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% (HPLC-MS/MS) . B2 mL A & & B4 2 BRI TR 1 /05 SL B IR PR B A A 6 h )5, A 2% IR /K 985
pH, #AJ5H STRATA-X-AW [EAHZEIOE AT 4k, IS WEIARZE G R T A 2% FF IR/ R Bk R AT 2% 2
K/ T O 5% A R WK VR 4 U 43 ) 54T OPEs. OH-OPEs #l di-OPEs () HPLC-MS/MS il £ , OPEs 1l OH-
OPEs (14 5T 115 & I 26 J] H, 155 25 1F 25 F A =X e B9, di-OPEs Y& JT 2 3 F A R, 75 £ 1 J 1o e ) e =
(MRM ) T, A& FRIBORE & 22850 5 B34 0 AE K 00 B 7 A 6 s (3591E 24%—159% ) , {HiE
BB BRI R AR TACIE,, B RASRT A 3 . 7EfR IR R &R, 24 Fh BAR¥57E 0.05—40 ng-mL™!
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RSD N 4%—22%. R ATy % 55 bR N SR AEAS 4T 5387, 7 Fh di-OPEs 1 3 F* OH-OPEs [ & & & 1y
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Abstract Organophosphate diester (di-OPE) metabolites in urine are commonly used as biomarkers
to identify and quantify human exposure to organophosphate esters (OPEs). Few studies have
determined OPEs and their diester and hydroxyl metabolites (OH-OPEs) at the same time, and there
were fewer types of substances of concern. In this study, purification and concentration parameters in
the pretreatment process were optimized, and a high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) method was established for the detection of 14 OPEs, 7 di-OPEs
and 3 OH-OPEs in human urine samples. 2 mL of the sample was digested by p-glucuronidase/aryl
sulfatase enzyme solution for 6 h. After adding 2% formic acid in water to adjust the pH value, the
samples were cleaned up by a STRATA-X-AW solid phase extraction column, 2% formic
acid/methanol rinse and 2% ammonia/methanol eluent were collected and concentrated for the
detection of OPEs, OH-OPEs and di-OPEs by HPLC-MS/MS. OPEs and OH-OPEs were ionized in
electrospray ionization positive mode, di-OPEs were ionized in electrospray ionization negative
mode, then the analytes were detected in the multiple reaction monitoring (MRM) mode. Although
most of the target analytes in urine samples have matrix effects (average in range of 24%—159%),
the matrix effects can be partially cancelled out by choosing suitable isotopic internal standards for
correction. Under the optimized condition, the linear relationships of all the analytes were good in the
range of 0.05—40 ng'mL™" (+>0.99). The method detection limits (MDL) ranged from 0.0008 ng-mL"™"
to 0.32 ng'mL™". The average recoveries of 24 analytes in urine were in the range of 60%—131% and
the RSDs were in the range of 4% —22%. The optimized method was applied to detect OPEs, di-
OPEs and OH-OPEs in 15 human urine samples. The total concentrations of 7 di-OPEs and 3 OH-
OPE:s ranged from 0.07 ng'mL™"' to 7.04 ng-mL"', with a median concentration of 0.54 ng-mL"", and
the total concentrations of 14 OPEs ranged from < MDL to 0.68 ng'mL™', with a median
concentration of 0.05 ng-mL™". Diphenyl phosphate (DPHP) and dibutyl phosphate (DBP), which
have direct industrial production and applications, were detected at a rate higher than 60%, so their
sources need to be further studied. 3-isopropylphenyl diphenyl phosphate (3IPPDPP), a new
organophosphate flame retardant, was detected at a rate of 66.7%, and it should be a cause for
concern.

Keywords organophosphate esters, metabolites, solid phase extraction (SPE), high performance

liquid chromatography-tandem mass spectrometry, human urine.

A ML 2 Mg (organophosphate esters, OPEs )/ A BELIA 57 5l 18 #8551 9 |32 v FH T4 28 Tl R 7=
mh, QNEERE URBE R, MR, G54, T KA BB RSN, 23R Z K (polybrominated diphenyl
ethers, PBDEs) % I AC BRI 76 3485 ip HAT Fp A M | Il B Re 1k . A REEf & 1D, B 2%
i Y TR RN AR B4 AR S AR, OPEs 1 7 5 R 9 i B A3 N, 423K OPEs 1 9% &t M\ 1992 4F- 11y
10 J7 W34 3 2015 4EA4 68 J3 i, 2018 4EH4 N3 105 3 0B -7, fy T OPEs 38 F LA My BEVS i iy JE 4k 274
A 077 AN B A Fp AR b, AR 25 5 il e #5 % L IR H  BE IR AE O sURS R [ R BT A e,
OPEs T 75 T F 45 My (g 2 A 190 AR 141815 6181y FRUpgpuie 190 1 HERO =21 SE RIS Ay b iz 4
. FE RS R W], OPEs X sl W) A VF 2R e M, QnA B PE 29 R F BEIED 2, ph s 107
A, KA ik OPEs 1l B4 5 30™ 5 1% (8 5 ] 4.

