2025 4% 3 & i% Vol.43 No.3
March 2025 Chinese Journal of Chromatography 252 ~260

HARLE A DOI. 10.3724/SP.J.1123.2024.03007

E . 2R 2R (PFASs) R AME BEtERIA D) B 88500, B E AL 12 e i — K85
Yoy, FERE AP PFASs 14 A 90 Wl 0 7 28 A o F R4 X 26 Ak 25 0 Sk AR fe R A KU A B X, Ak
R T FF R A R A (R AR Ty i, AN ST SR R AN TS B E AL P Y B 28 HMR [51HH A5 B0 (b B
A B T RO (AT - BR B TE ( UHPLC-MS/MS) |, 8237 T L& Y 17 F PFASs BRI /775, 50 L R4 7E
HMR [ AHZE U T 400 pL ZJEF2EL (4K 200 pL) Ik 2 Y5, f#H Poroshell 120 EC-C18 %4 (100 mm
x3 mm, 2.7 pm)ZE, UL 5 mmol/L ZERE K R I A U Sh AR A T4 BE WA, EST B F IR AL S, SR FH 2 1%
WIS AG I | [ 25 AR SE i, S5 R 17 b PFASs 7EAH B 5t 5 Ik B8 Y0 B N 2R M 6 2R LI (92 >0. 995) , K6
HERA 3.6~ 14 ng/L, R R 11~42 ng/L, MUEFEA MR FIE K 89. 3% ~ 110. 2% , H N AHXT AR R 2= (RSD)
}2.5%~9. 8%, HIA] RSD 4 3. 6%~ 10. 2%, K¢ 7 A T 20 43 AP i 375 B b RO ARG, 25 51 R 17 Fib & 90354
Kt o AR RANE 50 wL 7S RER, AT LIYE HMR [E AR L BUR: o — 25 SE B R B Ab , HL AR R G A2 0] LA se el
96 FLARMIIE L , 7 ik BRrE R, R BEAR R K IAR Rl T AR M35 BEAS H PRASSs (18 KBS W ]
K FE VA,

SRR . AR AR B ; A e A5 TR €23 - R TS %/ 2Rt L 5 5 LT

FE S . 0658 XHRFRINEG . A

Abstract . Perfluorinated/polyfluoroalkyl compounds (PFASs) are a group of synthetic chemi-

cals. Since the 1940s, PFASs have been widely used in industrial and daily consumer fields.
PFASs can enter the human body through various pathways, such as drinking water, food, and
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air. Toxicological studies have shown that PFASs feature developmental and reproductive toxic-
ity. Thus, the accurate assessment of PFAS exposure levels plays an important role in determi-
ning the health risks of these compounds. Biological monitoring is considered the most ideal
means of monitoring and evaluating PFAS levels in the human body. The concentration of
PFASs in serum can directly reflect their level of absorption in the human body after exposure;
therefore, serum is widely used as a biological matrix for evaluating PFASs.

In this study, a high-throughput solid-phase extraction ( SPE)-ultra-high performance liquid
chromatography-tandem mass spectrometry ( UHPLC-MS/MS) was developed for the determi-
nation of 17 PFASs in serum. A laboratory-made straight-through SPE column was used to puri-
fy serum samples. The SPE column used a new inorganic material with a low perfluorinated
compound background. Unlike traditional SPE columns, the extraction column does not require
activation before use, and the sample can be directly loaded into it for purification. The
straight-through SPE column adopts a stepped design, which does not require a large sample
volume and is suitable for the pretreatment of precious biological samples such as serum. The
serum sample size adopted in this study was only 50 pL, which is much lower than that re-
quired by other extraction methods. The straight-through SPE column can be used in conjunc-
tion with a 96-well plate, and the purification treatment of 96 serum samples can be completed
within 30 min with high efficiency.

