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L MFM(PFOA) R HBABB R AT
FRERFENNERE TR

A OREAD 2H®RS ZRRY
BAED KEHED AEH
(1. BWEPERYP M EBE B 2013065
2. HPKIRBEAE Y E S AR N R FE SRR P EAGERE PR B BB IR W 266071)

WE DL E ¥ 7 (Ruditapes philippinarum) 4 % X & 4, K T 4 8 5 B (PFOA) X H B 4 B &
K &% (HFPO-DA . HFPO-TA. HFPO-TeA)W A& 41 & & . 44 04 5 JH r MAE UL R AR & & it B AR
WERNY ., BT E S F 58, MATFEEZBITX PFOA RABRARERENERE. 2 5
HRAT A WA, BERBMEREBFERAXKGERZE, T TR EERBEE LR, 2 A EE
TGN EREaRNEAEZ2R, AR —FEBIPFHERAR, RIFT B2 TF-FARZ
BWEAER R EE ERHRENE X, 5R%KY, PFOA REBARB R B EFEEBFEN
ik g &, %% £4%H HFPO-DA . PFOA. HFPO-TA . HFPO-TeA th il J7 K K 778, 74 B 414
PR E EER MEE BRA N WIEE . B, SNERE. MR, HtEENL 21 d EETEAAKTE,
PFOA RHBMABRARBAFEERTHRANSRES . FTREFI > FT-RIFINEEERNE S
FH G B IRE B R, REBK, BREXEBEK)EN RS RBBCHM A, T4
AEBK, R TN EEER I BFTMEAREC N RGN R EYME X, C-O Bk AN
e TERIrTFEEARRENRELES, BNV ESALTNEEMRAL 6T KIS
& % &1 HFPO-DA . PFOA . HFPO-TA . HFPO-TeA., {# 4 F it E#EH A —F Bk T 4 N ERD 5
JERT B 4 &% B FABPL-A Z W& A1ER /1, H4 48 b K2 % KA & HFPO-TeA, HFPO-TA
PFOA. HFPO-DA, #4AfM(k, MAFS5EAME S, EMMAM RS FABPI-A 2 & k2
BEERMRAE, BARUNEERMAEERAKEERA, SBERASRAHELERLREHET
PFOA R HBABMARESEAINMEELE S, AHHENS P ESRENMNERAGEEEMN £
FHELRHE AHREREAH THEBEREZ LS PFOA R EBMARKR BN EZRMLENEETH
Fog EAE, AEFT L A e A

KR AHAFRPFOA); BARERGE; FEERT; £WE%E;, EARLEAHER
hESES X503.2 XEMFIREE A XEHRES 2095-9869(2025)02-0133-14
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491 12 (perfluorooctanoic acid, PFOA)J&—Fl
N A BB, 2500 & 8 ki +
B BEE IR IR , iRk IR L 5 5 250 8 U 7 U
(Garg et al, 2023), W THFFIL2=451), PFOA B
ARSI RETETE  A215 M A & ik (L et al,
2022), ik, PFOA &) 1z W H F ARG Fri 1 T
Ml TR FH 7 il B A e, A KR R L BRI R
. iU B ARG A AL S N AR A n T A
(Ye et al, 2015; Dasu et al, 2022)., #Rii, T PFOA
M EIRFRE ST Z N, 51k T E AR R, 5
fitifi, PFOA TE/KI S Ii5 Y , 7ERZE R M
X ALK . Hb T KRR FH 7K H -G A i (Johnson
et al, 2022), 7&H [E K PFOA B FRA7 Ry
9.75 ng/L (Chen et al, 2017), ® /K PFOA Bk
FEJEFE g 37.5~1 541 ng/L (Cai et al, 2012), 5 4 i
JKH PFOA By SRRl M 8.18~16.20 ng/L (4 SCAREE,
2019); 7£ 3 [ WA J2 75 1K 3T 3 VG M A% 3o 3 o
PFOA (14 i 43 524 42 ng/mL 170 ng/mL (Oliaei et al,
2013; Procopio et al, 2017), PFOA 7E/K ¥k rh 3
EmENRAMN, ERAEPHEEA 5.8 4F
(Gonzélez-Gaya et al, 2014), Ah, 7EANFE D)X
Z AN R b s X RS el BT LRI 3] PFOA (Yeung
etal, 2017), X &I PFOA HAT i &1 . PFOA
T LL3E S5 6 B 1) A W v i R A 0 s R R AT A 1]
¥, BABGE MY E R (Xiao et al, 2015), W7
PP 2 (Cui et al, 2018) 1 A& Il 14 (Fromme
et al, 2017) 4K ] PFOA IITEAE, B R EA
90.9 ng/kg Al 20.2 ng/L. ML, A 050K
PFOA 2 5/EWH MR Rk, PR,
PFOA ELATIAHIE & BIG (Viberg et al, 2013) . #IZAT
A B (Lenters et al, 2019) 5 v 78 B4 20 PE (Rand et al,
2014)% ZFh 4= Y PE(Riaz et al, 2023), HAYEH
ELRF A B = A AR 17 K FRBEVE A PFOA 1Y
FHEIA1E (Zhou et al, 2022), H PFOA 5| % pysk A4
A U [ A7 B 4 BR) 2 T, 20 Ko 81t
PFOA #EAT T ™8 () BRI 5l 45 45 . 2014 4%, Rl fb2#
A5 PR (ECHA)EF PFOA BI85 B 56 10 Wy Jo v B
(SVHC), Rl PFOA B9 EF=HFIf A ; 2019 45, PFOA
SRR CIPEEREE AL ) BUBYIMAE A
2022 4 3 1, FEER CAE KK AR ) (GB
5749-2022)FE T A 1E KK H PFOA BYRR ARl
80 ng/L; 2023 4F, EASAEEH . TALMEEL
BB AR AR R H A ST T PFOA JHER 2 FAH Sk
HW(FFE PFOA 2SI A (A 815 Y i o

