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Determination of 22 organophosphates and their metabolites
and 11 phthalate metabolites in human whole blood by ultra
performance liquid chromatography-tandem mass spectrometry
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2. Changzhou Hospital of Traditional Chinese Medicine, Changzhou 213022, China)

Abstract: Organic phosphate esters (OPEs) and phthalate esters (PAEs) are two classes of
synthetic compounds widely incorporated into various industrial and consumer products as flame
retardants and plasticizers. Both exhibit multi-organ cumulative toxicity. In this study, an ultra
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method was de-
veloped for the determination of 22 OPEs and their diester metabolites (mOPEs) and 11 phthalate
ester metabolites (mPAEs) in whole blood. The whole blood samples were extracted with 0.1%
formic acid-acetonitrile by liquid-liquid extraction for protein precipitation, and then purified by HMR

S-micro BIO 96-well solid phase extraction column. The filtrate was blown to near dryness with
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nitrogen, and reconstituted with 0.1% formic acid-acetonitrile solution. The target compounds were
detected by UPLC-MS/MS. A Ghost Trap DS-HP chromatographic column (30 mmx2.1 mm) was
used as the background ghost peak trap column, and an ACQUITY UPLC® BEH C18 chromato-
graphic column (150 mmx2.1 mm, 1.7 pm) was used as the analytical column. Methanol and 0.5
mmol/L ammonium acetate were used as mobile phase for gradient elution. Electrospray ionization
(ESI) was used for MS detection, with both positive and negative ion scanning in the multiple
reaction monitoring (MRM ) mode. Isotope internal standard method was used for quantification.
The results showed that 33 target compounds could be separated within 15 min, and good linear
relationships were observed for all target compounds across their respective mass concentration
ranges (7=0.993 3-0.999 8). The limits of detection were 0.003-0.31 ng/mL and the limits of
quantification were 0.01-1.02 ng/mL. The spiked recoveries of 33 targets in whole blood samples
ranged from 60.5% to 138.3%, with relative standard deviations (RSDs) from 1.6% to 11.0%. The
detection rates of tris-(2-chloroisopropyl) phosphate (TCiPP), triphenyl phosphate (TPHP), 2-
ethylhexyl diphenyl (EHDPP), mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP ), mono-n-butyl
phthalate (MNBP) and mono-n-octyl phthalate (MOP) were 100% in 14 whole blood samples, and
the highest detection amount of TPHP was 10.04 ng/mL. The developed method is simple to operate,
sensitive, accurate, requires small sample volumes, and is cost-effective on reagents. It is suitable
for human biomonitoring, and provides a theoretical basis for monitoring organic phosphate and
phthalic ester substances in the population.

Keywords: organic phosphate esters; phthalate ester metabolites; whole blood; ultra perfor-

mance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
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Table 1 Information of the 33 target compounds and the 25 isotope internal standards (IS)
Compound Abbr. CAS No. Formula M,