OPEs (1)) {2 fli AR AFAE S AN ] sk o R BOARFR 58, AR S5 o P 280 Bz JER 2 fh 31| 4k
B L MiRiE A OPEs. HHETC /R AMRIRIE . M . BEFL. Sk & . 45 W &8 2 b AL W 5 o b A
OPEs J H AR 37, 3 A AR RS 53 OPEs By 28 I 254 i o B s Ak i — g 10514 (di-OPE ) 1
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FR ALY (OH-OPE) , I-38 i PR 45 7 =CHE sl 76 4 oo RS, PRI DA AR A T IR, B i i
SERL BT A By AL, AT R AR R B8 OPEs MZR-G15 ., TR o T A S R R IR R 2 85 i 4%, TR UG PR VA
A& OPEs % 8% PEAS 1Y 5 i FJE B, PRI di-OPEs 2 BRIy Be R o i Ak A 1Ak 2 8% T OPEs 19 &4k
YR g -0,

K Z 4L OPEs A 76 N\ Y g PR AC 8, {H 45 %8 43 OPEs M #% A 80 84K, 49 4, (AR Sk 5% % 3,
2-2, 3 O B TR RR IR (EHDPP) Al £ A7 72 T AF A0 I, 48 h ARIERAUA 6.12%; FR 1S ok
BEm2 = 2K (TPHP) 4 4k DPHP B9%5 AL 15%+3%42). He 25150 75 )7 )L 28 bR A6 Y T
g = (2-5 & ) i (TCEP) | B MR — (1-5-2-N %% ) s (TDCIPP) | #§ 2 — (2-£ % & 55 ) ig (TEHP) .
TPHP. EHDPP 55 Z Fft OPEs. A JF Uk it 1441 55 56 % W], OH-OPEs /&1 2 OPEs I 2 5% fb = My Al
di-OPEs™, —2LHfF 55t %] JR K H OH-OPEs i 47 1 43 #r1 ~**. {H &8 A A 5 [W] i X OPEs. di-OPEs il OH-
OPEs #1743, H HETCHER BAnfb & A b, s 8 b7 in b #RERAE, i 42 24, 10 H
%j{[w].

AT AL T 2 BUR 4 Ak 25 1 Ab B 280, #5717 — b ) B 0 5E B SRORE & P 14 B OPEs., 7 Fh
di-OPEs Al 3 Ff OH-OPEs [ HPLC —MS/MS 43#7 771, F LATEAl A {4 OPEs %2 #8 7K - S A G A

1 g@?@%ﬁﬁj\(]ﬂxperimental section)

11 A% 51t

UltiMate 3000 5 %0 AH £2,35%4% (26 & Thermo Fisher 23 &) ) ; Triple Quad™ = PUH% FT £ Bk J5T 31t 46 I
£ 55 (MS/MS, 3 [H AB SCIEX 23 7] ) ; DP200D-1 W i 47 A% ( 7R 5 7 5 b A i 5 36 a4 o4 B A BR 2
] ); STRATA-X-AW [# AHZEBU/INE (60 mg, 3 mL, 32 [E Phenomenex ) ; P-# 26 AR IS 92 i} /55 e A7 TR MR it
(2mL, 1.1 grem™ (20 °C), £ E Sigma-Aldrich A ] ) ; HEE (%2l 72 E Merck 24 Al )5 HR (A i54k, 56
Fluka A F)); LR (R4, FiHErilfb TABRA ) TTK LBRE(99%, b ifEd sobk AR R A
BRA WD) S A (e gat, Bigiralfb TARA R ; ZZ8K (45 L, JER); LW (97%, £ E Alfa
Aesar /N H)).

14 F OPEs A H: % 1 4 #5 (9 #5 #E & . TEP, TMP, TCEP, TPHP, TMPP, TBOEP, EHDPP /I
CDPP It H 7% [& Dr. Ehrenstorfer GmbH /A #] ; TCEP-D,,, TCIPP-D;¢ i H Jill & K Toronto Research
Chemicals 2 7]; TMP-Dy. TEP-D;s 4 F Jill & K C/D/N Isotopes /A #; V6., 3IPPDPP, B3IPPPP, 3tBPDPP,
B3tBPPP, TnBP-D,; Al TPHP-D,s 14 H 3% [E] Cambridge Isotope Laboratories 23 /. 7 #f di-OPEs M H:F: (T
P #5 B9 bR 7 5 . DnBP, DiBP. BBOEP, BCEP, BCIPP, BDCIPP, DPHP, DoCP, DpCP. DnBP-D,;.
BBOEP-Dg. BCEP-Dg. BCIPP-D,,. BDCPP-D,,. DPHP-D,,. DoCP-D,, il DpCP-D,, ¥ J [ i & K
Toronto Research Chemicals 23 @) . 3 #f OH-OPEs Az H: #: X N #5 08 45 1 & . BBOEHEP, 4-OH-TPHP,
5-OH-EHDPP, BBOEHEP-D, ¥ H /il & K Toronto Research Chemicals /A &].

