 0.01 / 0.02 / 0.02 0.03 0.04 0.02 0.02 0.03 0.04 / /
This method 0.5 0.02 0.02 0.02 0.01 0.03 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.08 0.51

/ '+ not reported.
3 it
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