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ABSTRACT: Objective To establish a rapid and efficient method for the determination of 12 kinds of

organophosphate esters (OPEs) in meat products by cold-induced pretreatment combined with high performance
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liquid chromatography-tandem mass spectrometry. Methods Freeze-dried meat samples were extracted with
acetonitrile and then purified using C;3 and N-propylethylenediamine (PSA) adsorbents; further, the
acetonitrile/water ratio of the solution was adjusted to 35:65 (V:V) and then the solution was frozen in a —20 °C
refrigerator to separate and enrich OPEs. The target compounds were quantified using high performance liquid
chromatography-tandem mass spectrometry coupled with stable isotope internal standards. The cold-induced
procedure was optimized and the linear relation, limits of detection, recovery, precision and matrix effect of the
method were validated. Results Standard solutions exhibited excellent linearity across 0.1-100.0 ng/mL. The
correlation coefficients (r) were all greater than or equal to 0.9993. For the tested 12 kinds of OPEs, the average
recovery rates at spiking levels of 1 ng/g and 5 ng/g ranged from 82.6% to 115.9%, with relative standard deviations
of lower than or equal to 15.9%. The limits of detection for OPEs ranged from 0.1 to 19.2 pg/g, while the limits of
quantitation ranged from 0.2 to 64.0 pg/g. The established method was used for the measurement of fresh and
pre-cooked meats and OPEs were ubiquitous in the tested real samples. Moreover, the contamination levels of OPEs
in pre-cooked foods were much higher than that in fresh foods. Conclusion The established analytical method is
simple, rapid and highly sensitive; and only a small quantity of reagents and consumables is needed, making it
suitable for monitoring large-scale food samples.

KEY WORDS: high performance liquid chromatography-tandem mass spectrometry; cold-induced pretreatment;

organophosphate esters; meats
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1.1 MR5RF

50 TR SEREA I [ A Ho 88 T B _E Rk, oA
TR B RURHREAS 28 13, XS4 5 1y, A 8 1y, A
9 1435 50 3 A= PR S FEAR I [ A HERTIT, AL 50 RIRE 22 40
XA 134, BRSO, 4R T

. g (a3%4k, 3 Thermo Fisher Scientific 2y
Al); CRR(ETEA, v E IR SEARA R, R R B (A4l
S R == B A (VAR /A =1 B I\ C S e /7
(N-propylethylenediamine, PSA). +/\ b EH&fE K (Crs)
(40 um, EFELHEERHEAF]); 12 i OPEs AR IER R (2
A5 803 1), °Ce-TBOEP ;- TNBP(FU i 100 pg/mL,
24 AccuStandard /A w]); *Ce-TPHP . d;s-V6. d;s-TDBPP .
d;s-TDCIPP., d;,-TCEP(TH & 100 pg/mL, #[E LGC
Standards /A F]); dy;-TPRP. d,s-TEP. d,-TMPP(Jii & ¥k &
100 pg/mL, 3£ [E Wellington Laboratories 23 Fl)o
12 UFE5EE