OPEs il OH-OPEs S 47 fiff £ ¥ S H P A5 fiff 28 i (1000 mg- L") FH £ 16 F B¢, T il i o o V4 3
1 mg L' AR A Ar A 25 W IR A AR 4 WK, di-OPEs Bbrfifs £ 1 Fe H N bl £ W (1000 mg-L™") JH
FA s e, C DB VR B | mg L' AR S ARTERE 2 R &5 ARG 25U, T4 °C 245 .

1.2 HEaabH

PRAEAE 2 A R 5 B 2 mL T 10 mL 33 5.0 48, I 10 L MARIR AW (1 mg L) i & 2 ik
30 min PAFRAr¥AT, A 200 L B~ 2 00 A 192 it /5 54 2 156 1 ( 1000 H.437/mL, pH=5, 0.2 mol-L™" [ i%
NG PR, 37 C KIRINFAREAE 6 h DL L, JA 800 pL 2% HF R/ /K 7 R0 e TR 21 fE 2 i3 Ak

STRATA-X-AW [# A ZE UK Y H 860 ul 2% H iR/ B2 AN 860 L 2% H AR //K #4736 Ak, 1T i 1fE
A BRI RE SRR SRR H 860 pL 2% HIR/7K F1 860 uL 2% FP R /FH LMk Uk, f )5 FH 1.2 mL 2% 44K/
BRI . 23 S 2% HA T /HHY ik e 9 FH 2% 207K/ B v, R T 5 11 HBE K 2 A5 &
250 pL, WA E S I 56 A% 0 250 uL B NS (9 HERE/ N, #5477 HPLC-MS/MSS A6
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1.3 XSG A1
1.3.1 ik
BT SR A A= 06 A . sk R g AR AR AY S 0RR €633 (Ultimate 3000, Thermo

Fisher Scientific) 15 it 4 H1M$ 55 HL 25 (EST) Y5 9 = 5 PUAR AT BT 3% (APT 4500) HI B AL 2§

i F§ Acquity UPLC BEH C18 {4, 7% 4% (2.1 mm x 100 mm, 1.7 pm, 3% [ Waters) HE17HRE 5t 70 55, FE
25 °C, i sh Al A~ 5 mmol- L' Z PR 2% vh %5 W, B 4 FFE; Yl 4 300 puL-min ', OPEs Al OH-OPEs [
b BEVEBR AL M2 0 min B B Ho WK 10%, 1 min Y3415 40%, 2 4 min B34 A1 5] 90%, 4.1 min i}
BEAE R 100% B ¥ shAH, 76 HOIRZS T P45 8.4 min, )5 7E 0.1 min YR F 10% B, I HF 5.4 min, .53
HrEf 4 18 min. di-OPEs [ 46 FE VR RR 15 : 9145 I 3 AH B LL A 20%, £ 4F 0.5 min, 1 min B3 i 5]
40%, F| 4 min B BE AR 100%, 455 6 min, 5 J57E 0.1 min PR E 2] 20% B, 1445 6.9 min, B2 H7 i K
N 17 min.
132 JRiE&H

XfF OPEs Fl OH-OPEs, K H fi 555 25 1Y 1F 25 T8 X (BSI+) L 25, 22 5 2 hy A =X (MRM) 43
Mr, S A5 S 0.14 MPa, il 385K 0.02 MPa, & T JRIBE%5 HL & 5000 V, #E 600 °C, 55 1L< 0.34 MPa, 4fi
B % AL< 0.28 MPa. X} T di-OPEs, 3£ £ B T4 3 (ESI-) L B MRM 431, A5 U 0.07 MPa, fif 1<,
JE 0.02 MPa, & F R %5 H 1-4500 V, #7E 500 °C, %1673 0.34 MPa, 4 BI % 4L /<. 0.34 MPa. H:A4y fi ik
SHUE R 1 FEk 2.
1.4 s R uEs a4

FEFEASRAE NS0 3 A v, S BRIEAT: R I 25 SR ry Pl Sk, RS a4 (0 FH SORE RIS S 1 5, P B
B 248 0L g U fSE FH A0 U P AR 2 7K R P v v 3 . B A TR BRI, FEAE 11 MRRS 1 MRRP 2 B
it DA W i A R B AT e L8975 e (i AR R H R B R AT e i, AR A I B, B 15 MR
s A0 1B ARTEA W (5 ng-mL D AVE S B8 AE, DL ISR M55 M RR e P, 25 B be il 45 1 5 R Sl
1) 25 K F420 % , W) 200 5 3 22 A o T 28