Organic phosphate esters (OPEs, BB ELER)
Trimethyl phosphate (Wi = 1 i) TMP 512-56-1 C,H,0,P 140.07
Tris-(2-chloroethyl) phosphate ({2 — (2-% £ %5 ) R) TCEP 115-96-8 C,H,,CLO,P 285.49
Triisopropyl phosphate (#§#2 = 5 75 1ik) TiPP 513-02-0 C,H, 0P 224.23
Tripropyl phosphate (##2 = A i) TnPP 513-08-6 C,H, 0P 224.23
2,2-Bis(chloromethyl) trimethylene bis(bis(2- chloroethyl)phosphate V6 38051-10-4 C,,H,,C1.0,P, 582.99
(WRIR 2, 2- WUGE Y B - =1 P B - WL (XL (258 2 46 ) ) Tig)
Tris-(2-chloroisopropyl) phosphate (g = (1-%-2-77 3% ) fi5) TCiPP 13674-84-5 C,H ,CLO,P 327.57
Tris(2-chloro-1-(chloromethyl)ethyl) phosphate TDCiPP 13674-87-8 C,H,,C1,0,P 430.90
(WA = (1,3-40-2-T ) i)
Tris(2,3-dibromopropyl) phosphate ( =-(2,3- "7 ) -B R ik ) TDBPP 126-72-7 C,H,,Br,0,P 697.61
Triphenyl phosphate (2 = 7K fig) TPHP 115-86-6 C,H,,0,P 326.28
Triisobutyl phosphate (Bt =5 T %) TiBP 126-71-6 C,H,,0,P 266.31
Tributyl phosphate (#§ 2 = T i) TnBP 126-73-8 C,H,,0,P 266.31
Tris-(2-butoxyethyl) phosphate (B = (2- T 43 2,3 ) fig) TBOEP 78-51-3 C,H,,0.P 398.47
Tricresyl phosphate (##2 = [i] F 2[5 ) TMPP 1330-78-5 C,H, 0P 368.36
2-Ethylhexyl diphenyl phosphate (B & 2-2 3& & 3 — K 3L [ig ) EHDPP 1241-94-7 C,,H,,0,P 362.41
Organic phosphate esters of metabolites (mOPEs, Al EREs X 15140
Bis(2-butoxyethyl)2-hydroxyethyl phosphate triester BBOEHEP 1477494-86-2 C, H, 0P 342.37
(BERR AL (2- T A 5L ) 2-F2 B B =)
Bis(2-butoxyethyl)2-(3-hydroxyethyl) ethyl phosphate triester OH-TBOEP 1477494-87-3 C,H,,0,P 414.47
(RL(2-T 4 4 56)2-(3-J2 3L T 43 ) LW R R )
Bis(2-chloroethyl) hydrogen phosphate (& — (2-5 2 3 ) Ff) BCEP 3040-56-0 C,H,CLO,P 222.99
Dibutyl phosphate (% —1F T [) DNBP 107-66-4 CH 0P 210.21
Diphenyl phosphate (B2 i) DPHP 838-85-7 C,H,,0P 250.19
Bis(2-ethylhexyl) phosphate (B — (2-2 %t ) 5 ) i) BEHP 298-07-7 C,H,0,P 322.42
Bis( 1-chloro-2-propyl) phosphate (2 — (2-54 175 3 ) ik ) BCiPP 789440-10-4 C,,H,,CLO,P, 502.08
Bis(butoxyethyl phosphate (2 — (2-T &3 2 3L )fig) BBOEP 14260-97-0 C,H,,0P 298.31
Phthalate ester metabolites (mPAEs, 487k — FHERER X 4147)
Monobenzyl phthalate (4B7% — F 2 804 i) MBZP 2528-16-7 C,H,,0, 256.25
Monocyclohexyl phthalate (47 — H iR 538 L B ) MCHP 7517-36-4 C,H,0, 248.27
Monoisodecyl phthalate (5% [ & 51 5 38 i) MDP 69725-01-5 C, 1,0, 306.42
Mono(2-ethyl-5-hydroxyhexyl) phthalate MEHHP 40321-99-1 C,H,,04 292.32
(SRR ZH R (2- 4 FE-5- 1R CHE) R 7
Mono(2-ethylhexyl) phthalate (45%& — HI iR 81 (2-2, 3 O 3 ) iR MEHP 4376-20-9 C,H,0, 278.3
Mono(2-ethyl-5-oxohexyl) phthalate MEOHP 40321-98-0 C,H,,0; 292.33
(A2 =1 1 7 (2-2 3 -5-50 L ) 1)
Monoethyl phthalate (484 — H 288 L iR ) MEP 2306-33-4 C,H,0, 194.18
Monomethyl phthalate (&% — ! i 5 1 g ) MMP 4376-18-5 C,H,0, 180.16
Mono-n-butyl phthalate (452 — Wi 5 1E T i) MNBP 131-70-4 C,H,0, 222.24
Monoisononyl phthalate (4% — Ff % 1 5 T-fii) MNP 297182-83-3 C,,H,,0, 292.4
Mono-n-octyl phthalate (4§52 — F i #L IE i) MOP 5393-19-1 C,H,,0, 278.3
IS
TMP-D, (& = B5-D,) TMP-D, 32176-12-8 C,D,0,P 149.13
TnPP-D,, (## =NE5-D,,) TnPP-D,, 1219794-92-9 c,D, 0P 245.36
TnBP-D,, (B = T #i5-D,,) TnBP-D,, 61196-26-7 C,,D,,0,P 293.48
TPHP-D,; (g =2KHE-D,) TPHP-D 1173020-30-8  C,D 0P 341.38
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Table 1 (Continued)

Compound Abbr. CAS No. Formula M,
TCEP-D, (B2 = (2-5 2 %) Bi-D ,) TCEP-D, 1276500-47-0  C,D,,CLO,P 297.56
TCiPP-D (R = (2- N ) BE-D ) TCiPP-D 1447569-78-9 C,D,,CLO,P 345.68
TDCPP-D,, (B2 —(1,3-Z5&-2-IN &) ME-D,,) TDCPP-D,; 1447569-77-8 ¢,D,,CLO,P 446.00
TBOEP-D,, ( =(2-T % Jk £ 3%) Wi B2 BE-D,,) TBOEP-D,, 78-51-3-D,, C,H,,D,,0.P 425.64
V6-D ¢ (2, 2- B0 H A= 1 FF - RL(2-5 £ 48) [ RR R -D, ) V6-D, 38051-10-4-D,, C_,H,DD CLO[P, 599.09