(2023 4ERR) ), X FLHEAT A KRS 574 -

BfiZ PFOA A FEt5iE H 25 ™8T , HoA: = Fi i
SRR, Bl 2010 R B R R SRR AR A & S
W, HAET, AR PFOA B 5 DL 4 a by Sk
#R IR (perfluoroalkyl ether carboxylic acid, PFECAs)
(Pan et al, 2018)h &, HArF45Hrh R IN T4 A
A] HEAH AR L T 5 [ (Strynar et al, 2015) . 7S IR E
N bE — F K 3R IR (hexafluoropropylene oxide dimer
acid, HFPO-DA) . N ® ¥ A W ki = R E R R
(hexafluoropropylene oxidetrimer acid, HFPO-TA)F175
FLER SN e DY 2R R #R TR (hexafluoropropylene oxide
tetrameracid, HFPO-TeA)J& =% ) PFECA, T8 =
of T 5% 3R A Wil 4 Bl R0 A 7 DL AR R A
A AL i B IR (Bao et al, 2020), X284k
G YRR (EEH A A A, EA CF,8 CF,0 W
B G BT A LR 2 Bk L G P ny [RR R A 4
B, (HORFEE 5 PFOA ALIIAL =BT, Irse 4k,
BRI A PRBE [l B H 257 K TS Y A R
EAY T EZAETE T KA, 05 EAR A Ay o
T JE M 4 s 26 K (Galloway et al, 2020) , It % e 4
I B FT 3 HE R I i3 (Sun et al, 2016). 7 [ 3 1
(Lindim et al, 2016). H[E/N& [ (Wang et al, 2016)Fl1
A VT.(Sun et al, 2017), fif = (Gebbink et al, 2017)F/
BBt (Xu et al, 2021)5% [ A% A5 W D iz 2 4l 8 1T
HFPO-DA FI HFPO-TA 7&K K (47 48,
HFPO-TA (¥ ¥ £ £ F ik 68.5 ng/mL (Pan et al,
2017), FEFEBFSE#RW, HFPO-DA 5 HFPO-TA HA
] PFOA IR A1k, 1EBE D fa(Danio rerio)fit
G255 & B M (Wang et al, 2023)%F,

ot WRVERIEE A, B2 54, X
AT Y BA B m &G, AR5 e Wie s
PEAEY T ) iz F T WA T A B S Y (Kibria et al,
2016), il HFIFAL ARG AL A5 Ykl i H
HIEF X PFOA, JUHZH QAL DL RIR N EH BT A
AR SCAIE TR, N TR VAR 5 e W 5 | A )
AU . FEHE R 05 41 (Ruditapes philippinarum)j2
T E VR X E B MERR DL, AT, ds e A
A & BUE . SRR SR A ARSI IR R R R
fF R, R K8 T AW E (2 ng/mL |
200 ng/mL)I*) PFOA S H R R £ 184 HFPO-DA |
HFPO-TA. HFPO-TeA, 5T 4 Ff HArY 7 JEHE R R
RN E S . A8 5IER A, Jhaa T8 s)
JI2EBH, TP IS AR PFOA R HBER R 0
EREI 225 A, SR EE A = AR KA
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EH, HETERINEAFRE TR, KEAR ARy S
IAFHLARSE R AS & R 25, Ittt —2 il 7 1t
Ee5 5 NI /S A NG RE R 77 B e e 4= Do S R X (S P
5 SR A S o BT R AT B T R L5 D
Jerp PFOA BOHBRRIRAAUh A 22 A E s AT
LA, 3T G n B 15 036 B B 5 )~ Bl

1 #MRl5F*®
11 5k

4% : Prominence UPLC ¥&AH (4% (Shimadzu 2
Ay, DUSRAT-Zett B 1 BF 2 & ik (AB SCIEX A Hl),
=B O HL(H A Hitachi 23 ), 1H R IE % 4%
(CRYSTAL A H]), M/ I HR B L0 B L s
IERA T, eI G (L E AR ), ZUaEH
PRAX(GE [ Bio-Rad 23 Al), ffLARH IR 4k 7 fi (LA
BUM BRI AR BR A |, AT WAt (Rt e
WAL A BRA A, &2 R VR AL ) R
WS R A BRA A, PR TR KA B (e 2
PHU AR BR A A

iK7l: PFOA, HFPO-DA ., HFPO-TA . HFPO-TeA
PrifE s g L E 2 s AR A AR A A BR S ), 2l
¥)>95% 5 [l i 3 P9 AR b fE VS T PCe- 42 T R
(Perfluoro-n-[*CgJoctanoic acid, M8PFOA)I [ i
K Wellington Laboratories /A F, 4fJ&F>98%,

HEE, ZE, K (LC-MS %%, Z[E Merk 23 #));
CLFR% (HPLC 2%, E[E Sigma Aldrich 2A#]); #B4li/K
(18.2 MQ. cm); #BIEES L4 (Ultracel®- 10K, f#[E Merck
millipore A Fl); HAWAAERERR B B9G22 R 4304t

1.2 EIHAN

FEAET T 2023 4E 10 AW A ILARE B4
By IX, BEEUE R IO . RN — 1) RS A AR S S
DL, K R (3.50£0.34) cm, fRE H(7.29+1.37) g,
TESRTESCIET, YIFE 7 d LU R S22 4600

1.3 PFASEESi&it

SIS K B BN KR A (18.0+1.0) C,
EhPE 29.7+2.1, pH {H 8.0£0.2, I&f#4(7.0£0.1) mL/g,
HARFE 24 h LR MW smia, B HEHIEK, DI
BREVRAE Ty R H B0, e [ AR R AT
R 0.6% (X Z A, 2017),