&1 7% di-OPEs MRS 4K
Table 1 MS parameters for 7 di-OPEs

- (=) ] " i H F
fa 5 AT TET sy Angy o
c d Abbreviati Precursor Product ion DP EP L/ V
ompounds reviation ion(m/z) (m/z) CXP
Dibutyl phosphate
ey DBP 209 78.9%,152.9 =70, 70 -10 -7,-8
(BERR —TBR)
Diphenyl phosphate
A DPHP 248.9 92.9*, 155 —80, —80 -10 —6,-10
(R —RIENR)
Bis(2-chlorocthyl) phosphate BCEP 21 35.1%,36.9 15,-15 10 10,-10
(BEIR — (2-A L FE) ) R ’ ’

Bis(2-butoxyethy) phosphate BBOEP 297 78.8%197.0  —100,-100 10 6,-10
(B — T ER) D ’ ’

Di-o-tolyl-phosphate

O1Yl-phos BMPP 277 107*,169.0  —95,-95 -10 -8, -6
(W — W 2KHR)
Bis(1-chloro-2-propyl) phosphate BCIPP 2488 34.9%37.0 30, -30 10 9,-10
(i — (1-5-2- N HEE ) ) ‘ o ’ ’
Bis(1,3-dichlo-ro-2-propyl) phosphate BDCPP 316.9 35.0%.37.0 3535 10 5 9
(BR —(1,3- —A-2-TN 5L fiR) : S ’ ’
DnBP-D, 4 271 78.9%, 163 ~70,-20 -10 ~7,-8
DPHP-D,, 258.9 98.0%, 1589  ~90,-90 -10 -8,-8
BCEP-D; 229.0 35.0 =y -10 9
V‘g’? BCIPP-D,, 260.6 35.0%,37.0  —20,-20 -10 ~9,-10
BBOEP-D; 305.0 78.9 -52 -10 -7
BMPP-D,, 291 114.0%, 1749 100, ~100 10 —9,-12
BDCPP-D,, 326.8 35 40 10 -9

1 *F & % F Quantitative ion; DBPAUFDnBP (Di-n-butyl phosphate) FIDiBP (Di-iso-butyl phosphate), BMPP{U$§DoCP (Di-o-tolyl-
phosphate ) flDpCP (Di-p-tolyl-phosphate ).
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& 2 14 OPEs 1 3 Fi OH-OPEs (1 JFi i 24
Table 2 MS parameters for 14 OPEs and 3 OH-OPEs

wat o T TET WiE AL R
c mn und Abb;e\;ati N Precursor Product ion BV HE/V L R/V
ompo ° ion(m/z) (m/z) DP EP CcXP
Triethyl phosphate
P TEP 183.0 99.0%,81.0 54,60 10 7,8
(Bifiz = Z1R)
Trimethyl phosphate
M TMP 141.1 109.1*,79.0 60, 60 10 10, 6
(B =HTR)
Tri(2-chloroethyl) phosphate TCEP 285.0 63.0%,992 80,75 10 10, 10
(BifR = (-5 L H) ) ) R ’ ’
Tri-phenyl phosphate
o P TPHP 327.1 152.0+,77.1 130,130 10 11,7
(R =218
Trimethylphenyl phosphate
-y PIeHy’ b TMPP 369.2 166.1%,90.9 147,147 10 11,8
(iR = 2K 1R
Tri(2-butoxyethyl) phosphate TBOEP 3993 2993% 199.0 95,95 10 10, 10
(BETR=T L) ~ 31990095, ’
2-Ethylhexyl di-phenyl phosphate EHDPP 363.2 251.0%,769 72,70 10 9,7

2-7. F: 0 AR
Tri(1,3-dichloro-2-propyl) phosphate TDCPP 5 98.9% 208.9 _— 10 08
(W = (1,3-—&-2-N ) BR) ' o ’ ’