TDBPP-D , (=-(2,3- 1R 3E)-BMEE-D, ;) TDBPP-D 157801-77-9 c,D,.Br,O,P 712.7
BBOEHEP-D, (X (2-T 4 Jk £ 45 )2-F 4k £ Bk R =16 -D,) BBOEHEP-D, 2469195-92-2  C,H,D,0.P 346.39
BCEP-D, (##2 — (2-% £ 3%)[-D,) BCEP-D, 1477495-02-5 C,HD,CLO P 231.04
DPHP-D,, (W2 —#M-D, ) DPHP-D 1477494-97-5 C,HD O,P 260.25
BBOEP-D, (B2 —(2-T A% 2 3)HE-D,) BBOEP-D, C,H,D,0P 306.36
MBZP-"C, (4% = H 5 .46 1ig-1C,) MBZP-"C, 2528-16-7 C,,C,H,,0, 260.22
MCHP-"C, (452 — 1 i 5. 35 Ol -°C,) MCHP-"C, 7517-36-4 c,CH,O, 252.25
MDP-D, (487 — W iR 5 53 54 iR -D,) MDP-D, C,H,,D,0, 310.42
MEHHP-"C, (4875 IR 8. (2-2 H&-5-92 CL 46 ) BR-"C,) MEHHP-"C,  40321-99-1 C,,C,H,,0; 298.31
MEHP-"C, (48 — HI iR 51 (2-Z 3 3 ) BiE-""C,) MEHP-"C, 959266-61-6 C,,C,H,0, 282.31
MEOHP-"C, (487K IR (2-2 H-5- 5 C 2 ) BR-"C,) MEOHP-"C, 40321-98-0 C,,C,H,,0, 296.30
MEP-"C, (4% — I i 1 2, -1 C,) MEP-"C, 2306-33-4 Cc,CH,0, 198.16
MMP-"C, (487 — W RS HIEE-C,) MMP-"C, 4379-18-5 C,C,H,0, 184.13
MNBP-C, (482 — AR 5115 T fg-"C,) MNBP-"C, 131-70-4 C,C,H,,0, 226.21
MNP-D, (482 — H i .5 T-1i5-D,) MNP-D, C,,1,D,0, 296.21
MOP-"C, (4% — HI iR ¥ IE ¥ fig-"°C,) MOP-"C, 5393.19-1 C,,C,H,,0, 28231
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Table 2 MS parameters of the 33 target compounds and 25 isotope internal standard compounds

Compound Retention time/min  Precursor ion (m/z) Product ions (m/z) QI/NV CE/NV Q3/V IS
TMP 4.51 141.1 109.0", 79.0 -21 -19 -20 TMP-D,
TCEP 5.92 285.1 63.0", 99.0 -17 -27 -25 TCEP-D,,
TiPP 7.25 225.1 99.0%, 141.0 -14 -20 -18 TnPP-D,,
TnPP 6.95 225.1 99.0%, 141.0 -14 -20 -18 TnPP-D,,

V6 7.31 582.9 361.0°, 297.0 -38 -19 -25 V6-D,,
TCiPP 7.26 327.1 99.0° -20 -21 -18 TCiPP-D,
TDCiPP 8.28 431.1 99.0°, 209.0 -26 -27 -18 TDCPP-D
TDBPP 8.71 698.6 99.0°, 298.9 -24 -28 -18 TDBPP-D
TPHP 8.39 327.1 77.0°, 215.1 -20 -41 -14 TPHP-D,,
TiBP 9.03 267.2 99.0°, 155.0 -17 -20 -18 TnBP-D,,
TnBP 8.90 267.2 99.0°, 155.0 -17 -21 -17 TnBP-D,,
TBOEP 9.33 399.4 199.1°, 299.2 -24 -17 -21 TBOEP-D,,
TMPP 9.97 369.4 91.0", 166.1 -22 -39 -17 TPHP-D,
EHDPP 10.33 385.2 273.0° -24 -16 -19 TPHP-D,

BBOEHEP 7.14 343.0 243.0°, 45.0 -23 -12 -17 BBOEHEP-D,

OH-TBOEP 7.79 415.0 45.0°, 199.0 -20 -13 -15 TBOEP-D,,
BCEP 4.37 223.0 99.1", 62.9 -15 -16 -24 BCEP-D,
DNBP 5.38 209.1 79.0°, 153.0 20 23 13 DPHP-D,,
DPHP 5.09 249.0 93.0°, 155.0 22 30 30 DPHP-D,,
BEHP 8.60 321.0 79.07, 209.2 12 29 13 TPHP-D,
BCiPP 5.08 249.0 93.0°, 154.7 21 28 15 DPHP-D

BBOEP 5.86 297.0 79.0°, 197.2 22 25 12 BBOEP-D,
MBZP 5.02 255.0 77.0", 183.0 23 21 30 MBZP-"C,
MCHP 5.43 247.1 77.0", 97.1 23 19 28 MCHP-"C,
MDP 7.85 305.1 154.9°, 77.0 28 24 30 MDP-D,
MEHHP 5.26 293.0 121.0", 145.0 24 16 12 MEHHP-"C,
MEHP 6.70 276.9 134.0", 77.0 20 14 21 MEHP-"C,
MEOHP 4.96 291.0 121.0°, 143.0 30 16 21 MEOHP-"C,
MEP 4.37 192.9 77.0°, 121.0 14 17 11 MEP-"C,
MMP 3.31 179.1 77.0°, 107.0 15 16 12 MMP-"C,
MNBP 5.02 221.1 76.9°, 71.0 21 17 28 MNBP-"C,
MNP 6.95 291.1 140.9", 77.0 13 26 11 MNP-D,
MOP 6.90 277.1 77.0°, 127.0 22 22 11 MOP-"C,
TMP-D, 4.49 150.1 115.0 -26 -20 -21 /

TnPP-D,, 7.16 246.1 102.0 -16 -20 -19 /

TnBP-D,, 8.93 294.2 102.0 -21 -22 -19 /

TPHP-D, 8.31 342.1 82.1 -22 -46 -15 /

TCEP-D,, 5.88 297.1 102.1 -18 -23 -19 /

TCiPP-D, 7.19 345.1 102.0 -21 -22 -19 /

TDCPP-D 8.23 446.1 102.0 -28 -28 -18 /

TBOEP-D,, 9.25 426.4 208.0 -14 -17 -22 /
V6-D,, 7.32 598.9 369.0 -38 -20 -26 /

TDBPP-D 8.65 713.6 102.0 -24 -28 -18 /

BBOEHEP-D, 7.14 347.0 247.0 -23 -12 -17 /

BCEP-D, 4.31 231.0 67.1 -16 -21 -27 /

DPHP-D, 5.02 259.0 98.0 23 19 28 /
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Table 2 (Continued)