BFREEHT , 25 O R AR e BE Y E A 2
24 (2 ng/mL #1200 ng/mL)Y 15 & 3 44752804,
BEASLIG A AL E 300 HAERE I . AL

2 28d, Hr, BREESWATEEENB(0~7 ) HE
#eifg K (15 L), JEMA 150 pL H br P45 5 W
(0.2 mg/mL, 20 mg/mL); fRIFBTE:(8~21d), & HH
it G B AR 7K o 25 6 B RN 2R BE SE 40 241 4y
WIAE O, 1. 3.5, 6, 7.8, 10, 14, 21 128 d ki
PLEURE, B SC R BEALR AR 30 HIAfT, HH 27
U ATR A 0 A R AT L B SRR A SE AL 4 4
M, WA 3 HER 25 D52 Ja A 4 o 4 DUER AR
L, )G A T80 CHLELE LI

14 #HHEHEraE

AR & o Mg ab B . AERIAREL 2 g 2038004k
YIRE ST 50 mL RN (polypropylene, PP) &L HY
fmA 200 uL M8PFOA (10 ng/mL), 5 mL #B4fizk, %
JE 1 min J5MA 5 mL ZHE, FHRBE 1 min 5
10 min, LA 4 000 r/min &.0> 5 min, B _F3E®RTH—
X 50mL WE.LEN, A SmL g, 17 k2
B B, A RER. 7ELIEBRINA 4 g JEKE
FREE. 1 g Ak, MRS, WHE 10 min, DU
4 000 r/min Z.0> 5 min, HEHR T 15 mL PP .08
i, 7EE TN 100 mg PSA. 80 mg C18 Fl 30 mg
GCB, i #AjE 1 min, L1 4 000 r/min %[> 10 min,
LIEWEEREE 10 mL PP B0 i TR, A
WAL K IR T 40 °C, SRR = A s 45
Weds5 229 0.5 mL, - 50%H BEK ISR ERE 1 mL,
AHEIRS), 12 000 r/min .0 10 min, i 0.22 um PP
g, R

HUEE DR ES A EA IR R S
S EPSRECE L, TR RS BOE IR TV OR T
R, B g 481, A 9 mL PBS % (pH7.2-7.4,
0.01M), %A1, LA 2500 r/min B5.0> 10 min, B Ei
W 1 mL, Jfl PBS 2 1% EARK. MEA
WA HERPs e, A 0k B 43 535 2 2 ng/mL
200 ng/mL, 37 ‘C/KBIFE 15 min J5153 2 W B
500 pL & LR 2 Mg R 04 T, LA 12 000 r/min
B0 15min J5BUE ESERE/IN, R,

1.5 UEFHHh

AR FESH W WS Q015) R Ik, Bk
ZHANT -

WA OIS O TR RS S =T IHT 5
FE I HARAL 55325, FEIR A dn RIHERE & 2 [R) 424
FER (AR . Waters C18 (2.1 mmx50.0 mm, 5 pm);
BT a3 A Phenomenex Kinetex XB-C18 (2.1 mmx
100.0 mm, 2.6 um); FEifR : 40 °C; Jii# : 0.30 mL/min;



136 ook B

546 &

PERER . 5 uL; WA A N 5 mmol/L ZFRE K
W, B MHEEL; SRR . PIRIEiAE N 20% B,
0.5~2.0 min 7+ £ 60% B, 2.0~6.0 min J} & 95% B,
6.0~10.0 min {#+F 95% B, 10.1~12.0 min /K& EWItH
Tl

JRBE . BT ZE B R (EST), 22 Ry Wi
(MRM), i, KHHET: 0.24 MPa; Wi%s

HLH : —4.5 kV; filffE <% J7: 0.02 MPa; I : 650 C;
MR ADHEE: -10 V; MifEE OB E: —12V;
TEEREFA) . 20 ms; B FIR Gasl: 0.34 MPa; Gas2:
0.34 MPa. H#54¥) Y EEE  (parent ion). &+
(product ion) ., f##%Hi [ (declustering potential, DP).
filf 1 HE (collision energy, CE) Al filf i = & i i J&
(collision cell exit potential, CXP)ZEZH W3 1.

# 1 PFOA. HFPO-DA. HFPO-TA. HFPO-TeA Fil M8PFOA %S4k

Tabl.1 The mass spectral parameters of PFOA, HFPO-DA, HFPO-TA, HFPO-TeA, and M8PFOA
PN
Jeah Pty R T FHT LR RERAE BT R
emica Internal standard  Parent ion/(m/z) Product ion/(m/z) DP/V CE/eV CXP/V
compound
369* —40 -14 =23
PFOA MSPFOA 413.0
169 —40 —24 -15
169* -5 -17 -17
HFPO-DA MSPFOA 328.9
185 -5 -32 -11
185* =20 -13 -10
HFPO-TA MSPFOA 495.0
119 =20 =55 -10
185%* -35 -20 -10
HFPO-TeA MSPFOA 351.0
119 -110 =22 =7
MSPFOA — 421.0 376 —40 -14 -23

HE SRR T
Note: * for quantitative ions.