Cresyl diphenyl phosphate
(B2 2R 2% R
2,2-bis(Chloromethyl) trimethylene

CDPP 341.1 152.1%,165.1 135,135 10 10, 10

bis(bis(2-chloroethyl ) phosphate) V6 582.9 361.1%,234.7 111111‘% 10 11,16
2,2-FCA P HE) = OB (-5 2,58 B R TR ) ’
3-isopropylphenyl diphenyl phosphate
b b — b T T 3IPPDPP 368.9 327.0%,152.1 130, 130 10 11,10
3-SR R AR R
Bis(3-isopropylphenyl) phenyl phosphate .
L (335 P L ) i B3IPPPP 411.0 327.0%,369.1 149, 149 10 12.5,11
3-tert-Butylphenyl diphenyl phosphate
. TR TN 3tBPDPP 383.0 327.0%,215.0 132,132 10 12.5,13
3-BUT R RS R
Bis(3-tert-butylphenyl) phenyl phosphate B3tBPPP 439.1 327.0%,383.0 167,167 10 16, 14
B AL (3- 0 T A ) Ao ' ' o8 ’ ’
Bis(2-butoxyethyl) hydroxyethyl phosphate BBOEHEP 3430 243.1% 1011 .70 10 16. 10
M2 T A 4 1 L BRI : Co ’ ’
4-hydroxyl triphenyl phosphate
\ TR RN 4-OH-TPHP 343.1 141.1%,215.1 119,130 10 5,8
4- PRI — SRR
2-ethyl-5-hydroxyhexyl diphenyl phosphate 5-OH-
) N i 1 251.0%, 153.1 )1 1 12,
2-23k-5- 3258 O 5 — RILREIR R EHDPP 379 >1.0% 133 70, 130 0 !
TEP-D;5 198.0 101.9 65 10 8
TMP-Dy 150.1 83.1 90 10 7
TCEP-D,, 299.1 102.0 75 10 6
B TBOEP-D 3 426.2 208.2 85 10 15
MR
1S TCIPP-Dqg 345.1 101.9 75 10 8
TDCPP-D;5 445.8 101.9 85 10 8
TPHP-D,5 3423 160.0 135 10 10
BBOEHEP-
D 347.3 100.8 140 10 9
4

: * %€ 1 B T Quantitative ion.

2 5 R 5308 (Results and discussion)

2.1 SPE &9tttk

B A AEIOC/INVEE | 0 55 0 00 7 0 S D S R i e S v A SR ) B B (R 2R L AR R 5 1 BBUR VR AR Ak B
HfH FH ) STRATA-X-AW FEBUNE, B2ET 5% = L/ 25T 2% Z oK/ B AR 50 60 B AR 400
P T Se 255 S 1 s P 2% 227K/ FF B2 ) TR 2 BB R A 1.2 BTk, o 59 — s 390 ) A it B R
A 2mL 2. 2 mL KRR BUNE, FREJS B 2 mL K kv, 505 2 mL 5% = 28/ 2 0 e i H AR
Y, KU e A WHE T R 101 K E A E 1 mL.
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PRI 5 7E 2 ng'mL ™", 5 ng-mL™" Al 10 ng-mL™" JilFr7/KF- T X5 7 # di-OPEs [ hindx ISR an il 1 fr
7N, % BCEP(S5 ng-mL™" JIFRZKF) Ak, FHAx W 07 04 ISR AN AR AE B 0 22 5. 5% — O RE/ G Vel T ik v
OPEs F1 OH-OPEs I i b5 [11 450 22y 60%—126%, RSD K 2%—24%. {H 2% %8, /K /B vk 1t Wk v 22 8%
OPEs il OH-OPEs A tH, £ H 0 53 (1) [E1 R AR T 1%, 4347 T PR o] B8 22 5 ik Fh A Y 2% FR T/ F i
PR PR A BILIbR T R R PTA SEDRE I B % OPEs 58 4 BRI, P I s 48 i A B 2 v 2% HH R/ FR IBEiple 1k VR UK
e I5 EALKI OPEs i1 OH-OPEs.

[ 2ng-mL™! 5ng-mL™!
» 150 &
E o 8
v 153
2 100+ z 100
3 5
4 ~
i § \
. \ NN N
DBP DPHP BCEP BBOEP BMPP BCIPP BDCPP DBP DPHP BCEP BBOEP BMPP BCIPP BDCPP
[ 10 ng-mL™!
o 150
g 5% =2/ 2T
S 100k SPE method using 5% triethylamine/acetonitrile
g 2% S/ B ik
~ 50l N SPE method using 2% ammonia/methanol
0 .

DPHP BCEP BBOEP BMPP BCIPP BDCPP
B 1 MR AT F 7 Fh di-OPEs 1 I3 (n=4)
Fig.1 Recoveries of 7 di-OPEs using two different pre-treatment methods(n=4)

ik, % iR E| R IR AR AR o OPEs M HAR I P vk BE 5K, ARAIF 9 AR IR REAS H N 1 ng-mL!
(R B KT X L T R 3k R A ) A IR 5 R (T8 2), 2% SR/ R e 5 O 3k O 3 400 S
KRR 60%—131%, 5% — R/ NG PE R 777 o BCEP IR /T4 FR, HoAy B AR I x [al iR
K 54%—185%. iR ZE R UL BETKE R, 2% 2K /H B 10k 28 B0 B 4 TS0, %o E A A BT 1)
VeI AR 5, Haz o ik e e 5805, B ARG Jr vk A R BRI B8 v 1) R B VS I TR D 2555
J&, BEPRUSCAE AR 6 IGE FE TP Y 2% FR/HF B VR W % OPEs ¢ OH-OPEs, W 4E 2% 24 /K /H Bk it
T %E di-OPEs.