GISS-HP C;5 (6% (150 mmx2.1 mm, 3 pm)(HA
SHIMADZU /A 7); UltiMate 3000 LC % &5 30R AR 23354 (i
£ TSQ Altis Quantum Ultra =5 DU AT S BB 4G 0 2%, A
FHEE B P (35 Thermo Fisher Scientific 2 );
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#1 127 OPEs WEAEESRILEH
Table 1 Basic information and mass spectrometry parameters of the 12 kinds of OPEs
" - ] g X Tl EEES
5 IS Yo AR BB CASE Bk ”(jj Trfj WY
183.1 99.1% 20
1 R = 2B triethyl phosphate TEP 78-40-0  [M+H]' 183.1 1272 10 d;s-TEP
183.1 155.0 10
285.0 99.0 23
2 C(QEZE)HEMREE  tris(2-chloroethyl) phosphate  TCEP  115-96-8  [M+H]" 285.0 161.0 15 d»-TCEP
285.0 223.0% 12
2252 99.0% 20
3 =N SRR e tri-n-propyl phosphate TPRP  513-08-6  [M+H]' 2252 141.1 11 dy-TPRP
2252 183.1 10
. e 583.1 235.1 33
4 maiiigg?#m tetrgg;;i;gﬁ";?;ﬁgﬁgﬁ;f:1°r V6  38051-10-4 [M+H]"  583.1 3500 19 d16-V6
583.1 360.8* 19
. - 431.0 99.1% 25
5 ;(1,3;;;-?@%)@& “is(l’3";i}f(l)‘sll‘;;‘;'é'pr°pyl) TDCIPP 13674-87-8 [M+H]" 431.0 209.0 15  dis-TDCIPP
431.0 320.9 10
327.1 152.2% 38
6 SR SRR e triphenyl phosphate TPHP  115-86-6  [M+H] 327.1 215.2 27 BCe-TPHP
327.1 251.1 26
698.6 208.9% 17
7 (23RN AL RS tris(zﬁ;ﬁg’sf}f’;‘ffr"pyl) TDBPP  126-72-7 [M+H]'  698.6 4967 13  d;s-TDBPP
698.6 498.6 10
267.0 99.0% 19
8 =T R RR e tri-n-butyl phosphate TNBP  126-73-8  [M+H]" 267.0 155.1 10 d,-TNBP
267.0 211.0 10
9  ZQ-THRZIL)EMREE tris2-butoxyethyl) phosphate TBOEP ~ 78-51-3  [M+H] 2990 0 B 3Cs-TBOEP
399.0 299.1% 12
341.1 152.1% 36
10 R F R — K e cresyl diphenyl phosphate ~ CDPP  26444-49-5 [M+H]" 341.1 165.1 34 “C,TBOEP
341.1 229.0 26
369.4 91.2 36
11 IR — H R PR tris(methylphenyl) phosphate  TMPP  1330-78-5  [M+H]" 369.4 165.1% 44 dy-TMPP
369.4 243.1 27
B 363.0 153.1 31
12 2-1%5@?@;2@%@; Z'ethy;ﬁz’;g;l:ghe“yl EHDPP 1241-94-7 [M+H] 363.0 2150 33 dy-TMPP
363.0 251.3*% 10
RN ERE T,
ZX-LGJ-1A ¥ IRTIRAL( i A{E LA B AR A R A A BRA D,

Fl); Talboys 945605 i JiEIR A% (35 E Henry Troemner 2
Hl); TDZ5-WS 2 Co ALY R WAL 52 36 3 AR JT R A
BN H); N-EVAP 111 B KA (3£ E Organomation
Associates 2y f); KQ-500 #8 A S iE Ve (B L i #8548
FH PR FE]); GL2004C HFRTF-(KEEE 0.1 mg, F¥HRMY

1.3 WA

1.3.1 & EH

TR A PR UERE 70 5 N RS 43 ) EL 100 pL B
ANFRUE S AR A B R R 100 pg/mL) T 10 mL A5
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FH1TE

T, AWECER, B 1 pg/mL RIRSIRER &R, T
—18 °C fififf. BUZMHA&W 1 mL T 10 mL &, AR
FEAESY, LA 100 ng/mL IR A FRUER I, T 4 °C fif
fEo TRA IBRAE R VR -5 N FH R A R 7 i o
1.3.2 #enara#

BEYREAR LR TR TGO E RS AR, BHEAR
(1.00+£0.01) g F1 5 ng PARSTFIIMA 50 mL PT84
ho, A 4.0 mL & 1.0% (V:V)Z BRI Z G 7AW, IR TEdR
¥ | min, #87/ $EH 20 min, T 4 °C, 8000 r/min &.0> 10 min,
B ISR 2o E . EE AR, &R
W, ZRASKTEA 2mL, HBEE 15 mL B.O08. I
A 200 mg Cg A1 100 mg PSA W, #WiEIRA 1 min, T
4 °C, 8000 r/min 5.0 10 min, FiEREBES — 15 mL 5
O, R 15 mL BOEPZE RN, BECHEER, m
ALK G- KB E 35:65 (V:V), TBAMRAIEET
20 °CykH ¥ 2 h et Z B -KIR GRS A S0,
L R
133 &iEss

(O &

{O3EF:: GISS-HP C g (41541 (150 mm=2.1 mm, 3 pm);