The mass spectrometry parameters were optimized, and the results indicated that the electro-
spray ionization source temperature had a significant impact on the PFASs with later elution
peaks. The effects of ion-source temperatures of 400 and 500 C on the peak shapes and re-
sponse values of the target compounds were compared, and 400 C was selected. The sample
pretreatment and ultra-high performance liquid chromatographic conditions were optimized.
Briefly, 50 pL of the sample was loaded into the SPE column and extracted twice using 200 p.L
of acetonitrile each time. The purified solution was collected, blown with nitrogen at 40 C to
near dryness, dissolved in a 50% methanol aqueous solution, and then separated on a Poroshell
120 EC-C18 chromatographic column (100 mmx3 mm, 2.7 pm) with 5 mmol/L ammonium ac-
etate aqueous solution and methanol as mobile phases. Detection was conducted in multiple-re-
action monitoring mode, and quantification was performed using an isotope internal standard
method. The 17 detected PFASs had good linear relationships within the corresponding mass
concentration ranges (7°>0.995), with limits of detection ranging from 3.6 ng/L to 14 ng/L
and limits of quantification ranging from 11 ng/L to 42 ng/L. The recoveries in spiked serum
samples were 89. 3% —110. 2%, the intra-day RSDs were 2. 5% -9. 8%, and the inter-day RSDs
were 3. 6% —10. 2%. The method was applied to the detection of 20 human serum samples, and
all 17 compounds were successfully detected. The proposed method is easy to operate, highly
sensitive, has a small sample size and high detection efficiency, and is suitable for the large-
scale monitoring and exposure assessment of PFASs in human serum samples.

Key words: solid-phase extraction (SPE) ; ultra-high performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS) ; perfluorinated/polyfluoroalkyl compounds (PFASs) ; serum
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SCIEX Triple Quad™ 6500+ /&5 %5 ¥ AH 0, 3%-
— DU A B R ( 95 [E SCIEX 78wl ) ; MixMate
96 fL i il 2 4% (35 [ Eppendorf 2\ A ) ; [EIFH ALK
1E R % B (36 [E Waters 2~ #] ) ; Milli-Q 47K R4
(& Millipore 22 w)) . W LN (34l 121
Merck A al) 5 R (A2l , 3¢ [F Sigma-Aldrich 2y
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B i . 42 9T BR (PFBA) |, 4 %% /R ( PF-
PeA) . 4 % C. B2 ( PFHxA) . 4 9 B iR (PFHpA) .
PFOA 49 T (PFNA) .4 %2 (PFDA) .4
+—2 (PFUNDA) 429 2 (PFDoDA) . &% 1
— & (PFTriDA) . &% 1 /UM ( PFTeDA) . &% T kit
Tk (PFBS) | 290 O el 2 ( PFHXS ) | 42 9B be ik
1% (PFHpS) .PFOS .6 :2 G2 Fl bt HE kAR (6 :2
CI-PFESA) .8 : 2 G 10 £ 3l b 3L Bt ik /2 (8 : 2 Cl-
PFESA) 1 12 Fft[7] i & N b5 ° C,-PFBA " C4-PF-
PeA " C;-PFHxA . ” C,-PFHpA . " C,-PFOA . " C,-PF-
NA." C,-PFDA " C,-PFUnDA " C,-PFTeDA " C,-
PFBS."”C,-PFHxS " C,-PFOS 1Y i ik FEH°0 2.0
mg/L, T ilE K Wellington Laboratories /A F]
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16 FhFRAEIR A 0.5 mL T 10 mL & HH, inA



AR 5 e T (A A - e SRR 3 - B R T

531

WSE ML H 17 R 2 Z R & » 255

FHSE 5 22 20 FBE 4, T i) i PFBA J53 it ¥k B2 Ry 250
pg/L, HAx 16 Fiib G B vk o 100 wg/L IR
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Fig. 1 Partial schematic diagram of HMR solid-phase
extraction column
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Table 1 Retention times and MS parameters of perfluorinated/polyfluoroalkyl compounds ( PFASs)
and isotope internal standards

Compound Abb. tz/min ‘Transltlon DP/V  CE/eV Internal standard
ions (m/z)

Perfluorobutyric acid PFBA 2.19 213.1>169.0°* -19 -13 13C,-PFBA

Perfluoropentanoic acid PFPeA 3.23 263.1>219.0" -26 -12 3C;-PFPeA
263.1>69.0 -26 =50

Perfluorohexanoic acid PFHxA 4.12 313.0>269.1* -11 -13 3C,-PFHxA
313.1>119.2 -11 -26

Perfluoroheptanoic acid PFHpA 4.80 363.1>319.0 -20 -14 13C,-PFHpA
363.2>169.0 -20 =24

Perfluorooctanoate acid PFOA 5.35 413.1>369.2" -40 -15 13C4-PFOA
413.1>169.0 -40 =25