] 5% =2/ 2R H %
200 |- SPE method using 5% triethylamine/acetonitrile
2% SOK/F LT

SPE method using 2% ammonia/methanol

i
50 | E i
0 l

Recovery/%
-
W
[=3
= !
=
: .
=}
—

Ay A A Ay A A A A Ay a9 T B < T = =2~ " - Fhy ~ P
58] ey A o e L A A [ T T
REBBEEEELEEEZREESEEESEEGE
a 2 m g 9 @ E FE HE E @ T 2 0O & & o a4
m Lo o H H oo e 2 o B8 &
2 5 = womeE o,

a3 3

=t
wy

2 WFHETALE T L 1 ng-mL ! F 7 Ff di-OPEs, 3 ff' OH-OPEs & 14 Fl' OPEs f [l (n=4)
Fig.2 Recoveries of 7 di-OPEs, 3 OH-OPEs and 14 OPEs using two different pre-treatment methods(n=4)

2.2 RN

ABIFFE R AR IBUS BRI il A PRIBUREAS 9 56 B8N, (maatrix effect, ME) B, ORI o] H AR
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TR AFRAEY) B AR, WBE N 2 ng-mL!, BB 4 AT, EAUKGIN. HARMES A0 3 B 5
Tk WA (1),
=4 100 (D

Horp, Ao IR A FETES (b H bR 6 0 07 06 1 A Ay S BRI A 3 b RS W 6 e 10 06 T AR A, A4l
TR v B A 4 7 e o e T AR
ME<100%, 7~ 5 i %fﬂﬁ%ﬂxﬁz s ME>100%, 2% 7 A3 3L 5T 34 58 200 s ME=100%, 2 7~ JC 3 300
B 30T 0L, AR PR W i 24 Fh B A5 8 5T 0 38 5T 300N R 24% —159%, KB 4 1Y dl-OPEs%n
OH-OPEs % 3, 3 J5 311 i 5007 , 1 K 2280 (1) OPEs 5% 3 3 Jo 184 58 5807 . H: w43 W Joke 1) 5 R 307,
BBOEP(35%) . TBOEP( 156%) 45, I i ix FLAH L # [R] 437 2 P b (BBOEP-Dg(35%) . TBOEP-Dg(151%) )
AT IR, — e AN HoA X R 2 AR B AL A 0t mT 3 2 356 455 408 104 P b o 2 413 30 93 358 T 00 g 1) 52
Wi, 42 1E J5 OPEs K HAC I Y (RIS Ky 78%—125%, B A ] ik )0 & 4 Bt (9 B2 3K .
3 7 Fh di-OPEs. 3 fi OH-OPEs } 14 filt OPEs £ AR T 2 ng-mL™" 7K i RE T4 (n=4)
Table 3 Matrix effect of the 7 di-OPEs, 3 OH-OPEs and 14 OPEs in human urine at level of 2 ng-mL™" (n=4)

ME (%) =

(=7 BB/ %% KL% MR S/ % KB/ %
Compound ME RSD Internal standard ME RSD
DBP 65 6 DnBP-Dyg 58 5
DPHP 59 8 DPHP-D,, 59 0
BCEP 59 8 BCEP-Dg 96 6
BBOEP 35 10 BBOEP-Dy 35 5
BMPP 53 9 BMPP-D, 49 1
BCIPP 103 9 BCIPP-D, 88 3
BDCPP 52 8 BDCPP-Dyq 45 10
BBOEHEP 52 8 BBOEHEP-D, 29 6
4-OH-TPHP 34 13 TPHP-D5 22 7
5-OH-EHDPP 78 11 TBOEP-Dg 141 4
TEP 84 2 TEP-D5 74 3
TMP 140 8 TMP-Dy 136 6
TCEP 24 6 TCEP-Dy, 23 7
TPHP 86 9 TPHP-D;5 89 3
TMPP 144 8 TPHP-D5 89 3
TBOEP 156 5 TBOEP-Dg 151 4
EHDPP 139 20 TPHP-D,5 89 3
TDCPP 73 10 TDCPP-D;5 67 6
CDPP 112 5 TPHP-D;; 89 3
A 58 6 TCIPP-Dyg 68 4
3IPPDPP 147 6 TPHP-D;s 89 3
B3IPPPP 155 6 TPHP-D,5 89 3
3tBPDPP 147 5 TPHP-D,5 89 3
B3tBPPP 159 6 TPHP-D; 89 3