Compound Retention time/min  Precursor ion (m/z) Productions (m/z) QI/V CE/V Q3/V IS
BBOEP-D, 5.90 305.0 79.0 22 27 12 /
MBZP-"C, 4.96 259.0 76.9 13 17 12 /
MCHP-"C, 5.20 251.1 79.0 13 17 13 /
MDP-D, 6.72 309.1 81.2 19 14 13 /
MEHHP-"C, 5.08 297.1 124.2 20 22 12 /
MEHP-"C, 5.26 281.0 136.9 20 22 12 /
MEOHP-"C, 3.37 295.2 123.9 13 27 12 /
MEP-"C, 4.55 197.0 79.0 15 17 12 /
MMP-"C, 7.80 183.0 79.0 24 23 13 /
MNBP-"C, 6.96 225.0 79.0 13 27 12 /
MNP-D, 4.96 295.1 79.2 18 17 12 /
MOP-"C, 6.91 280.9 127.0 10 15 13 /

* Quantitative ion pair; /: no value.
2 #ER5WR

2.1 @igFEGRL

ARG HEET 3 Fh A%+ : ACQUITY UPLC®
BEH C18 (100 mmx2.1 mm, 1.7 pm) . ACQUITY
UPLC® BEH C18(150 mmx2.1 mm, 1.7 pm) 1 Ki-
netex F5(100 mmx3.0 mm, 2.6 pm) %f 33 # 0 #5
LB A B8O . L8RV T 100 mm BEH
C18 (il Ax i, MEHP Fl MOP X %t [&] 23 5 44 {& oK
fiE 52 0 5E 42 73 89 5 150 mm (9 BEH C18 7% #: 75 AH
[FASCES S5 4, 33 i EH AR Ak & W 35 B AT il 73 1 0
JE 50 B, MEHP #1 MOP 3 i [] 43 53 ¥4 92 B 5¢ 4
Sy, HLAE 15 min P 33 F H AR AL & 9 0] 435 1 I
(WK 1) ; ff F] Kinetex F5 # i} , OH-TBOEP,
BBOEP . MEOHP 5§ b 5 ¥ 1) 8 3% 0 it 20 U T 4
F&, H mPAEs {91 i % 3 [t BEH C18 €435 £ B A%
50%, [a] if , i1 T Kinetex F5 A A 4% #1 -7 1E

H 45 A6 & 9 43 i) 8] SE 4 % 25 min. A3 %
ACQUITY UPLC® BEH C18(150 mmx2.1 mm, 1.7
pm) 35 AE Ry o3 B At

XF it 2 AH HEAT O AR, 78 Al K AR S KRR Y 2k A
T LA 33 B H AR A A P A Y i im0 (R 4
TN JUHXT T K Z %0 OPEs il mOPEs 5 i %
R WA 5 8 W BEAE S T s A . iE— 25 X 7K A
AT AL , ¥ $E 0.5 mmol/L Z TR & /K 75 W Fl 0.1%
TR 7K V5 T Pl B A L 45 SR R, 2K Al 0.5
mmol/L Z R & /KW T, 2% OPEs Fll mOPEs [y
M R L 0.1% R K3 W 3~4 15, 2 %1 mPAEs (1)
e 1 bE 0.1% £ 1R 7K %5 W B IR 10%~20% , 1t B 0.1%
() 2, T %} 2 %% OPEs Fl mOPEs (1 #2541 il /F
M % mPAEs A e ER] . 45 mPAEs f#Y1 )i
H A% Wi OPEs #1 mOPEs 1Y Wi i , % #% 1] 0.5
mmol/L & M2 & h it A [a] & & (0.1%. 0.05% #l
0.02%) 1Y 1R , 45 T R W BIff 0.5 mmoVl/L Z R #

25 —

71 150 mm BEH C18

20 —
MEHP

o
|

Intensity/10°

s
|

Intensity/10°

4 100 mm BEH C18

/min

t/min

1 AEKEBEH C18 i+ MEHP 71 MOP i % B2 R

Fig. 1

Separation of MEHP and MOP on BEH C18 column with different lengths
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L&A 0.02% 1 L2 , Z %L OPEs #il mOPEs (1 i
REATS SR BEAR T 50%~75%, H mPAEs i i 42 4% 7F
10%~20%, #0%E FETLFF M A LR . 4kE2 LI AR TR &
W2 ik B (0.05.,0.1.,0.5 1.0 mmol/L) it 4k 75 4 Wiy 17
5 0, 25 S 3 B 0.05 A 0.1 mmoV/L #Y 2 R 4% 2>
F%{% OPEs #l mOPEs [ i , X} mPAEs i Jij 5% i
AN, 1.0 mmoV/L /Y Z R &% Xt H b Ak A 4 i b 5
e AN Y, (H 2 W S 0 R R R A L S e A R
HOE 2 A DL R AR R A 0.5 mmol/L
TR -F R AT B A . fE 1.4 54 F,33 i H
AR E T REWE 2,77 LLE L33 F H
B A A W 11 2 T3 06 T2 R ) 7 5 B 359 4 Sk BRARL