1.6 BREEZEFHSHRIE

RPN TS G, LI v g F R YA M R
Al A S i R e 72 400 e 0T R T o o 4y
MR AR 26 1E , R R bR 2 R S A
1 [l A AR 25 1, B SRR Y R s U E . R
FZ/D 6 AP ST bR M2 921, b h ek
PEYE R 0.5~20 ng/mL, Z&PEAH S R (N7 0.995 LA
. PFOA WK HFR M 0.020 ng/g, HFPO-DA #l
HFPO-TA [J# Hi BR & 0.040 ng/g, HFPO-TeA YK i
PR} 0.060 ng/g. WhNE 43504 0.5 ng/g Fl 2 ng/g A,
ARG P nbr B SR 97%~112%, AHXTR
HEfR 22(RSD) A 5.1%~10.8%

1.7 HIESH
171 B EA—NAEZRES H FER FI
Origin 2023b JE 2 [m] 4 AN AL B 34 2 — By
LR P I, A R Ky, A
mr.

C =Cppxe (1)
A, CAREARIBORE ST AR =G 20 B AP

PFOA F kR R AR S 1) &% i (ng/g) , Cop FRFTRFHL
SCSTF AR I H AR B (ng/g), t AREREI(d), Ky
FRFTH BRI R E(d )
B E B EAEIA B — A v ) BRI A
TG R H B K, AnF .
C - I;dC K (1—e Kty )
K, CREAR R B SR = IR 2 BRI
it(ng/g), CAFEIEA T HIRYIHKEE (ng/g), t 1L
Tt (h), K, &R BBGERH $(mL/g-d ™).
ﬁiﬁﬁ/ﬂ:ﬁ(t[/2)i—l‘ﬁﬁi‘:
t,,=In2/K4 (3)
A= YR 4 Z2 BU(BCF) by W IS0 R 3 B0 (K ) R T B
HRTE (KW I E, Ay mL/g:

BCF=K,/K4 (4)
1.7.2 BARM 5 IARE G 6 4 4 F T 450 %
(NIHEAR:
_G -G
r= C, (5)

X, Co MEERE AW HINA B 5 0wk Z
C AR 5 0 i A 8 O i VR
1.7.3 o Faat s RAFELE B -R
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XT84 AutodockVina 1.2.2 #4947 Hr¥ 508 Wik
AR O T XL, BT AT X SRR AT
MUK B ry 208 Ko e TAEM Bk, ARAF5 D
UniProt (https://www.uniprot.org/) 5 #f & H — Ff o I8
T f0 A N B i 107 R 45 6 K 11 (FABP1-A) S 43 %t
B EIKEA, M PubChem 1k & ¥ 8 4
(https://pubchem.ncbi.nlm.nih.gov/) 1 3k3 T PFOA .
HFPO-DA . HFPO-TeA ;14544 ; i3 GAUSSIAN
16 A4 UM602X 6-311G++2df 2pd SMD=WATER
B FEAT IR Sh AR PS5 M A AL AT, DEECRE R
BARA I BIAE ) HEFPO-TA HY4> 454 w2 11 4%4%
BN 1A 30 Ax30 Ax30 A WYIE I 048, A% LH
9 0.05nm. J3FXFHENTFERA] Autodock Vina 1.2.2
(http://autodock.scripps.edu/)#EF A Y A 44k,

1.7.4 %t AT R Excel 2021 4t
TG, A L AR DL 3 AP AT 8 nF
YIE PR E 22 (MeantSD) R, & HARY) & 2K T4
R PR B AT BT, FEECE A B R L A B L 0
PEATHE . SR Origin 2021 BEAT R4

2 H#R

21 PFOA REBEBMBRBEFEERTFEAN
HADTH

FERE T LT ISR B B, SRR IR SRy
AR E) PFOA K HF R AR 5 [FIRT, 7R3
BB B, ANERPEVC AN ZS 0 R ALK rp R R 4 A
HAr9r, MIMHERR T S8 v AR IS5 4L .

AT PFOA B LERR R0 7E JE A =G AT
RN HB A S & EERTE, HET ARFEALU(N
e, 88 SMERE . ST ARk s . A 1
A, BEE FREER IR, 41414 HFPO-DA |
PFOA . HFPO-TA . HFPO-TeA ¥ JEHF4e14m, 76 54d
5% 6 d IRBNEAE, UEAE 3 ot i s B YR R oA AT
i AR STl Hob, B AR B A
HFPO-DA . PFOA. HFPO-TA . HFPO-TeA & & i %
T HA LY, HEHAD 2P e ik el I fE
AR 290.5, 746.7. 816.3. 2 686.8 ng/mL (k&%
WePE A 2 ng/mL)AIT 2 733.9.2 815.6.2921.9, 19 205.9
ng-/mL (ZEFEWRE A 200 ng/mL). LAl %n, JEAEEE
IS AT AT R 5 A PFOA SOH R AR R U, HE A A
Ui 2 5%, RS & EREE .

22 PFOA REBREBBRREFEERENRFEAD
EESHEBRIAHZE

PFOA SRR IR 2L TE IR B iR AR AR TR
L LURIRE DR AR U (g B BRI B S5 an 18 2
N SRR B SRR LA B — R L R RO
VR BB R R (96 R 8 r” Ol 0.855 2~0.999), i
VTS B [) 21 40 J o DL AR A 4 201 e A o e 4
(Ka)+ MRS 225 R0(KL) B 1 (o) RAE Wik 4 &
(BCF), 2583k 2 Fin, £WRELIEAH, 41
T i [F) 0 B B A AS T 20 80 R DL BRI A 40 4 H A
Yy & K E) S K K HFPO-DA . PFOA |
HFPO-TA . HFPO-TeA, H7e# NEIAHLIT R Ky
435 1.89~2.01d", 1.88~1.99d". 1.75~1.95d"
M 1.49~1.52d", HEBY S EESL 21 d 5B T2
FI41KF, Hop, HFPO-DA 1 Ko fEAHXTE K, 1360
HFPO-DA &S 4 A BArYT7Ess AL b i
4R 0.35~0.60 d (2 8.4~14.4 h), 0.31~0.48 d
(% 7.44~11.52 h). 0.28~0.42 d (% 6.72~10.08 h).
0.28~0.59 d (%) 6.72~14.16 h), LR FEZER, H 44
H s 7e A I T4 A2 1 BCF (EA74E i 35 2
5, R HFPO-DA ., PFOA . HFPO-TA . HFPO-TeA K
TR, BCF {HAY SRR AT 45 8P IR — 20
FAN, R K EFE 4 AELUR R, R R
BERGE, KHESHLI R,

