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[E5 | RAZERS /1k0g (PBDD/Fs) EERRTRAAMATIOHK. MEEL/L+ERRNK
FEMFINAREER, FRFRNRAZIRRE / KIEN 28X MES.

[ER] BIIHE, ERNE SIS 13 MRATIRRE /KIEHSAE - 52 Pi8E (GC-HRMS)
75 %o

[ 757 BEIARETIERG, EMBAFIZFEMURE, HEEMREFERE, SEKEMREERE
WMSAE - SO BRERN, RUREREES,

(455 | A7 AR H PR 79 0.002~0.012 pg/g (LA S0g ¥ fit) ; EBERIFHNLIMETE, R
ERE(RY) >0.99 ; HEMEMBEELRERER, MKENSKRENINREIUKREDFH
71.8%~101.8%. 80.5%~97.8%, HBIITR/EMRE (RSD) <10%. EFA755%, ME T 4014 _LiEHX
BB F G, PBDDs SBE Y, PBDFs & 2, 3, 7, 8- TR ZFHFHIKNE (2, 3, 7, 8-TetraBDF) .
1,2,3,4,6,7, 8- R ZEHHKN (1, 2, 3, 4, 6, 7, 8-HpBDF) FJURAR Z K H kI
(OBDF) H 3L S, HKHZERDFIE 72.5%. 100% H 67.5%

[451E | PR EZR T NE S A 4H PBDD/Fs, L5RKREFIZFEIRE. HEf. S%. A&,
797 & PBDD/Fs R BN LT M BIEFHATIRM T 75 7EF 2R
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Determination of polybrominated dibenzo-p-dioxin/furans in human milk using tandem
SPE purification and GC-HRMS LIN Yuan-jie', LE Sun-yang*, FENG Chao®, QIU Xin-lei*, XU
Qian', ZHANG Hui-min*, RAO Qin-xiong® LU Da-sheng* (1.Division of Chemical Toxicity and
Safety Assessment, Shanghai Municipal Center for Disease Control and Prevention, Shanghai
200336, China; 2.Institute for Agri-food Standard and Testing Technology, Shanghai Academy of
Agricultural Sciences, Shanghai 201403, China)

Abstract:

[Background] The emissions of brominated flame retardants have been proved to be the
major source of polybrominated dibenzo-p-dioxin/furans (PBDD/Fs). With the extensive use
of brominated flame retardants in recent decades, the concentrations of PBDD/Fs in the
environment increase gradually.

[Objective] This study aims to establish a rapid and accurate method for the determination of
13 PBDD/F congeners in human milk by gas chromatography-high resolution mass spectrometry
(GC-HRMS).

[Methods] Lyophilized human milk was subject to accelerated solvent extraction, dispersive solid
phase extraction (SPE) defatting, and tandem SPE purification successively, and consequently
detected by GC-HRMS with isotopic dilution method.

[Results] This method showed low limits of detection (LOD, 0.002-0.012 ng/g, in 50g milk sample),
good linearity (correlation coefficients, R*>0.99), satisfactory accuracy (the recovery rates of low-
concentration spiked standard were 71.8%-101.8%, and the recovery rates of high-concentration
spiked standard were 80.5%-97.8%), and high precision (relative standard deviations, RSD <
10%). Forty breast milk samples collected in Shanghai were determined by the method. PBDDs
were not detected, and three PBDF congeners including 2, 3, 7, 8-tetrabromodibenzofuran
(2, 3, 7, 8-TetraBDF), 1, 2, 3, 4, 6, 7, 8-heptabromodibenzofuran (1, 2, 3, 4, 6, 7, 8-HpBDF), and
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octabromodibenzofuran (OBDF) were positive, with detection rates of 72.5%, 100%, and 67.5%, respectively.

[Conclusion] This method has exhibited rapidness, accuracy, efficiency, and reliability for the determination of PBDD/Fs in human milk
samples. It provides methodological support for PBDD/Fs exposure risk assessment and toxicological research.