FEIR: 35 °C; HEREMRAR: 5 pL. DA% 5 mmol/L BEFRER 197K (A)

M BEB) M BIAH, BN : 0.0~0.5 min, 10% B;
0.5~3.0 min, 10%~60% B; 3.0~8.0 min, 60%~100% B;
8.0~11.0 min, 100% B; 11.0~11.5 min, 100%~10% B,
# 3 min, JH: 0.4 mL/min,

QiS4

W55 L 3.5 kVOE B PR, B T
325 °C; ZERAIRE: 350 °C. RN AWM,
WEWN 50 Arb F1 10 Arb, 384550 W (selected
reaction monitoring, SRM)AFUAIN, £ F i 97 5 33 s )
SR 1o BB P LA R ) TR0 28 bR e o, 4%
W BT G TR b AR TR AL 2 AR, TR TSRSk S ) BT Y I bR
LR b, 3 45 5 LR B B R] A ) S AH T 1) 220 N A 43
NHEAT AT, M H S H [l e 3 S5 A 1 9 b L F I
I3t .
14 HIELIE

KA Thermo station L {EU A SCaegids, HARIUR
JElgE EE 2 TAEZE . A Excel (Microsoft, 2021 fi)%k
PEXEAEIEA A4, FH GraphPad Prism 8 #E1 72 (4],
P SR PATES 3 KL b

2 HRED

2.1 (UESTFEAHMK

i & AT MEGR AR, 72 HPLC-MS/MS H DL 24415
KRG EALEY), WESLESYNEE T8 T, RA

Pyt

el

B Zh IR R A A W A R L, R R A DA (R R
WA T T Ak, SRR R . R 1 S TR
FobetE . BB, TR RERERE R RS
OPEs 7ERAH (RS A1 A & T sl K R B, {ALLA
LliyK Fnal B EEVE A SRS, R R A, B R
YER—FlE TR ShARES NG, 0T LA Sh AR A B AR LA
Yok/ D UK G A B G IR, A5 & B R S mmol/L AR
FRERTIRAE J /K A, 4% OPEs T 3845 S A 137 . bR HE IS MR
RS E AR 1R

o, 4x10°
2 o I r

a T 7% 10

§' 1.0x107 {5815 [l min

i 1 3

|

g 5.0x10° 5 10

- 4 11

2 3 4 5 6 7 8 9 10
£ B3 s} ] /min

E: B S 5% 1 —2 17618 b e R BB R
TDCIPP, TDBPP fl EHDPP,
& 1 12 F OPEs BYFR VAL (435 51 (25 ng/mL)
Fig.l Chromatograms of standard solutions for
12 kinds of OPEs (25 ng/mL)

2.2 IRMHFIAEMK

FEACRAL IR RIS Ty 3 N0 5 1 Bl AT HLIAE
FNIEAT R AE BRI . Z T A SR S R R i
PEMA LY, 8RB AT TE I 0 i 80 B 2340 2R 11 5,
R FH B AR BOA R . T G 23 R R R
WO T AR 2 = 5, LR AN BRI SRS 2 PSR
Cog W 2 BRAEZE R 3 FORFIFIE A C 15 (100,200,
300 mg)Ff AR IR 22 5 a2 7R, IR0 C g MR
7 200 mg Bf, ZEERYIIEICE RE4F, B2E 100%. 24
70 100 mg 1 300 mg C g I, #4415 4n TCEP, TBOEP
#1 TDBPP (1 [ A fE, #UE 2LiF 55 R A 200 mg Cige K
FKEyrhie v fe oA R MA VRIS, w] [/
— 26 PSA WK BRI e T . XERIFIY PSA WS
(100,200,300 mg)i#F 17 B 22 X% Lb, W 3 R, R
FH 100 mg PSA B [l ZRIEE 100%, MAH 200 mg
300 mg PSA B ZEF Y5 RIS TR, L TPRP,
TCEP #il TDCIPP [A[i % % 80% LA R, B 100 mg PSA
SR UL BRI T, T 3k 22 VN o mT A I BRI 4 Bl
W s s DRI 4 56 4% 200 mg C5+100 mg PSA #EAT
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=100 mg Cg
=200 mg Cg
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12FHOPEs