10
9_
8..
B 7
% 61
Z 5
Q
£ 4
3_
! A
1_
T = T Aﬁ T * E
2 4 6 8 10 12
t/min

E2 3B3MABGRLEYHESFRE

Fig. 2 Total ion chromatogram of the 33 target compounds

2.2 HEIAEBEEGHMRL
2.2.1 RIEEA

S H AT N TR R A AR EOROR | 3 ek 7 4 i
FE S HOAR 20 ng/mL(Z i R ), 43 iR S Fil
PEBORFI(OHE HEE  ORE-HBE(1:1) .0.1% H R
MG 0.5% HR S NG ) HEAT H L, N 28 axk [ AH A8 BURE
b A R 13 WA EE SR DR . R 2
Sy 4% B ) i), TCEP .MEP .MMP .BBOEP [ [1] it
ANHAR [BCR 5 5 R 204.62% 13.24% . 197.83% .
159.95% ; % F B B 42 i ik, TMP A1 BCEP = I,
OH-TBOEP Y [ Yt ik 5] 187.15% ; $& BUE N 2 -
FEE(1: 1)), TMP 1l BCEP & i}l ,DPHP [f] i %
% T 10%; 42 BUA W M 0.1% B R Z 5 I, 33 A H bR
b4 W 4 1 I 6 I 7E 60.48%~137.37% ; 312 U Wk Ky
0.5% W 8 2 Ji5 if , MEOHP 1 [8] iz %R 188.86%,
MMP-"C, ok W . e Ah, >4 58 WO W A7 78 &
B, T8 B A T GE SR KR A% AR T3 4, R I DU O
AR R B ULIE Y, B0 R, L RULIEY 5 B IF .
b RS B A RR 0.1% W R 2 R 3R BUAF)

222 EAHERAE

H 587 3 Ff [ AH A HUH: : HMR S-micro BIO 96
fL SPE (A) . Anavo HLB-Prime SPE (6 mL, 300
mg) (B¢ ) (B) Al Oasis HLB-Prime SPE (3 mL,
150 mg) (¥ K} (C) o 78 4 i FE & bR 20 ng/mL
(AR ), H W 1.3 WEAE R Btk & m
MR g5 R, de B A B, 33 A HARE &
[ Rk 67.89%~130.14%; & £ B B , TMP,
TDBPP .BCEP & i ¢, TnPP #Y [5] it Ky 20.63%,
DNBP . BEHP 9 [n] it 3 35 #] 200%; i £ C #f ,
TnPP Y [A i % Jy 23.92%, OH-TBOEP i [1] g %y
173.24%, BCEP & il I . i %5 2R #] %0, HMR S-
micro BIO 96 fLH: i J& “ A= ¥ kF b % 12 50 M 7 1R 56
JEF8 S R 7 B TR fx & 3% HMR S-micro BIO
96 fL SPE.

TnPP 7E 2.2.1 5 Hhfifi FAS [m] 4 B3 5] 4 B H
AN ik SPE Ak, H IR AR 77.46%~125.51% , 4
it HLB Ak 5 H i 58 1 25 AT, (EL HE [] 43
S M A& TiPP K 1 30 00, AT g 09 J5L & TnPP
S H A, A AR/ A 7 45k b P=0 it Y
Y5 HLB A i 5 3 1 10 BE 5 58 & A2 A0 BAE 4k 5
Wi H: (8] i 3%, 1 HMR S-micro BIO 96 L SPE /N
HUBFR TTHLR &9, 7] ke TonPP 4% .

223 RIVK KR

5T AFEAFL(0.2.0.4.1.0.2.0.3.0 mL)0.1%
FHIR 2 i 1 HUPS 300 X0 S 55 9 52 ) o A 4 IR v
fnFR 20 ng/mL (2 5T & Wk B2 ) 4 B 1.3 AR it
HH S PR e Y 5 HROA R D e (0.2
0.4 A1 1.0 mL) , 4 LB & v #9211 5355 K 3+ 9 it
KULTETE 4, 2234 98 SPE b, 16 Ji S AL % 46 I 1 it

5 M) 2 7 A7, S SRR R R O Y SRR N 3
mL I, T UOUE R, 5 K R A A g
Mr 2 kAR JLU0UE , 52 m B, W mPAEs [9] 5%
3 i A% (<60%) o A T 5 $5c 26 3 46 488 TV 4R AR
& 2.0 mL,

2.2.4 TR EH

i 52 36 45 B % W] , TCEP . TCiPP . TPHP , TiBP
M TnBP fF7E 8B W 5= T4, SCik[26 14kiH
IR A 2% 5 Sl kB 2 2 1] 3% 12 4l 48 A WA A%
RS TH. BT, AR ENT
Ghost Trap DS-HP {1, % £ (30 mmx2.1 mm) {E ly
WAEM ., £ 0.5 mmol/L Z iR & - P B 3h A1 2% 14
T AT 5T TCIiPP (14 1 3 5 J
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SR TR M 94.7%, H Aok B35 5 T on 45 21
AR BR

HAb 3 2 7 5 51 A OPEs J2 mOPEs %55
T, R XA R S R M AT AR R T A . A
ST BT FH R (0 455 68 4l K ) 24936 ) I 4, DL dRe K
PR BEARIK A S A B3 5 T B T ER M T (42
iR AR DN i QTR N 8 G TR UN L DRSS gi
Gl FH o AR SLE B 0.22 pm 3k o BRI Z K6
(PTFE) M it 4b , Fo A FE 44 35 R FH B A4 T, AR
5 10 mL B ES B0 L1 mL B RS I FEAS Sk B B 1
A BB A R T O RS R BB A AL BT
A B BEFE A LE A AT LB AR 5, BT 400 C
S dgbe 4 h, R B G A o 10T R A
fik TiBP #il TnBP % H b 1975 Y KUK .