Keywords: tandem solid phase extraction; polybrominated dibenzo-p-dioxin/furans; gas chromatography-high resolution mass

spectrometry; isotopic dilution method; human milk

ZRIAH-W-ZRBEMNZEXH kM
(polybrominated dibenzo-p-dioxin/furans, PBDD/Fs)
E—XEBUMRMEMFEYRNSEZR ZEH-XF-Z
M2 B A0 — 2K H K& (polychlorinated dibenzo-p-dioxin/
furans, PCDD/Fs) fB{IAEVIFA EBVITEY) (persistent
organic pollutants, POPs) , B¥E 75 # %8 — R H - X -
TBERM 135 M Z IR TR HKIE, SEFHRKRA,
2,3,7, 8BV PBDD/FsEE 52, 3, 7, 8-HEAK
TR -3F - ZIEZE (2, 3, 7, 8-TetraCDD) R ERIEAIFH
SEMN, FERIAMIE. . EERME. 2B
HM. BIRBRER T4 ML R AKTREE. FFIMWIE A0
% W, pBDD/Fs EBFURTFIRARMAFIBVIRG >3, 5
PCDD/Fs #8LL, LATE AT PBDD/Fs BIFKIEIR L HEE
RAER AR (0L REXEEE. IIRNED AT Z
REXELZE) B9, PBDD/Fs FEIMRH R & 21X H1IG
& 7, Bk, PBDD/Fs ST AMKHI R B RN, H3T
E IR A BHE R K89 72 XU Z A B /0 1 357
RESAH PEZMHARIHAR,

pops B ¥, BEEAMBRKNBIIENARE
EYENEERER B TFSAENTFIIREZERA
%, AN B EABRIES AT POPs AMEEY)
EMAEFR =, 51, %5 PCDD/Fs BIMIE /75—
A% K A INIR 7A 75 2 BY (accelerated solvent extraction,
ASE) . TRIABIE R4 (fluid management system, FMS)
. |SHE-5 2 ¥ B E (gas chromatography-high
resolution mass spectrometry, GC-HRMS) &5 #fr 112,
Itk oh, A< I206 = 2 37 YRR N ZE £ ¥ H PCDD/Fs. %
TR Z Bt (polybrominated diphenyl ethers, PBDEs) &l
Z B (polychlorinated biphenyls, PCBs) FY /57510
BRI T REHREIE™, EERRRERFIKE(E
FA, PBDD/Fs FFIA R B X 7%, {B 2% X PBDD/Fs B953
WAZIESELY, THRERRT, FBITE R 25
Fernandes " 12 5 7 —HMZE/DEE s00 mL BVAFIRY
SEZBEMFALTE ; Croes S IRE T —FIRE, BE
MV FEN RN REEE R RIX (chemical activated
luciferase gene expression, CALUX) E¥IME /57%. B

iR FREA, 5 POPs & AT & M T 75 7% GC-HRMS AE EE,
CAWWXNIELERAEE—TERE, BXREZREENBMN
HEMNEE. BREIEEE—MRR. @E. £H. 5
W2 ILH PBDD/Fs L F KM 75 7%, BETFItb, AR
RESHIASLRET(EREM, & ePa16130¢, 17
T SBREXEHBFEEY (solid phase extraction, SPE) &1k -Gc/
HRMS SE & 2L PBDD/Fs & 2MBIRE D 5o

1 MHE5FEZE
1.1 AFIS5HF

PBDD/Fs i /i 2 573 7& [EDF-5407, €152, 3, 7, 8-
MR ZFKHAH - ZEZE (2, 3, 7, 8-TetraBDD),
1,2,3,7, 8§ WRRZEH-XF- 8% (1, 2, 3, 7, 8
PentaBDD) , 1, 2, 3, 4, 7, 8-7VRAZHFH -3¢ - —1E
% (1, 2, 3, 4, 7, 8-HexaBDD) , 1, 2, 3, 6, 7, 8 7
RARTEH-3F- 21X (1, 2, 3, 6, 7, 8-HexaBDD) ,
1,2,3,7, 8, 9- "R ZEXH-W-Z &
(1, 2, 3, 7, 8, 9-HexaBDD) , 1, 2, 3, 4, 6, 7, 8-
tERARK X HF-N-ZEEQ,2,3,4,6, 7, 8
HeptaBDD) , /iR Z & # - X - —E % (OctaBDD),
2,3, 7, 8-SR FEHokE (2, 3, 7, 8-TetraBDF) ,
2, 4, 6, 8 TR ZEHKNE (2, 4, 6, 8-TetraBDF) ,
1,2,3, 7, 8 A RN AKX H kMg, 2,3,7, 8
PentaBDF), 2, 3, 4, 7, 8- L B Z &K H ok I
(2,3, 4, 7, 8PentaBDF), 1, 2, 3, 4, 7, 8-7URILZHE
FEok0E (1, 2, 3, 4, 7, 8-HexaBDF) , 1, 2, 3, 4, 6, 7, 8-
tRARZEFHKN (1, 2, 3, 4, 6, 7, 8-HeptaBDF),
JURM Z K H ok (OctaBDF) ], >k #5712 BY PBDD/
Fs ¥ /£ (EDF-5059) A0 C,, [A i & R #7 (EDF-5408,
EDF-5409) BB EEUH R MU RLR =, ER60
(0.063~0.100mm, 100~200 B) (Merck, &) . Optima
RIE Al — SR (Fisher Scientific, EE) . To/KELT
(Sigma Aldrich, &), BRMFERAMTE GgBRMMER @ 1g
TKEREREA) « IRIEEMWEEE CeglMEaNtE © 1gX
KERERTH) IRIBHELNEBZRBPELE LB E S,
FIERERE LT KTRABRIXN 2 KX T
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ERRSFIOHE,
1.2 NEBE518F