P12 100, 200, 300 mg Cs #¥MNEE2H 4 OPEs (¥ [EI 4 (n=3)
Fig.2 Recovery rates of OPEs in the 100, 200 and 300 mg Cs
dosage groups (N=3)

=100 mg PSA
140 =200 mg PSA
=300 mg PSA

L L
o“’ >
12FPOPEs
&3 100, 200, 300 mg PSA M4 OPEs Ay [H[Ii 2K (n=3)

Fig.3 Recovery rates of OPEs in the 100, 200 and 300 mg PSA
dosage groups (N=3)

23 REFSERLREFCHELABMIL

52 LR AR B2 IR NG 1 M 2% I W% B 25 Bk 22 O, i Ak 3R
FRISR 3 A5 2 1) AE TR P INAGE S5 /K AR 2 FE VR T HR 1Y)
F A, i J RS EL RIS ) R R RS A O i . IR
ARG I €, LR A 38 B 2 K IR A e
MR AT A4 IR R 26 )2 MK 2, 76 M43 B ol A v
EMEYMEREFERELNEIZ, R8T R K g
IR B EKIZR . B E ISR B 1T
M-SR M. TR I SRR L, X H
MR RS L W7 e B8Ok . BERTE X RH L
5 J22 v R T 00 5 TR PR AR TR R R R Z E . ST
ORI I EL BT 30%Ek T 50%, IREWIR G
MELLAY)Z, R ESHRET 3 ANE-K G558 (35% .
40%. 45%Z ). ZITE 35% M4 b 250 R iR
W3k $2 T 100%; Bl 20 HL B, K4 IR L R
B FHAFENYI (A1 EHDPP) ISR EL FALT 80% (& 4)-
i 3 A EERT R, 35% M 25N
Y E LR Y T HAWI, RUIFEX BT FR ey 8
S EER IR, FILRSAER S £ Z R0 O -K H

B H 35:65 (V:V)o

HIAL LR 3 25 b B RS AN IAL 5 BT, AR
WA R A PR T S . REAS G CREHREUS, BRIOR B FETA,
AR, W ARAFAE i LB I A U A0 5 28 2 2% o
PIBORZ: Cg 1 PSA WAL IS, BIRIA B :E%,
PR R A T Ll kB KB 2R ERIBE SRR EER,
PEICRCE NI TGS I, PRBH RAT 24 5 R BR AR

140 235%2Z 1 = 40%2fE =m45%2 NG

SR S IE 8 f
Qgéb&éo&@go@ 5 QV@Q@

12F#OPEs
20 S35%2 5 = 40%2)E  wma5%2 NG
| ; ;
15
H_,
10
&
8
5
0

S SRS LLESL LSS
T IXTL L FT®

12FfOPEs

Kl 4 35%~45%Z. 5204 OPEs 1Y [ 0 & #: - (n=3)
Fig.4 Recovery rates and enrichment factors of OPEs in groups
with acetonitrile ratios of 35% to 45% (n=3)

T a. WEEMZIEHLIERG b, 28 PSA FI C i R0 AL 5 1Y
PBBGE; c. 2B HESE LR LR,
Bl5  Hiab R A PR I R

Fig.5 Pictures of the extracts during various stages of sample
pretreatment

24 FHEFIIE

WA AT AR F5 1 i A B D 4S8 3 AT A% 1 R O vk 5
JESEHG, Xkt  #HBR(limit of detection, LOD)., &R
(limit of quantitation, LOQ) . [B] i Z& Fl A X bx vfE f 22
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B 24 iR AR I 2 4l