23 PFOA REBEBEBERBEFEEERFINMEE
EEERE=

PFOA JOLBHR IR 5 IR IR E
ZIHMZEA WK 3 Frn, Z5RRW, His-Plk
EAMSG GRS B ERI RN E R EA
FHEHE , PFOA JHEAR IR 25 G i 55 A A1 2 11 T 1 45
B, AR AR N By & FRER )8R . A TRl H bR
V)5 AT I A B R SRR R 2 S R B 25
¥R A HFPO-DA . PFOA ., HFPO-TA, HFPO-TeA
MRk T, Horb, R A R 45 5 3R TR
41, H HFPO-DA H5HE MG H B EIT PFOA.
HFPO-TA il HFPO-TeA ., iX—%5 R %KW, HArY e
AR N 9 A 1 BLRE 0 5505 G 3R 1 B O 25 6 R A7
FEE I KR (Xie et al, 2020); [FEF, V53095345
(B g By 5E AN S F 2R ME
BNZE, BEEEREY T EREKENm, 53EY-
PR 45 A R e o
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N B,Bi!ﬁ Visceral mass PEH] Visceral mass PER Visceral mass
#H Gill i Gill #H Gill
SMEJEE Mantle SMEJE Mantle SPEJE Mantle
o 57l Adductor muscle 5l Adductor muscle o F 72 Adductor muscle
_ 900
2300} @ % 800¢ ®) 2 s00[ ©
i < 250 & 7007 i< 700
wq ., | g < 600 41 600
TS 200 &9 500t S8 soof
a3 |3 = A
Q& 150 S & 400 S & Jo0f
&S 100 & o 3000 £ % 3001
= = 8 2001 & 2 200
g 30p £ 100} 2 100}
S 0 © 0 S o0
© 1 3 5 6 7 1 3 5 6 7 1 3 5 6 7
A ] Time/d B8] Time/d Hif 8] Time/d
PIREER] Visceral mass PR Visceral mass PER Visceral mass
il Gill il Gill # Gill
?I‘%}ﬁ Mantle SMEJE Mantle HPEEE Mantle
~ 52l Adductor muscle = 5l Adductor muscle A5 Adductor muscle
- o0 —_
g 3000 [ (g) @3 000} (¢) 23000 (B
i < 2500 iE < 2 500 F £ 2500
L= 2000 4 q I 3
iﬂ)o' <o'2000' @18 2 000
&= & 1500 RE 1500} S& 1500}
o= oH 2%
E%IWW B % 1000 B £ 1000
§ soof =5 s00f g 500
E o0 E 0 ©
O 1 3 5 6 7 O 1 3 5 6 7 1 3 5 6 7
AHIA] Time/d B[] Time/d B ] Time/d
A HEEE Visceral mass g*]ﬁﬁilil Visceral mass
9|‘§ﬁ Mantle SME N Mantle
57l Adductor muscle HI5EL Adductor muscle
c c
23000} ® 2 20000} @
3 2500 ﬂﬂﬂ E
422 2000 - €5 15000
SE 1500} TE 100001
B5 1000p £% 5000
§ 500 g
8 0 g 0
© 1 3 5 6 7 O 1 3 5 6 7
B[] Time/d B8] Time/d
B 1 BEENBEHEREEGFSHLUP PFOA M HBHRRE MG 1Y &
Fig.1 Contents of PFOA and its ether carboxylic acid alternatives in tissues of Manila clams exposed to different

concentrations during the enrichment stage

a, b, c,and d: 2 ng/mL; e, f, g, and h: 200 ng/mL.

24 PFOA REBREBMBRSEEIIRESZEAN
Z£aEK

HT ISR R R PFOA M HBERR IR AR
SFEEGEAZMME G, AR IR iR
455 FABPL-A NHUEH, SRHGFXHEE AR
HIFR T PFOA  HFPO-DA . HFPO-TA . HFPO-TeA
HYE A FABPI-A Z[H W45 A Ae M AE B,
FABP1-A 5 PFOA M HEHRIREAC S /3 F 456 s
BEWE 5 R, Hisg s @K EH S
FABP1-A & EARZS A, PFOA M HERRR R i
ST HYR I NG 5 FABPL-A 43 T I & LR 5% i 2

[l R A [FRT, FABPL-A 4> UNL1. LE41.
GLUI18 R IR ILIL . T — MBI sk PE 1,

5 PFOA FHBRR IR AR 43 F 1) C-F s E M w2
WK VE ] 71, PFOA K HBERMRBZHICH 0T 5
FABP1-A [ 45 4 8 i K B &5 i 5 5 HFPO-TeA
(-8.032 kJ/mol)\HFPO-TA (~7.165 kJ/mol) < PFOA
(-7.137 kJ/mol) < HFPO-DA (-7.064 kJ/mol), AN[F/)

TSR —EARMNES AR, BESSE,
HFPO-TeA 5 FABPI1-A %54 AE W &K T A H b
% It , HFPO-TeA K EU 5E A E SN SRS,

X5 R E AT O R (R4S A R o 45
—3, MBS kPR T A S 45
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K12 PFOA B H R E R = IR A F A N & 2E(0~7 d) 5 THFR(8~28 d)ia
Fig.2 Uptake (0~7 d) and depuration (8~28 d) of PFOA and its ether carboxylic acid alternatives measured
in the tissues and whole body clam exposed to different concentrations

a, b, c,and d: 2 ng/mL; e, f, g, and h: 200 ng/mL.