2.3 LML SR TR

DL RS K R R, G o R i v RE R X R ) BT VR R S R A 0.05—40 ng-mL ! [ 7 A
di-OPEs MR A FRUE L, LUK 3 F OH-OPEs il 15 # OPEs MR A FRME I, 76 1.3 MUA &8 218 T 4%
FEbR v T VR v 3 AT 21 s 9 G A5 R, L E AR 5 0 1 AR e T AR 2 L S Ak b (), DL E
PR v SR AR A () 2 Rl A vk i 2R 25 5 3R I, Iirfs E AR Ak & W0 38463230 RN e IR R A iy et
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KFRHKFREL>0.99). X TS50 h A 7R R 2s R B, DA RR 23 (Y 3 A8 im o O 25 4 R 7 ¥4

FR(MDL), ANFfEd B2 Y BT, LA 3 4505 M b H 58 0 i K R, B 24 Jif 15 OPEs. OH-OPEs #ll

di-OPEs ) MDL 435/ >4 0.0008—0.32 ng-mL™", 0.0040—0.0083 ng-mL" 1 0.0072—0.23 ng-mL"'(% 4).
% 4 7% di-OPEs. 14 fft OPEs J 3 fft OH-OPEs HYZEVETL Rl . Rt FE | AHSE R EAN 7 HA4G H PR

Table 4 Linear ranges, linear equations, correlation coefficients, detection limits and quantitation limits of 7 di-OPEs,
3 OH-OPEs and 14 OPEs

ey (lan LM/ (ng'mL ) Lt iEBSEAY Tyt B/ (ng-mL ™)
Compound  Internal Standard Linear range Linear equation Correlation coefficient () MDL
DBP DnBP-D,g 0.1—40 y=0.156x+0.00739 0.9977 0.0076
DPHP DPHP-D,, 0.05—20 1=0.0397x+0.00325 0.9979 0.015
BCEP BCEP-Dg 0.5—20 y=0.144x+0.0057 0.9962 0.23
BBOEP BBOEP-Dg 0.05—20 y=0.0827x-0.00404 0.9938 0.018
BMPP BMPP-D, 0.1—40 1=0.265x+0.00289 0.9969 0.0072
BCIPP BCIPP-D,, 0.05—20 y=0.028x+0.00059 0.9983 0.020
BDCPP BDCPP-Dy, 0.05—20 y=0.146x+1.44x10" 0.9992 0.028
BBOEHEP  BBOEHEP-D, 0.05—20 y=1.55x+0.00241 0.9921 0.0056
4-OH-TPHP TPHP-D,5 0.05—20 y=0.157x+0.00405 0.9974 0.0083
5-OH-EHDPP TBOEP-D¢ 0.05—20 y=0.113x+0.00154 0.9967 0.0040
TEP TEP-D5 0.05—20 y=0.122x+0.00335 0.9992 0.0081
T™MP TMP-Dy 0.5—20 y=0.147x-0.00803 0.9986 0.32
TCEP TCEP-Dy, 0.05—20 y=0.155x+9.44x10° 0.9996 0.014
TPHP TPHP-D, 5 0.05—20 y=0.161x+0.00159 0.9997 0.010
TMPP TPHP-D,5 0.05—20 y=0.161x+0.00159 0.9997 0.0018
TBOEP TBOEP-D¢ 0.05—20 y=0.0823x+0.0118 0.9998 0.013
EHDPP TPHP-D, 5 0.05—20 1=0.0782x+0.00242 0.9992 0.011
TDCPP TDCPP-D; 0.05—20 y=0.0342x+0.00384 0.9987 0.0061
CDPP TPHP-D,5 0.05—20 y=0.033x+0.000638 0.9990 0.036
Vo6 TCIPP-D 0.05—20 y=0.22x+0.00543 0.9991 0.0036
3IPPDPP TPHP-D,5 0.05—20 y=0.471x+0.0111 0.9982 0.0013
B3IPPPP TPHP-D,5 0.05—20 y=0.506x+0.0125 0.9977 0.0008
3tBPDPP TPHP-D, 5 0.05—20 1=0.476x+0.00998 0.9983 0.0009
B3tBPPP TPHP-D,5 0.05—20 »=0.36x+0.00378 0.9993 0.0008

24 JrEMIERA R S

T 2 PRVHE JBTIbR [R] WAe S 5625 458 1 7 1 ) A ORGSR R A i A Ry S 9 B I,
hn 0.5 ng'-mL™" Al 1 ng-mL™" /KP4 BAR L& PR S AR, B MR AP E 4 D PATHEAR, ##1T
AL FFN 3B . S5 RN 5R 5 R, 7 F di-OPEs JinAs a1 15 %8 69%—121%, RSD & 5%—19%; 3 it OH-
OPEs A1 15 Ff* OPEs [/ #x M % 60%—131%, RSD K 4%—22%, 156 W 7 1 ELA 458 4 i) v 0 58 ARG
PR, REAS T AN ) 2K
2.5 SEBRAES S BT