Xof S 50 ek R v AN W3R G T T % SR R
PTFE &3k f1 96 L SPE, 312K i £ % k47 il 4b £ )
FEARE 5 T80, 5 TR I 25 3 £ ] . PTFE 3§
L% 1 mL SIE W — RG] A AL TiBP Al
TnBP ;96 fL SPE 4 2 mL ZJiE i ve— e . ol
i F& A% TiBP . TnBP MEHP #l MNBP & .

Sy A WAL A BR B A T A R A 24
TT VT 25 B TR Pk BT T O R RV AR R (R
B -2 N -SRI BE-K R B R 1110 1) o FE S MR
BE S ERE S AN HERE 0.1% W R 2 I LA #A 14 6 5%
B o MLAh, REHEAE & 43 BT A A v 8 2 A A A o
W, S B A E AR BA ]

S 3ok A P B, TMP JAR 4 I AE & 78 il 2
A A 5 B0 B4, L N 5 R R 64.6%. #fE
I IR AT g 2 TMP AR X 43 5 45 /N L 3% K Pk
B It B — R LR SR TR A A7 B b & R
R At , A2 R R — /iR (DMP) , M i 5 8 (33 18] op
¥ TMP 5 DMP WA~ a3 g, DLl 3. R, 4

WOIR A br v T AR B BCE0 T, DAGRAIE 3 M7 45 S 11 1
7R
23 AEEEER
231 4LMEE. FTERHRAEER

R FH AR J7 1 6 22 90 Jo o vk B B TR A A oE TR
W HEFT LC-MS/MS 4381 LA H bl & 9 i 5 vk J
50 7[RI 28 P AR A R B 2 LR R A bR H AR A
A 1 U D AR5 6 N )67 2R P9 b 0 TR =2 B SR A
Me b, 2l bR R I 2 . 25 WR 33 B HARL &)
LPERR R LR (r) 2 0.993 3~0.999 8., §%
HE 3 %A e LE (S/N) 1K Hh FR (LOD) , 4% B8 10 %
S/N A E B R (LOQ) o A KU WL 3.
232 EREEHEFE

A5 H A am AR AR o A 6] K F (5,20, 40
ng/mL) B TR & bR W, #1319 A 14 R AE L
B, DL B 5 vE e B SRS W . R bR K-
WHE 6 AN FATHE, I E B (R Al s
HERE 6 BIV 2R 4 A I 2o B A5 1 A i A 1, DR IR
JriE W HERR T . 45 R, 33 B B AR A W By AR
[l 05 N 60.5% ~ 138.3%, A X 4 1fE fi 22 (RSD) Ky
1.6% ~ 11.0%, WL3% 4.

[ERGRE=NiP 5 g A7 N & ¥ S
AJ 25 52 30 Fl (80%~120%) , 4 TMP [5] 50 3 i 1K, J5E
PRI AT R 2 7E i Ak B 2o 8 v 40 B i DMP; TCiPP
I 05 23 g 1K 79 = 22 R R T L KRR (log P 2900
1.5~2.0) , 7 16 BEFE 22 G0 v kA2 AN A 3 g . 6 43
mPAEs 1l MEHP MEOHP F1 MEP (¥ i & & 1l b5
Bl KT 100%, 3X 28 B lE 26 4k & W) i & A R
B TR AT A B AT Oy R B S AR A A
O, N A il L 2R R ) 5 AT fE 23 in Kk MEHP
MEOHP F1 MEP () 51 % B 20% | 5 2 18018 23 fig
o BRI %7 W AE T A MR BE KO T XX 2e b & 9

104 10

9 Before 9] After
v 8- w81
B S ]
z 2
% 6 % 6
£ 57 g 5]

44 44

34 3

2 jJ 24

14 T T 1 T T

3 4 5 6 3 -+ 5 6
t/min 1/ min

B3 £ TMP(1.0 ng/mL) & 15 XaiEH &I E L
Fig. 3 Changes in chromatograms of TMP (1.0 ng/mL) in whole blood before and after 15 days of storage
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Table 3 Linear regression equations, correlation coeffi-
cients (r), limits of detection and limits of quan-

tification of the 33 target compounds

Regression LOD/ LOQ/

Compound equation (ng/mL) (ng/mL)
TMP Y=0.37X+1.1160 0.9981 0.04 0.14
TCEP Y=0.13X+0.2328 0.9998 0.03 0.09
TiPP Y=0.16X+0.0144 0.9995 0.01 0.03
TnPP Y=0.01X+0.0011 0.9998 0.17 0.56