3 i

31 PFOA REBMZRBRERRAFRERFEN
ERNUEREFE

Wk 4R R BU(BCF) A W) R R E(BAF) &4
A=Y AR AR Y & RS R EE bR . A5
HAIHE 4 A B SEEERF AL R BCF
H, Z¥H BCF [HA R#EXES, % HFPO-DA.
PFOA. HFPO-TA. HFPO-TeA i T, SAWF
TSR B9S2, Pan Z5(2017)BF58 2, HFPO-DA |
PFOA 1 HFPO-TA 1 BCF (B % H /T F 86K B Y
N S g, #8440 (Cyprinus carpio) Ifil ¥ H
HFPO-DA . HFPO-TA F1 PFOA 1 1ogBCF {E 4351k
0.86. 2.18. 1.93, JiF#] HFPO-TA 7E #f 1A P 55 25 5
& 4E, HFPO-DA 1 & SR8 J1 i 55 . Burkhard 55£(2011)
WFFE R, MmIEHLA B H h HFPO-DA [¥) logBAF
{H(0.61){&T PFOA(0.93), faZkHfflish HFPO-DA K

logBAF {H(0.50){%F PFOA(1.96), 31 HFPO-DA
FEKAE AR N ) REEE T899 T PFOA. ILAMFEE-
KA REL Kow (HS5EWMEY & EA —EMIE
I, EH logKow AR, A4E BIRE Jllg,
Ko B L YA T L. Zhang Z5(2022)/F 58 & K,
HFPO-DA . HFPO-TA # PFOA ) logKow 1873 %4
3.36. 5.56. 4.81, tLJ& HFPO-TA ¥ EHAE 158 T
PFOA Fil HFPO-DA Myt —4kiE. MR HHrEXF
HFPO-TeA HYAHCHFSE 8 /D, (AR FRATHYBF5E 45 3
KA A ast £ K EMNAEABRYUENT
HFPO-TeA # HFPO-TA . PFOA Fil HFPO-DA ¥ 45,
FEAER RIS RN E 4.

KRG 4 Fp Hbr LY BRI frfE 22 5%, (HHL
TEAEFE RIS A AU I o3 A — 30, RIS A1 P9 R AT R0
il rh o 2 JFRP 0 fE 34 T AN BRI SE L, H DR
PAIAE T D1 288 A ok g %) I 2 A I P i 55 7K 1 28
s (Liu et al, 2011), REINPRIE Y9 09 W5 ¥ B o
MNIERTE PFOA JOH TR AR IR AR i B A AR
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x2 FEREWHEZHALAT PFOA, HFPO-DA, HFPO-TA #1 HFPO-TeA & 8. Kyy Ky, tyos BCF{E
Tab.2 Content, Ky, K, t;», and BCF of various tissues of Manila clams exposed to PFOA, HFPO-DA, HFPO-TA, and HFPO-TeA

‘Target Tissue I(d) (mL/g-d”) /(d) /(mL/g)
2 ng/mL P[] Visceral mass 1.15+0.18 13.90+1.68 0.60+0.12 12.10+2.02
;FPO_D A i Gill 1.63+0.23 17.70+2.16 0.43+0.02 12.90+1.77
IME SR Mantle 1.86+0.12 9.89+1.36 0.37+0.16 5.32+0.93
5l Adductor muscle 1.56+0.030 7.31£0.81 0.44+0.04 4.69+0.36
40l Whole shell 1.49+0.06 12.40+1.01 0.47+0.03 8.32+0.82
2 ng/mL PIE A Visceral mass 1.43+0.12 17.40+0.10 0.48+0.08 12.20+1.06
;FO A 1 Gill 1.89+0.068 23.63+0.47 0.37+0.03 12.50+0.29
SN Mantle 2.03+0.081 10.83+0.44 0.34+0.04 5.33+£0.57
[4]15% L Adductor muscle 1.84+0.12 9.97+0.52 0.38+0.06 5.42+0.40
41 Whole shell 1.89:£0.048 17.90+0.60 0.37+0.04 9.47+£0.87
2 ng/mL W HER] Visceral mass 1.66+0.35 23.60+0.73 0.42+0.08 14.20+0.70
;FPO_TA 1 Gill 2.40+0.15 30.8+1.53 0.2940.03 14.840.12
HNEAR Mantle 2.02+0.19 13.90+0.73 0.34+0.01 6.88+0.59
[4]5% L Adductor muscle 2.12+0.14 15.20+0.32 0.33+0.05 7.17+0.07
41 Whole shell 1.88+0.023 21.60+0.29 0.37+0.02 11.50+0.47
2 ng/mL W HEH Visceral mass 1.17£0.42 24.20+0.86 0.59+0.01 20.70+0.57
;FPO—Te A B Gill 2.06+0.19 34.10+1.25 0.34+0.06 16.60+1.33
SMEfR Mantle 1.88+0.18 18.30+0.61 0.37+0.04 9.30+0.63
57 WL Adductor muscle 2.16+0.13 19.60+0.44 0.32+0.09 9.07+0.54
411 Whole shell 1.75+0.03 23.80+0.32 0.40+0.04 13.60+0.35
200 ng/mL PIEA Visceral mass 1.21+0.18 12.8+1.28 0.57+0.06 10.60£2.33
;FPO_DA i Gill 1.72+0.13 16.9£1.96 0.4040.05 11.80£1.12
HNEFR Mantle 1.98+0.20 9.75+1.24 0.35+0.07 4.90+0.99
52 Il Adductor muscle 1.66+0.023 7.16+0.76 0.42+0.03 4.3140.38
41 Whole shell 1.5240.06 11.90+1.12 0.46+0.01 7.82+0.82
200 ng/mL W HER Visceral mass 1.51£0.13 16.70+0.11 0.46+0.05 11.10+1.03
;FO A B Gill 2.01+0.07 22.56+0.50 0.34+0.04 11.20£0.25
SMEfR Mantle 2.22+0.08 9.93+0.44 0.31+0.08 4.47+0.55
52 Il Adductor muscle 1.98+0.11 9.23+0.61 0.35+0.01 4.66+0.38
40l Whole shell 2.01+0.05 16.40+0.59 0.34+0.02 8.16+0.78
200 ng/mL WHER] Visceral mass 1.76+0.33 21.80+0.62 0.39+0.06 12.40+0.64
EFPO_TA 1 Gill 2.44+0.16 28.30+1.43 0.28+0.03 12.60+0.14
AN Mantle 2.19+0.19 12.10+0.73 0.32:0.04 4.8940.56
7%l Adductor muscle 2.28+0.14 13.20+0.36 0.3+0.06 5.52+0.08
401 Whole shell 1.99:0.02 20.80+0.29 0.35+0.02 10.60+0.46
200 ng/mL IR Visceral mass 1.98+0.42 22.40+0.86 0.35+0.02 11.30+0.57
LFPO_TG A i Gill 2.36+0.19 30.10+1.25 0.29+0.03 12.60+1.33
SME SR Mantle 2.13+0.18 14.3+0.61 0.33+0.01 6.19+0.63
52 Il Adductor muscle 2.50+0.12 15.6+0.44 0.28+0.04 6.24+0.54
4l Whole shell 1.95+0.03 20.8+£0.32 0.36+0.01 10.70+0.35
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Binding rate of PFOA and its ether carboxylic acid alternatives to the proteins of Manila clams (a: Visceral mass; b: Gill)
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Fig.4 Molecular structure of PFOA, HFPO-DA, HFPO-TA, and HFPO-TeA