Perfluorononanoic acid PFNA 5.81 463.2>419.1* -19 -16 3C,-PFNA
463.1>219.1 -19 =24

Perfluorodecanoic acid PFDA 6.19 513.1>469.2" -52 =15 13C,-PFDA
513.2>219.2 -52 =25

Perfluoroundecanoic acid PFUnDA 6.51 563.1>519.2* -36 -17 '3C,-PFUnDA
563.2>269.2 -36 -24

Perfluorododecanoic acid PFDoDA 6.78 613.1>569.2 -20 -19 13C,-PFDoDA
613.1>269.2 -20 -24

Perfluorotridecanoic acid PFTriDA 7.02 663.0>619.1" -17 -60 13C,-PFTeDA
663.1>169.2 -34 -60

Perfluorotetradecanoic acid PFTeDA 7.22 713.2>669.0 * -18 -30 13C,-PFTeDA
713.1>169.0 -37 -30

Perfluorobutanesulfonic acid PFBS 3.37 229.1>80.1" -80 -67 13C,-PFBS
229.1>99.2 -80 -32

Perfluorohexanesulfonic acid PFHxS 4.83 399.1>80.2* -80 -80 '3C,-PFHxS
399.1>99.0 -80 =77

Perfluoroheptanesulfonic acid PFHpS 5.35 449.1>80.2* -80  -101 3C,-PFHxS
449.0>99.1 -80 -97

Perfluorooctanesulfonic acid PFOS 5.80 499.0>80.1 -80 -85 3 C,-PFOS
499.2>99.1" -80 -94

6:2 chlorinated polyfluorinated ether sulfonate acid  6:2 CI-PFESA 5.99 531.2>351.1° -34 -38 13C4-PFOS
531.2>83.0 -34 =77

8:2 chlorinated polyfluorinated ether sulfonate acid  8:2 ClI-PFESA 6.62 631.1>451.2" =31 -42 13C4-PFOS
631.0>83.2 -31 -84

13C,-PFBA 2.25 217.0>172.0 -34 -15

13 C,-PFPeA 3.30 268.2>223.0 -58 -14

1304-PFHxA 4.18 318.2>273.1 -71 -14

13C,-PFHpA 4.86 367.1>322.2 -12 -15

13 C4-PFOA 5.40  421.2>376.1 -4 -17

130,-PFNA 5.84 472.1>427.2 =21 -16

3C-PFDA 6.22 519.2>474.1 -8 -19

'3 C,-PFUnDA 6.54 570.2>525.1 -96 -20

13C,-PFDoDA 6.82 615.2>570.1 -41 -19

3C,-PFBS 3.43 302.1>80.1 -6 -72

130,-PFHxS 4.88 402.1>80.1 -42 -74

13C4-PFOS 5.83 507.1>80.1 -26  -117

* Quantitative ion pair. DP. declustering potential; CE: collision energy.
22 BIREHMRIL B, CPREAINATT L2 2542 & H ARk & W 0 e 1

SCHR @ 7S, BT BE 2 LC-MS/MS Wl & PFASs % {i. 1/ 5 mmol/L Z &% 7K i - H BEAE R i 3h
R TRShAR T AT R A B B A LA, X AR, 17 Bb E AR o B R TR X AR L R (A
FbT 4 FoKAR R B 4K 1 mmol/L W% .5 &, IS 5 mmol/L £ R &% /K 7 - H BAE
mmol/L ZFRE A 10 mmol/L £ FR%:, SEi 25 % W, 17 #h Binfb S m ek B LA 3,
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Fig. 2 Effect of different ion source temperatures on
PFOA chromatographic peaks
a. 500 C; b. 400 C.
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g 200 L. B, F A7 (A 400 0 [ e 3 B T 25 74, 0%
s ] ~79. 8% , HE— LRI 2 W AR AL, A 4 9 9 Tl
] ALK BRI PR 2 ISR EUA R 200 pL,
" 1 LU, 58 T HEIUH 0 B (4 18 T 200

pL ZHE) o Z55RA0E 4b Fos, 4251 R, B ARk
E R4 XF IR 75, 1% ~ 78. 7% 5 B 2 YR,
HARMEA Y0458 [H % T2 84. 8% ~94. 0% ; 12
B3 R, BARE A Hraa Xt [Ec% Sk 85. 9% ~95. 1%,
WA A T PRI e 2R 200 L B R I 3
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Fig. 3 Total ion chromatograms of the 17 PFASs (10 pg/L)
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Fig. 4 Optimization of extraction reagents (n=6)
a. acetonitrile extraction volume; b. extraction times of acetonitrile.
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pg/L) , BEEAR B E 6 A FATHEAS #5213 1Ak
AEFE A 17 A E RS R AR DR | H
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B A 81 i RN 89.3% ~ 110.2%, H N RSD W
2.5%~9.8%, HIa RSD Jy 3. 6% ~ 10. 2% , H{A& %k
W2, LUk R 1% P K
I 35 A T IS REAS 17 o PFASs ARG,
26 BEHGUEER