FH1TE

(relative standard deviation, RSD)iF{T1EA, 45RILFE 2,
A 2 M E VA A AT ST B AR bRl £k, DAFR
W 55 AR T AR LB A AR R, A I T v 1 ke
SR bR s AR E RN LR . ARV IR T AR BT R R B B
7 ANBEE(0.1, 1.0, 5.0, 10.0, 20.0, 50.0, 100.0 ng/mL),
FTREHR EACTE AT 00T 3 IR, AR R R P AR TR e
PIREEN 5 ng/mL. REIAHTY) AR HES Y 20 R A2k
PERR, MHRRBOBIRKTET 09993, MAEXHLMATHE
FEASI 44T, L3 A5 {5 EL(SIN)TTE LOD, 10 15 {HME
1144 LOQ. LODs & 0.1~19.2 pg/g, LOQs 4 0.2~64.0 pg/g,
KA T B BA BRI R B
K A RARAR P M 3 B A T bR [l e 52 56, 3%
FE RIS AN ER B IR 2K (1 ng/g F1 5 ng/g), A
AR KM 5 A TFAT IR, WAERM T BUE A
(1.00£0.01) g BEFE.LETR, A 5 ng WFRM—E &R
OPEs bRk, il & OPEs 1 ng/g Al 5 ng/g WlNbrAE, Bl
JE 1.3 A5 Bt A TR AL BEAAG I, I3 A AR DR
12 il OPEs HJ -3 M4 Ky 82.6%~115.9%, RSDs #/NF
#z2

T 15.9%, FINZITIELEN E RSPt AT RAT 1K
W FIER
2.5 ERMMN

JRUAE T i A PR I R 3 e R R R W B AT R
Ay A R BRAR AR 2 5, (HVA T AR SR T ek
BB AT I, AR STTTE 23 BT b 0 ) 88 5 A5 000 e 7 - 5
MG AP L RSN (matrix effect, ME), ASHF5% 1
T PR 6 S B BT AN 25 ) rh S b v S VA TR, TR T
FE T DCECYE TR AR RIS N (S ng/mL M1 50 ng/mL) AR 1E
VTR T o Rl 35 o UG e V3 V5 s o Y YR 06 T L L
fHIFE ME, LA N A 4 b3R8 . MEs 3 i B3R AE
80~120, /NF 50 iR TF 150 K7n ME 3851, RELA BE
il sl 5 Qi 6 i, AP ME {E 455 100%, 1Y
4 TPHP. CDPP. EHDPP. TMPP &/ Hi M58 By 3L B il
MEs 125 53 B AW I i G N7 AR AR i Ak FEE AR AT 2%
FIBRA IR, FB 4 T Sk PR A ol 55 3R AT S 8 0 Al vl S
TR RV 2R PR 1) (0 P A A M

12 # OPEs 4k 572, #HXEH. LODs, LOQs. EYZEF1 RSDs

Table 2 Linear equations, correlation coefficients, LODs, LOQs, average recovery rates and RSDs of the 12 kinds of OPEs

VARt e ul =iy MXFRE()  LODs/(pg/g) LOQs/(pg/g) Inbrt/(ng/g) FFHIMNLZE/% RSDs/% (n=5)

1 98.7 6.4
TEP Y=1.5635X+0.0387 0.9993 1.7 5.6

5 103.1 11.9

1 87.9 12.2
TPRP Y=1.5355X+0.0427 0.9996 1.7 5.8

5 85.8 15.9

1 114.5 34
TNBP Y=1.1551%+0.0508 0.9998 0.1 0.2

5 113.4 5.3

1 85.1 13.9
TCEP Y=12.629X+0.1555 0.9997 8.1 27.0

5 91.3 6.8

1 83.6 10.3
TPHP Y=2.2191X+0.9376 0.9999 0.3 1.1

5 103.6 28

1 93.6 1.4
TBOEP Y=0.7277X-0.0982 0.9998 0.2 0.6

5 96.1 2.9

1 89.7 2.5
TDCIPP Y=0.656%-0.0059 0.9996 14.0 46.6

5 89.5 15.4

1 115.7 4.1
V6 Y=0.4125X-0.0064 0.9998 1.7 55

5 115.9 55

1 109.7 6.9
TDBPP Y=0.6907X+0.0674 0.9997 1.8 6.0

5 108.4 5.1

1 107.8 1.0
EHDPP Y=0.4892X+0.0325 0.9995 7.5 25.1

5 113.9 0.7

1 108.5 4.1
CDPP Y=0.6142X-0.0096 0.9999 0.6 1.9

5 108.9 5.1

1 88.5 6.5
TMPP Y=2.4452X-0.0063 0.9994 19.2 64.0

5 82.6 4.5
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594 NG, S5 RIS S RTAL LS A RSO (i
130
120 5 ng/mL
[}
}(1)8 ) 1 - 50 ﬁg/mL
90 1
. 80} .
S 70
@ 60
= 50
40
30
20
IOJ
'R «28 3 4o ]
FSSISS S S 3
&§)Q K Q Q