B, R ATRESE H bR o> T 450 5 06 D7 R 25 U (Ng
etal, 2013), FEUFIEA L BRI RS, & /i iz
EEAS Yo7 RACEMIER, i1 BARY e
R B BEAk, Li Z2Q019)IBFFE R, 78/
BRI KT RS 105 40 i HFPO-TA M2 &6/ ) . 4
Sl Gk G W A G P 34 T PFOA, Xt fi ke 1T
%@¢Eﬁ%%ﬁﬁ%%ﬁl

P Wy 0 = 2 o R A AR TS Y W e A W iR Y
%%%EEEHQ$MﬁLLﬁ§4AEW%E%¢
IR A L BORE RU(K, H), BRI K,
HFETEZE S, M HFPO-DA. PFOA. HFPO-TA .
HFPO-TeA MM FARIR T o A AHHFFEUER,
B i 7 AR R R KN 2 . PROA I AE 91
WHITEB M PR R E R, I KREM 12~46 d

(Han et al, 2003), -+ 21 d (Butenhoff et al, 2004),
XUEFHEZ X PFOA 1Y R WIARXTKC , &= T
AW a R, HAEYBR R TTIHP T 5= A
PEIAFIE EM . TAE KA E Db, PFOA TEME LR
ff1 (Pimephales pron\elas)ﬁﬁﬁttijﬂﬁﬂﬁ%ﬁﬁ?’ﬁﬂ 6.3 h
(Lee €t al, 2010), 7F%506 D1 (Mytilus galloprpvincialis)
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WAL, SEMERYEL, KA PFOA

KRR THBR A BB AN, M4 i T X 2%
YRR, AN, BREEWRIE . BREERT R
Tt 2 5 Al ] BB B BOGX A A W 2 5 1 25 S5 1 E B
JE A

AWFFEEI T IEREIRIFR N PFOA I H R
RS 4 AN H AR B & 5 EBR LA Y 22 5%
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K15 PFOA N HEERIE UM 775 FABPI-A 94557750
Fig.5 The binding mode of PFOA and its ether carboxylic acid alternatives molecules to FABP1-A

a: HFPO-DA; b: PFOA; ¢: HFPO-TA; d: HFPO-TeA

P, BIEE A ARY) 7> 1 BRER RGN, HAY = £
J1Tt i, BRAES AR B RSO — 2 Xy
fit PFOA B JUBERRFREAC AR AL A Wy R N 19 T 46 S5 5%
BT ARt TEES %

3.2 PFOA REBEBEBERRO TSERERTI
FEHEEHER

B E PFOA JH AR W B A 5 i iz 31 JE A
TG BE BN, ARG AR =AY
ERUS B N 2, RSP AR R T LR 4l
AU B (Ng et al, 2015; Cheng et al, 2017), AT 18
I RBGEER ISR KSR, ST RSME AR
WEE S5, kAT AR H AR S5 G A LIRS T 25
HGHRER, SRR, AF BB ST SRR R
HIE G RAER F 2R, HEAFXERN
HFPO-DA . PFOA . HFPO-TA . HFPO-TeA KX F+ i -
BEAR, 2 st 1 B [ AR & 2 M PFOA R Bk 2 R B
R FHEARSEARMIBI LN ENg et al,
2015; Jackson et al, 2021; Crisalli et al, 2023), % Liu
FQo1 Mg . T EYEEINE, R T
[F4>F 45K 1 PFOS . PFHxS . PFBS, Bfifist s |
XA YT 5 NN F & A BREGES A e iy,
ARG B0 8K 55 A AR
[ (HFPO-DA . PFOA . HFPO-TA . HFPO-TeA MI45 4
BRI =) B 45 A — B, RILNE R BARY i

i ] 58 A R R R I A, e
A BE 1E R 5 A s W 5 A B M % 2 A 85 K A B AR
(Jackson et al, 2021), F:[Efg# T HFPO-DA .
HFPO-TA il HFPO-TeA 5 AWM LSS 5. Li %
(2019)iE 1t Z AR LS A58, &8 HFPO-DA JE 1 A
HHUL T 55T PFOA, HL45& 2E AT /NT PFOA,
AR R AL 1345 (202 1) I BF5E , HFPO-TA 5 A4S
FEMII3T PFOA, A ENZ /2SI
YWSEASAEMOERWESERE, FHik, #R58
HEAY A FEMIIK/IMKIK ) HFPO-DA . PFOA .
HFPO-TA, 5AM5E o H bR 5 8 A 45 & R 45 R A
—35, L4k, Sheng Z(2018)% It T PFOA .HFPO-DA |
HFPO-TA 5 A MR 7 R 45 4 #5 1 (hL-FABP) [ 44
BT, FEF )14 HFPO-DA . PFOA . HFPO-TA
B RR T, SRR R —8. T C-O0 #
R A HL 14, HFPO-TA F1 HFPO-TeA 5 hL-FABP
WASZE S, 5 PFOA ML HA &4 &R, MitnT
U, PFOA JSHEHR I SIa A LIRS H Z Rl 45
AR HAGROC R B VI,