i FHAS 73k 6 15 A 52 B AR JRFE 9 OPEs I HAAX 4 (m-OPEs) #4723 #7, 25 2R WL 3% 6. 7 Fh
di-OPEs £l 3 f OH-OPEs 1Y & & 4 0.07—7.04 ng-mL"', H{; & &} 0.54 ng-mL"'. DPHP 7£ 15 {~kE
mn AR A Y, DBP RS H 385 T 50%, X AT G5 MRl di-OPEs HAT B2 Tl A= 7= I A G, 75X
e PR — A4 Mrif . 14 B OPEs 5 < LOD—0.68 ng-mL™", & 4 0.05 ng-mL ", ¥
FKE H 2255 m-OPEs A%, {H—FiH7 1943 ML 1R Bg B R 3-S5 P9 5608 35 — R SL W R 156 (3IPPDPP) 1 £
RH 66.7%, T 5 HIHTE.
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%5 77 di-OPEs. 3 #' OH-OPEs & 14 #l OPEs 75 A4 JR i i vk BE /K S F B IbR [RICR (n=4)

Table 5 Spiked recoveries and relative standard deviations of the 7 di-OPEs, 3 OH-OPEs and 14 OPEs in human urine at low
concentration levels (n=4)

T B2 K

Spiked concentration

Cj)ifoq?nd 0.5ng-mL™" 1 ng'mL"™
B3 /% K HE % T i3/% FH#E %
Recovery RSD Recovery RSD
DBP 89 12 108 7
DPHP 90 9 92 5
BCEP 78 5 69 17
BBOEP 121 7 106 14
BMPP 114 19 93 5
BCIPP 108 5 101 6
BDCPP 87 6 99 6
BBOEHEP 125 16 131 20
4-OH-TPHP 95 15 119 12
5-OH-EHDPP 74 8 60 7
TEP 112 5 110 5
TMP 85 12 87 10
TCEP 90 11 107 10
TPHP 94 5 105 5
TMPP 90 13 88 21
TBOEP 111 8 118 6
EHDPP 80 18 78 17
TDCPP 106 5 117 4
CDPP 100 4 97 7
V6 67 4 87 4
3IPPDPP 84 9 77 7
B3IPPPP 62 18 72 15
3tBPDPP 73 15 78 6
B3tBPPP 64 17 77 22
%6 15 AMKJREEH m-OPEs fl OPEs (193 B (i (ng'mL™")
Table 6 Concentrations of m-OPEs and OPEs in 15 samples (ng-mL™")
C({)ﬁ‘lf;)?nd 2 3 4 5 6 7 8 9 10 11 12 13 14 15
DBP 0.38 — — — — 0.05 0.09 0.03 — 0.04 0.10 0.19 — 0.28  0.04
DPHP 0.56 041 0.62 007 013 010 0.08 0.08 020 0.10 0.36 1.82 4.4 049  0.08
BCEP — — — — 0.34 — — — 0.38  0.62 — — 0.66 — —
BBOEP — — — — — — 0.07  0.05 — — — — — 0.22 —
BMPP — — — — — — — — — — — — — — —
BCIPP 0.15 — 0.76 — 0.07 — — — — — — — — — —

BDCPP 0.18 006 5.65 — — — — — — — — — — — -
BBOEHEP — — — — — — — — — — — _ _ _ _
4-OH-TPHP — — — — — — — — — — — — — — —

5.OH-EHDPP —  —  —




3284 A 3%
ik 6

AN

e 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Compound

>m-OPEs 127 047 7.04 007 054 015 025 016 058 077 045 202 506 099 0.12

TEP — — 031  0.02 — 0.48 — 0.01 005 009 004 001 — 0.01  0.02

TMP - = = = = = = = = e = e = e
TCEP U

TPHP U U

TMPP U —

TBOEP — — 0.02 — — — 0.03 — — — 0.04 — — 0.07 —

EHDPP S — U —

TDCPP  —  — 018 — — = —

CDPP - = U —

ve - — e —

3IPPDPP 0.03 001 0.01 — 0.02 — 0.01 — — 0.08 0.02 0.05 — 0.08 0.05

B3IPPPP e —

3tBPDPP — 0.00 0.16 — 0.03 — — — — 0.01 — 0.03 — 0.03  0.03

B3tBPPP — — — — — — — — — — — _ _ _ _

> OPEs 0.03 001 068 002 005 048 004 001 005 017 0.10 0.09 0 0.19  0.10

—oRAE .

3

2518 (Conclusion )

AT B T o — YR AT AL BREDSE I AR R P 7 B di-OPEs., 3 f OH-OPEs £ 14 fl OPEs )2

YR 5 3 M7 750 D5 EEARAE A DA, BAT AR A AR HE BIR, X A PR AR B2 H AR AT R4 IS
FNEEILPE, Wil AR OPEs R AR i 43 A 22K .
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