Vo6 Y=0.43X+0.0123 0.9997 0.01 0.05
TCiPP Y=0.27X+2.4939 0.9982 0.04 0.15
TDCiPP Y=0.05X-0.00387 0.9995 0.02 0.07
TDBPP Y=0.34X+0.0469 0.9985 0.03 0.11
TPHP Y=0.15X+0.0472 0.9998 0.01 0.03

TiBP Y=0.21X-0.0155 0.9993 0.01 0.02

TnBP Y=0.02X+0.0058 0.9978 0.08 0.28
TBOEP Y=0.31X+0.0028 0.9983 0.003 0.01
TMPP Y=0.13X-0.0205 0.9988 0.01 0.04
EHDPP Y=0.18X-0.0074 0.9990 0.01 0.02
BBOEHEP  Y=0.45X-0.0352 0.9995 0.01 0.03
OH-TBOEP Y=0.096X+0.0017 0.9987 0.22 0.74
BCEP Y=0.046X+0.0045 0.9998 0.31 1.02
DNBP Y=0.03X+0.0055 0.9933 0.07 0.25
DPHP Y=0.063X+0.0083 0.9989 0.05 0.16
BEHP Y=0.028X-0.00049  0.9996 0.06 0.19
BCiPP Y=0.05X-0.0014 0.9997 0.06 0.20
BBOEP Y=0.093X+0.0023 0.9998 0.05 0.15
MBZP Y=0.081X+0.0150 0.9976 0.15 0.50
MCHP Y=0.094X-0.0047 0.9996 0.11 0.37
MDP ¥Y=0.038X-0.0061 0.9942 0.12 0.38
MEHHP Y=0.11X+0.0066 0.9983 0.03 0.10
MEHP Y=0.050X+0.02161  0.9986 0.02 0.06
MEOHP Y=0.063X-0.0132 0.9968 0.10 0.35
MEP ¥Y=0.070X+0.0360 0.9951 0.09 0.30
MMP Y=0.11X+0.1109 0.9980 0.03 0.11
MNBP Y=0.48X+0.0381 0.9991 0.02 0.08
MNP Y=0.059X+0.0064 0.9954 0.13 0.43
MOP Y=0.092X+0.0113 0.9996 0.04 0.14

Y: peak area ratio of target compound to IS; X: mass con-
centration ratio of target compound to IS; linear range: 0.1-50
ng/mL.

PP R A 2 (RSD<11%) , 3E B H: 58
H A S . TCEP.TnBP.EHDPP Al BCiPP [y
RSD KX T 10%, H ', EHDPP #l BCiPP & #& 3| %
L ) 57 28 9 A A7 R IE T 2 43 03 TPHP-D
Al DPHP-D,, £ J [Al i 2 N b , 3 7] fE 2 H RSD K
T 10% 14 5L (X ; TCEP A1 TnBP J&& 81 Y B 47 14 [0 i
2 (88.9%~118.5%) FllAH & (>0.993 3) , UEBH T &

F4 337 EERL S YRR E W ZE 1A 3 AR R E (n=6)
Table 4 Spiked recoveries and RSDs of the 33 target com-
pounds (n=6)

5 ng/mL 20 ng/mL 40 ng/mL
Compound Recov- RSD Recov- RSD/ Recov- RSD/
ery/% 1% ery/% % ery/% %
TMP 64.4 6.6 68.4 7.7 75.1 2.4
TCEP 109.7 2.6 104.1 5.7 118.5 10.1
TiPP 105.6 3.0 110.3 9.0 111.7 4.0
TnPP 77.5 7.8 83.8 6.4 104.8 6.5
V6 101.6 3.2 113.8 1.8 122.3 2.1
TCiPP 68.5 1.8 66.7 3.6 61.4 3.5
TDCiPP 118.7 5.4 104.5 7.5 94.1 7.3
TDBPP 85.1 9.1 92.6 5.6 107.3 5.9
TPHP 97.2 2.3 97.2 9.3 111.4 9.4
TiBP 71.2 5.6 81.4 2.9 80.3 2.7
TnBP 88.9 4.6 105.1 10.7 109.0  10.6
TBOEP 112.4 8.9 112.3 4.5 129.0 4.1
TMPP 86.0 6.7 81.4 8.0 91.5 8.8
EHDPP 839 11.0 77.7 6.9 93.3 6.8

BBOEHEP 88.9 1.6 105.4 1.9 79.9 2.4
OH-TBOEP  126.8 9.6 117.8 3.8 127.9 3.3

BCEP 110.5 7.2 138.3 7.4 103.6 7.1
DNBP 79.7 5.0 87.4 5.8 87.9 53
DPHP 120.6 4.0 73.6 3.9 68.5 9.2
BEHP 95.3 2.8 123.0 2.2 121.7 2.1
BCiPP 68.7 10.0 60.5 10.9 77.7 10.8
BBOEP 103.0 4.3 97.6 4.2 100.6 4.4
MBZP 97.5 8.6 91.7 5.4 97.1 2.7
MCHP 119.9 6.1 114.2 4.3 109.1 6.3
MDP 76.7 8.7 94.0 2.0 79.1 2.5
MEHHP 114.5 3.4 104.4 2.7 105.2 3.1
MEHP 93.6 7.9 111.3 4.3 121.8 7.0
MEOHP 118.6 5.2 129.9 2.8 128.3 5.5
MEP 84.3 3.8 78.2 4.2 123.8 5.9
MMP 89.9 2.5 97.0 2.6 112.1 2.0
MNBP 106.9 5.1 112.1 4.3 114.1 3.4
MNP 92.5 4.9 83.8 4.8 108.7 4.7
MOP 103.9 6.4 124.0 3.1 102.3 2.1
A AT AR