AR TAF B 5+ 5 R =GR
HIEE &R0 K HRY 75 FABPL-A BYZ5 &4
X, B G BRI N, H5E ML 558
1o o 33X R FRATT A — A B A T R K B2 R 455 4 1 4
Jot FE ) S AE WL DU 2SR P 1) 25 S AL & SR HILAI B B AR
i IS FRE R AL TR AR
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QIN Hanlin'"?, BI Yujie®, JIANG Shugi’, WU Chengchen'?,
TAN Zhijun?, GENG Qiangian’, GUO Mengmeng®"

(1. College of Food Sciences & Technology, Shanghai Ocean University, Shanghai 201306, China;
2. Sate Key Laboratory of Mariculture Biobreeding and Sustainable Goods, Yellow Sea Fisheries Research Institute, Chinese
Academy of Fishery Sciences, Qingdao 266071, China)

Abstract

Perfluorooctanoic acid (PFOA) is a synthetic organic chemical with unique hydrophobic

and oleophobic properties. It is extensively used in the production of a wide range of essential industrial

and consumer products including aqueous film-forming foams, medical devices, and textiles. PFOA is

widespread in aquatic environments and has attracted global attention due to the serious ecological risks it

poses. Consequently, several countries and organizations have implemented strict restrictions or controls

on its use. In 2019, PFOA and its salts were included as Annex A of the Stockholm Convention on

Persistent Organic Pollutants, and in 2023, the Ministry of Ecology and Environment of the People's
Republic of China and six other departments issued the "Key Regulated New Pollutant List 2023", which
proposed environmental risk control measures for PFOA, its salts, and related compounds. With an

increase in regulatory measures, the production and use of PFOA have declined, resulting in the rapid

development and use of alternatives. Hexafluoropropylene oxide dimer acid (HFPO-DA), trimer acid
(HFPO-TA), and tetramer acid (HFPO-TeA)—composed of CF, or CF,0 repeating units—have emerged
as principal alternatives that maintain chemical properties similar to those of PFOA and are predominantly
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used in the manufacture of fluoropolymers and their processing aids.

As filter-feeding organisms, bivalves are prolific and have a broad geographic distribution. They
possess a marked capacity for accumulating organic contaminants, making them ideal indicators for
monitoring pollution in marine environments and assessing the status of various marine ecosystems.
Therefore, Manila clams (Ruditapes philippinarum) were used as the test organism in this study and
exposed to two concentrations (2 ng/mL and 200 ng/mL) of PFOA and its alternatives—HFPO-DA,
HFPO-TA, HFPO-TeA—within a mariculture setting.

The purpose of this study was to analyze the tissue distribution, accumulation, and elimination
patterns of these compounds in clams, and to evaluate differences in the accumulation ability of organisms
to enrich PFOA and its ether carboxylic acid alternatives in clams by calculating kinetic parameters.
Additionally, water-soluble proteins were extracted from the visceral masses and gills of the clams and
incubated in vitro to explore the differences in binding rates between the target compounds and clam
proteins. The binding modes between the target molecules and proteins were investigated using molecular
docking techniques to further elucidate the relationship between molecular and protein interactions and
the bioaccumulation properties of clams.

It was found that that PFOA and its ether carboxylic acid alternatives were rapidly enriched in
Manila clams. The enrichment rate of targets increased as HFPO-DA < PFOA < HFPO-TA < HFPO-TeA,
and the enrichment effects in different tissues were visceral mass > gill > mantle > adductor muscle. After
a 21-day depuration period, the contaminant levels in Manila clams approached those in the control group.
Furthermore, in Manila clams, the accumulation capacity of PFOA and its alternatives, and the binding
rates of different target molecules to body proteins were strongly correlated with the target concentrations.
Lower target concentrations led to greater absorption rate constants and bioconcentration factors and
lower binding rates of the targets to the protein. The target content and protein binding in each tissue were
HFPO-DA < PFOA < HFPO-TA < HFPO-TeA. Additionally, the molecular structure of PFOA and its
alternatives—particularly the increase in C-O bonds and C-F chains—enhanced their binding affinities
with protein residues. The binding forces between PFOA, its alternatives, and the fatty acid-binding
protein FABP1-A were further validated by molecular docking studies. The magnitude of the binding
energy was HFPO-TeA < HFPO-TA < PFOA < HFPO-DA, and the lower the binding energy, the easier it
was to bind to the protein. The polar ends of the targets formed hydrogen bonds with the amino acid
residues of FABP1-A, whereas their hydrophobic ends engaged in hydrophobic interactions with nonpolar
residues, collectively enhancing the protein binding of PFOA and its alternatives. The number of
hydrogen bonds is also an important cause of binding affinity differences in the target proteins.

This study elucidates the bioaccumulation behavior of PFOA and its alternatives in bivalves and
provides a scientific basis for the control and management of emerging contaminants. Although the levels
of PFOA and its alternatives in aquatic environments are currently traceable, the ecological risks
associated with their persistence in the environment should not be underestimated. Moreover, the findings
on their binding rates to clam proteins offer a scientific basis for the reasonable selection of alternatives.
Additionally, the molecular docking data furnish a theoretical basis for investigating the specific binding
of PFOA and its alternatives to proteins with different carbon chain lengths and structures.

Key words Perfluorooctanoic acid (PFOA); Ether carboxylic acid alternatives; Manila clams
(Ruditapes philippinarum); Bioaccumulation; Protein binding modes