K B BRI AT B9 AR P04 o 45 A SRM 1957 i

%2 177 PFASs MEMEE X RB QHR TR ERERMBZE
Table 2 Linear ranges, correlation coefficients (r?), limits of detection (LODs), limits of
quantification (LOQs), recoveries, and precisions of the 17 PFASs

Compound 72 LOD/(ng/L)

LOQ/(ng/L)

RSDs/% (n=6)

Recoveries/% (n=6)

Intra-day Inter-day
PFBA ™" 0.9999 14 42 90.1-96.3 3.1-5.6 6.4
PFPeA 0.9989 3.6 11 89.3-97.1 5.0-5.6 6.3
PFHxA 0.9992 5.3 16 95.6-102.3 3.5-7.5 9.2
PFHpA 0.9991 4.6 14 101.2-105.1 2.5-6.1 8.6
PFOA 0.9994 4.0 12 102.5-106.2 5.1-9.8 7.7
PFNA 0.9960 5.0 15 92.1-96.3 5.0-5.6 9.6
PFDA 0.9981 4.6 14 90.5-98.7 3.0-3.6 8.8
PFUnDA 0.9982 5.0 15 107.2-109.2 3.2-7.4 5.7
PFDoDA 0.9975 4.0 12 96.5-102.3 3.5-7.6 5.6
PFTriDA 0.9991 4.3 13 93.7-96.7 6.1-8.4 10.2
PFTeDA 0.9996 53 16 98.4-109.3 5.6-8.5 9.6
PFBS 0.9997 5.6 17 105.5-110.2 5.6-9.4 7.8
PFHxS 0.9997 5.0 15 102.5-109.1 3.6-6.2 5.4
PFHpS 0.9994 5.0 15 96.4-106.2 3.4-5.2 3.6
PFOS 0.9992 5.3 16 94.6-103.2 3.4-5.6 8.8
6:2 CI-PFESA 0.9971 5.6 17 98.2-105.4 2.9-6.4 6.5
8:2 CI-PFESA 0.9991 6.3 19 93.5-106.7 5.2-8.4 5.4

# The linear range of PFBA is 0. 05-20. 0 pg/L. The linear ranges of other compounds are 0. 02-20. 0 pg/L.



AR 5 e T (A A - e SRR 3 - B R T

531

DN I3 rp 17 Rl Z ke i e Y

- 259 -

— M AT B fERGPE . SRM 1957 4 HE R H
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FEA, 45 £ W, 17 A PFASs #4545 # H; Hiv,
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1.01.0.68 wg/L, i [H 7 51 °40. 71 ~3.65 pg/L,
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Table 3 Measured results of quality control
sample SRM 1957 (n=6)

Detection result/ RSD/ Scope of quality control

Compound o /kg) %  samples/(pg/kg)
PFHpA 0.28 6.7 0.254-0.356
PFOA 4.96 7.8 4.56-5.44
PFNA 0.80 5.6 0.801-0.955
PFDA 0.39 4.8 0.27-0.51
PFUnDA 0.16 5.7 0.136-0.208
PFHxS 4.21 7.1 3.17-4.83
PFOS 21.25 6.3 19.8-22.4

0.25~1.24 pg/L 0. 14~1.78 pg/L.0.36~2.45 ng/L
F10.78~4.78 wg/L, &5 NEBRFES P ME A
TR, DL g5 SRR ARG T ST 1 i mT LA
W e ABEINYEREA T 17 B PFASs ARG

1.5
: proaPFHPS
% 104
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E 054 13 13C,-PFHpA
]3c.-PFBA 13¢C;-PFBS Cs-PFHxA M [ PCePFDA
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Fig. 5 Chromatograms of PFHxS, PFOA, PFOS, PFNA and PFHpS in an actual sample
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