24 TEREHEBONE

kB UE D ) S M I 14 N Al AR AR
Fie AR WE 9T 5 19 e B An Ak & Wk I o A6 0 45
#£ B, fE 14 Y ¥£ A& ¥ TCiPP. TPHP, EHDPP,
MEHHP . MNBP Fl MOP # ¥ Hi % & 100%, TPHP
(K H B A 5 (10.04 ng/mL) , H K L% 5. Guo
SETIRIE 5 3 B AE B R TP U W ORT AR A s )1
X g £EFL b TPHP J& 8 224> . Sundkvist % 7F
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Table 5 Determination results of the target compounds in
human whole blood samples (n=14)

Compound Detection Median/ Maximum/ IQR/(ng/
rate/% (ng/mL) (ng/mL) mL)
TMP
TCEP
TiPP 85.7 0.42 0.67 0.21
TnPP
V6
TCiPP 100 0.57 0.95 0.24
TDCiPP 71.4 0.29 2.02 0.54
TDBPP
TPHP 100 2.14 10.04 6.07
TiBP
TnBP 14.3 - 0.55 0.23
TBOEP 50 1.44 1.99 0.58
TMPP
EHDPP 100 0.13 0.57 0.15
BBOEHEP
OH-TBOEP
BCEP 92.9 0.2 0.72 0.14
DNBP 14.3 - 0.58 0.11
DPHP 92.9 0.051 0.43 0.30
BEHP 28.6 - 1.74 0.39
BCiPP
BBOEP 71.4 0.28 0.89 0.3
MBZP
MCHP 78.6 0.62 1.86 0.76
MDP
MEHHP 100 0.15 0.75 0.21
MEHP 92.9 0.62 1.77 0.6
MEOHP 92.9 0.11 3.47 2.38
MEP 92.9 0.902 3.24 1.62
MMP
MNBP 100 0.24 0.32 0.38
MNP 78.6 0.21 1.03 0.87
MOP 100 0.52 0.73 0.13

-: <LOD; IQR: interquartile range.

Fij M B} FLAEAS B K 3] TCIiPP & OPEs j5 Jt 32 %
B4y . MEHHP J& 48 %8 — W iR — -2- 2 & C
(DEHP) (1R 7= ¥ 2 — , DEHP {1 A ok | £ 2
R AR AR R IR, R E N FRA LK. &
f 55 H MEHHP . MNBP {19 H {3 05 f2: 4% 2 40 51 Ry
0.15 1 0.24 ng/mL, 5 Hogberg 4>/ %} i #t 36 %4
22 P I3 RO R I 45 SR (MEHHP . MNBP {37 %5 5 it
W HE 9 0.5 ng/mL) 251 .

[l B, JRAE A OPEs fil PAEs i 75 dEREA , B

SR 5y & RE A AR T T A 52 (L R ORG S 46 43 R
BE AT AR A W I BIF 58 0 1 e R AR . 4B 2R T H
fiz — 5 F 1k (DEP) >k H ket i FAS A4 2877 5, 02
AR fil ) % £ B PAEs, DEP & AR 90
MEP, 7 A #f 55 & MEP fy # 2 4 92.9%.
mPAEs 75 A BRI 04 e B2 38 8 Lo B ot e 4 8
(Nl 5 4 2145 ) & 5~20 fi5 . i W, Hogberg
SRR TE PR W MEHP . MIBP \MEP 1 MNBP
W R R M AL TE R Y 20~100 4% . B AR R Y
At &8 M DX Y IR W AR A s, K W MBP . MEP,
MEHHP I MEOHP ) H1 i iz & ¥ i 43 51 2 181,
90.2.46.8 F1 36.5 ng/mL"", Hu %2238 o [ 40
H/PAE(6~18 %) R F TCEP .BCiPP 1 DPHP [
rf T B U B 43 O 0.28.0.35 1 0.24 ng/mL, &
FAWF 5T P 2 1M AY ¥ JE . OPEs f1 PAEs X A 28 fg
B 0 E AU R 2 O TE R fE . SR, G T
FOAE PR B8 v B A A AR B N 3 5% 38 A SR N 1
JHE DRV, FRATT A AR G N FE 43 o AS BIF 5 ST 1Y 43 BT
7 % AT Ry o Ol A % 3805 G 0 1 2 R K R
e L e 5 XL 2 AL T 5 ) B R S

3 it

AHE 5% K4 v i i 9 HMR S-micro BIO 96 1L
AR 5 UPLC-MS/MS R 454, @ 7 —Fh ]
[ s 0 5 AR 4 1fi 22 Ff OPEs .mOPEs 1 11 Fif
mPAEs (%75 o %07 ¥ B B R T AE Pl i 4
R TRV EL A RO R SR, T
I FH T A o S5 B 4 IR G 00 A T, 8 A 4 T DT AL
AR P 5835 Y ) OPEs Ml PAEs (1) % 78155 i 5 f
R DRI 5 (4L 7 9 2 S
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