S8 - B2 YR MAT95XP (Thermo Finnigan,
EE), BEEREFARHEED (PTV) ; INRBFIZEE
X ASE350 (Thermo, %) ; ZIRER2£BhAMN (B
IRE, BE) ;2 ETIEN FreeZone 12L (Labconco,
EE) ; 12 UEHEZEEEE (Supelco, EEH),
1.3 SREH
1.3.1 ASEZEEZEM HEEIRESBRALREZFIN
R A, IRBUAFIAESKE : Z&8k (1:1,
AFALL) , ZEBURE : 90°C ; ZEYE /7 : 1500psi (48
L F 10.34MPa) ; BESZEEN3 R, IR 5min, BAFH
FEERFR D 100% , ISR E) 9 905,
1.3.2 SMEGESNEMT B © Agilent DB-HT5 E
MEBIEM (15mx0.25m, 0.10um) ; BN : B4R ;
BRER, FEN 1.3mL/min ; PIVIEFEFHER DT
BB 0 90°C (1R#F0.8min), L 600°C /min FHi&
£ 330°C (fR¥F15min) ; FHZEE @ 300°C ; FEFFH
B FIEARE 120°C, LL40°C /min FHEZE 220°C (1R#F
15min) , B LL10°C /min FHRZE 310°C ({R#F 10min) ;
RS 2L
133 FUEEM BFR I EE; T22%587 | 0.55A ;
BFEEE | R2eV; BFRAE : 260°C ; WNAR : %
BTN (MID) ; EIERER | PFK, ¥ © 10000,
1.4 FWHE
141 iR BIERBERE, B soghE M
£ -80°C. 0.03 mbar (1§ F 3Pa) KM T RERTIE
48h, FIRERKILMFTARE, N 2g R T HIFY
4], ME—EEBE 100mL ZEUA, HI0XN PBDD/Fs
[5 111 2 A A% EDF-5408 (10~75 ng/mL, FIRi&ERE 5 1E).
EDF-5409 (20~50ng/mL, e 101E) & 10uL, K
& 30min &, T\ ASE350 ¥ ASE ZEER X i1 T,
142 FEEREE BERBRREZE 250mLE KR
i, HEEEEANREEIRER, E=2ENERK
RE. MG, KBRS 1glBMIsmLIESEAH
EEEeomLiFmifiA, %5 1g AR 10g BR14RE
B, ERINE, aoikiER, TRERELSPERE
20 min, FRERTIARE RS 1~2 X%, B, B
BREBES— 1 eomLEFEMAF, HFASmLIED
BERE 2R, RE, BEHNERSREICTAR
VOREZEL 0.5mLAER, %1,
1.4.3 SEEEZEIDREY BLRosmLiFmAaRE

BEIELEENEFHE LT BEAER MR A
MEELEE BUEERBImMLIECKEL, BiER
R A7mLIES R/ Z8F IR (101, FFALL)
MamLIESEEN) £, SAERB0.5mLIE B
mmil 2%, INEERMRERME L, FH 8mL IE 2 keittik.
A, BERMERTE, 23IA3mLIESEM3mLIE
ole/ Z&BRE (111, FRE) MER MR KR,
&iE, BsmLIECk/ Z& Bk (1: 1, AFRLL) it
M E e, WEERRK, HEITCTRWRERE
T, B1opl ERE A, IR%ES G GC-HRMS 7347
ME-

2 4
2.1 BELSPERFENHAR

EZEBFFMANBHERCEYHIERMLE
AR, 25 WEM EFE. MORER M AR AT, IMIERRE
SEFEMORERBEECEF4NTEREN
AR, ERWNE LR, EE3IMBEASMLIED
/2B (11, AR AR ERE,
2R BMERCEYNREAMARAREWEECET
96.3%~100%.
2.2 ZMSCEMG LR

AER R KB AFINE R I R R AR ESIE
TRERZ, 3L ESYINEISAMEEEREKL, EE
AR IZRRTE R (RY) KT 0.99, #R151ELL
S/N=3 1+ & HBRA 0.002~0.012 pg/g (1% 50g BVEEE1T) o
2.3 HESINFREUREIEIEERE