12/1OPEs
¥l 6 5ng/mL F1 50 ng/mL 41 H /] MEs
Fig.6 MEs in the 5 ng/mL and 50 ng/mL groups
2.6 KPR AN
AW BRI 7 vk, R KRR AR W 42 1t

#3 B|YIHARF OPEs i

BRI Fr o BT S BRFEAKS IS 43, SRS FM b nt
B I TR I A i AR T SR AR 45 50 17 T OPEs 15 ¢
MR S5RMNFE 3 FiR . AEA AT 3w K OPEs, KAIA
KEYEmAFE OPEs V544, A&f Ak TEP. TCEP.

TBOEP, TDCIPP, EHDPP Ky H RKET 80%, Y,,0PEs
WM B 2.01 ng/g. I TDCIPP f A 550k B 55 &
(0.29 ng/g), H¥X A TCEP (0.07 ng/g). V6 (0.06 ng/g)H
EHDPP (0.06 ng/g). fiiilZ&FE4r TEP, TNBP, TCEP,

TPHP., TDCIPP, TMPP., EHDPP, CDPP {J# i ¥ E T
80%, ¥ 1,0PEs HJSE-¥H B 73.13 nglg, RAEMEFEA KT
40 fi5 . Hrf* EHDPP (% i 57 8046 B 15 (0.35 ng/g), kN
TPHP (0.33 ng/g). TEP (0.29 ng/g)Fl TCEP (0.21 ng/g). %t
T4 B 45 R R W FUH 2 OPEs 15 YLt /5 T 4 B 2 5
(P<0.05). OPEs # FT-&ihfuz *)Hdr CAEVFR R IERE
SRR AT RS Y Z2 80 OPEs, H. & it TAUmARIEY,
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Table 3 Levels of OPEs contamination in food samples

FE vagiiL| K /% e/ ME/(ng/g) K 1H/(ng/g) Y¥I{H/(ng/g) PO (nglg) ARl 2E
TEP 90 <LOD 16.04 0.36 0.03 2.24
TPRP 23 <LOD 0.23 0.01 <LOD 0.03
TNBP 33 <LOD 1.00 0.13 <LOD 0.23
TCEP 100 <LOD 1.76 0.15 0.07 0.27
TPHP 23 <LOD 0.04 0.00 <LOD 0.01
TBOEP 100 <LOD 1.03 0.08 0.02 0.19
mfiﬁf# TDCIPP 83 <LOD 2.40 0.41 0.29 0.43
V6 76 <LOD 1.60 0.21 0.06 0.33
TDBPP 23 <LOD 0.17 0.01 <LOD 0.03
TMPP 67 <LOD 0.12 0.01 0.01 0.02
EHDPP 93 <LOD 17.27 0.55 0.06 2.42
CDPP 77 <LOD 1.42 0.08 0.01 0.24
> 1,0PEs - <LOD 18.63 2.01 1.26 3.32
TEP 85 <LOD 17.56 1.88 0.29 11.53
TPRP 23 <LOD 3.76 0.21 <LOD 0.53
TNBP 89 <LOD 8.00 0.52 0.20 1.19
TCEP 88 <LOD 2.18 0.39 0.21 0.46
TPHP 97 <LOD 5.50 0.87 0.33 1.24
TBOEP 73 <LOD 0.75 0.12 0.10 0.14
mffﬂszﬁg% TDCIPP 96 <LOD 2.80 0.36 0.17 0.49
V6 67 <LOD 1.12 0.05 0.02 0.16
TDBPP 24 <LOD 0.99 0.61 <LOD 0.81
TMPP 93 <LOD 13.43 1.01 0.13 3.47
EHDPP 94 <LOD 18.43 121 0.35 4.01
CDPP 97 <LOD 0.14 0.91 0.06 2.74
> 12OPEs - <LOD 74.66 73.13 24.41 13.83

VE: -F275 B ; Y1,0PEs 3275 12 i OPEs 2 il
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(ELAE T SR i v 030 G HH FLX AL OPEs (14 5T ik /K P45
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