—{p450mL N B H R EHF RIREH 50mL I AL 9
DM, BT ARRNAZERENBEREELR, &
F, 6 RN AEERE (50, 5pg/ul) F 34 MAN
EDF-5059, FR3 M RIEANTEXNER, & ERIR(E
TR TN, SRILERINE 1 Ao
2.4 ERRERBYIE

BEFAHRBNE S %, 34019 LS8N E
I RBIT TN . BB, FHITHERIERN
SR, 200 FRSEE —MEUKERN MR
fh (Spg/uL) EAREHERHTMNE, RRERE
7, 137 PBDD/Fs #, PBDDs 98B, PBDFs B
2,3, 7, 8TBDF. 1, 2, 3, 4, 6, 7, 8-HpBDF #1 OBDF
3IMELEMIRE, KEERDFIE 72.5%. 100% F 67.5%,
FRAERNETEE LR 2, FREEmINE R By
FREIRSEIRAYEE RSEE N,
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ﬁ 60 % 60
& 50 B 5o
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B8] (min) BYi&] (min)
100 100
C 25.37
90 90 @
80 80
2 70 ~ 70
E 60 22.99 = 60
= 25.83 >
g %0 22k {E 50 25.37
= 40 2827 .,:% 40
o
< 30 320 % 30 2299 || |2584)8.44
50| 762817 20 22.51 (12323
10 14.96 1665 M 10 2826
17.31 7.708.23 15021731 f
0 A i) L L ML L I 0 i T L T L I I (i 1
5 7 9 11 13 15 17 19 21 23 25 27 29 5 7 9 11 13 15 17 19 21 23 25 27 29

B8] (min) BYi&] (min)

DE] A EFF+8mLiM% ; B 3mLIESkR+3mLIES K/ 88k (111, FRALL) % ; c i smLIECk:/ & Bk (111, FRRLL) %R ; D 1 8mL
Ecke/ =88k (11, FREL) FE.

E1 TH/#EHH1$3FR—FE’J PBDD/FS/}lLHjZI'E'\.

# 1 PBDD/Fs Y4 ESEER MNAREIWE

BFEE (m/2)

RE (n=3)

BRE (n=3)

A f=v}
=7 ZMESEE (pg/uL) fREBEYIE] (min) pre— =EET FEERE (%) P B (%) RSD (%0)
2, 3,7, 8TBDD 0.10~50 8.17 497.6923 499.6903 87.4 1.00 85.3 4.86
1, 2, 3, 7, 8-PeBDD 0.20~100 17.31 577.6008 579.5988 87.8 2.40 84.1 4.90
1, 2,3, 4,7, 8HxBDD 0.60~300 22.99 655.5113 657.5093 99.6 2.05 96.1 1.30
1, 2,3, 6, 7, 8HxBDD 0.60~300 22.99 655.5113 657.5093 99.6 2.05 96.1 1.30
1, 2,3, 7, 8, 9-HxBDD 0.60~300 23.20 655.5113 657.5093 101.8 2.48 95.2 2.80
1,2, 3,4, 6,7, 8HpBDD?* 0.75~375 25.83 735.4198 737.4178 = = = =
OBDD 1.00~500 28.44 813.3302 815.3282 90.0 4.28 91.1 1.15
2, 3,7, 8TBDF 0.20~100 7.62 481.6974 483.6954 95.3 3.00 92.0 3.21
1, 2,3, 7, 8-PeBDF 0.40~200 14.96 561.6059 563.6039 90.5 1.22 85.4 3.60
2,3, 4,7, 8-PeBDF 0.40~200 16.65 561.6059 563.6039 84.0 3.67 81.6 4.92
1, 2, 3, 4, 7, 8-HxBDF 0.60~300 22.52 639.5164 641.5144 100.6 1.80 97.8 1.77
1, 2,3,4, 6,7, 8HpBDF 0.75~375 25.37 719.4248 721.4228 71.8 1.91 80.5 5.74
OBDF? 1.00~500 28.27 797.3353 799.3333 — — — —
D] a @ RARCHISRAEARR EDFS059 F&BE®E 1, 2, 3, 4, 6, 7, 8-HpBDD 1 OBDF,
&2 BI#¥mH PBDD/Fs MELER ZLFHYBEN, ReRNTSE, ATEISE

PBDFs

MESE (pe/g, LABSAAIT)

K (%)

— N —BY PBDD/Fs #0575, TEMERFL T ERYE

e B, EARATALREE A RERIE oD/
1,2,3, 4,6, 7, 8HpBDF 72 1.9~37.0 100.0 Fs. PCBs ¥ PBDEs By FMS BT & L7555 17, SRS R
OBDF 16.0 ND~282.0 67.5 E/—J__\, —ﬁBﬁPBDD/FS }\}\_ALI&%DI)ILH:II’ ﬁ—ﬁﬁﬁj\
VR 2 NDRIREL PBDD/Fs - T EE O3B T, AR — 8 75 R
3 itig 46 B 42 P T )% 1L, PBDD/Fse xﬁ—ﬁ\@aammz,

HRELETHRE, HEENNENFEEE  — NSRS LENE L. L. RHEEED
BRI, BRI B L5n B AT 1oL, FL, yu%uﬁa%
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A SEER XY PBDD/Fs BY/E 1L, MIMET— 1 EZ. BK
MIMBIRE 12, BIEFEAREENIAF, SAM, PBDD/Fs
MAEABENREOFR S BWRESINLRERD
35t B8 T PBDD/Fs BIR 14 7 F 1 14 3R 55 BY PCBs A AR M
3358 A PBDEs Z 8,

BEFX—%KI, XAARRBA T ALRESHINF
& B9 R Bk SPE $7 R 51k PBDD/Fs 1> 81, B0 T 72
DRAANES (B 1), RETEAFFRMARGIER
AT E—85, B ARERESRS
EE W iFaIE T S BB ER M A AR SPE A AN AR 14
SEsPEE L, HESMLIES ik, 52845,
BEBRMERSPENRGE, 25IA3mLIESK. 3mLIE
ole/ ZREE (111, FFREL) LRI | IS SPE
M. B=89, AsmLIECK/ 8Bk (1: 1, AR
Eb) SRR R LR SPEAE. SEPUER Y, A 8mLIE
ot/ ZREE (101, KTRREL) SR S L8 SPE
o W EIRMNER D FRPRE 5 2 1R SPEAFRYARK
RWREBETE, Blou TRERA, IRFESREGC/
HRMS S HTNE. 1RIE3 N FITHRINELERETR,
FIENBEIREMEE —NEZBOYEERL. H
FRIECke/ —& 8kt (11, KF3LL) EREMES LR
SPEREHATRARIsmLEY, 28 13 B EYE
Y5 51 96.3%~100%, HEASmLIEE K/ S8k
(101, (AFREL) FERLERE S (55 SPEAERY, RBEWE
2 0%~3.7% B IR L &Y. LILERKRA, FAHREK
SPE & 1¢ 1 RTERES 1K PCDD/Fs. PCBs. PBDEs AI[EIAT,
M BEBMEY S 1Y PBDD/Fso

M RIAREIRAEEE LSRR E,
EARENSRERMAREUEE 75179 71.8%~101.8%.
80.5%~97.8%, MEXI R AEMRE (RSD) 39/NF 10%, X 2
MelXRFIEYHEEEIRKEY (PcOD/Fs) E[E
EPA1613 (32%~123%) FYER,

Itesh, B A2 EREL SPE LIS, FRE Bintb &4 (B
T1,2,3,4,7, 8HxBDD # 1, 2, 3, 6, 7, 8-HxBDD
TEEN B, SEHMXEREN—FH ") PBYRR
4%, AR Fo WERZ A ETERMFFMAGNE F 2
AI1THY,

RAEENEMXBRIRENEERU S %, B
MAFINERENEMERE LD 500mL, BAET
50mLIA, AKEETENRAFINEREZ, 6
SEEIMEENER, BENWELD T BT E
[KRF#. TELIIRIESE, AT SPERMFHNAERIZ

TNFEERNGER, #HE T B2 R bR
Eo lb9h, GC/HRMS &R T EMME 5 AT AN
EE M EYMEKRSEHE, T UBHEMERD
BB, IS ERIPOPs AMEEY SN TIERH T
— P ALERN T A,

KBIAREAERD A ENE T 401 BFHER
FFT%E 137 PBDD/FsHY & 2, H A, PBDDs & B 14
tH, PBOFs#G 3 M b &4, 2512 2, 3, 7, 8-TBDF.
1,2, 3,4, 6, 7, 8-HpBDF 1 OBDF, BT B HiEYME
*iRiE ™ AW KT B 6~8 M PBDD/Fs L &), X
—NELERSEIMRENIREES, BEMNEBRKTR
&, DRBINLE R F RIS RIK T [ 15, 1920

HFARNEFAERNBERR, EEE
WESEMSE RS IEREENRIE, #H—P I
ZFARNER .

SE X0
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