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Abstract: As an emerging organic pollutant, perfluorinated compounds (PFCs) are considered to be a potential
threat to the ecological environment due to their persistent, bioaccumulative, and toxic properties. Based on the pre-

viously reported experimental log bioconcentration factor (BCF) data, the multiple linear stepwise regression meth-
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od was introduced to establish a quantitative structure-activity relationship (QSAR) model to predict the BCF of
PFCs on fish liver and its impact mechanism, avoiding the limitations of experimental determination of PFCs bioac-
cumulation. Subsequently, the proposed model was validated and evaluated, and the identified impact mechanism
was explained. The coefficient of determination (R’ =0.902), internal validation metric (Q},,=0.852), and external
validation metrics (Q}, =0.855, Qf, =0.850, Q;,=0.814) demonstrated the good performance of the proposed model
in terms of goodness of fit, robustness and prediction accuracy. Moreover, the Williams graph confirmed the strong
generalization ability of the proposed model. Furthermore, molecular volume (V) and the minimum value of molec-

ular surface potential (V,

s, min

) were identified as the key influencing factors affecting the enrichment of PFCs in fish

liver, and the former played a dominant role. The bioaccumulation effect of PFCs was found to be the result of the

interaction and co-influence of hydrophobic and hydrogen bonds.
Keywords: PFCs; fish liver; bioconcentration factor; QSAR

Rt E Tl Ak R A2 A S W7, 0 558 v 1958 2% 1
e oGS X B TAEE H 245 8] 1z 5%
., &#ALE Y (perfluorinated compounds, PFCs) &
AW+ Sk I R 0 R 2 R R T
PR Y — S MR MR A A LTS Je ™ . PFCs
PRLELAT B 7K By 2% T 1 A e, ol o FH T4k
TR HE A= e PRCs Az fifi ] 12
BENTIETSY/ DR A B RS &=y S NN R R |
T IECEIRIE N, PFCs foE Mol v] 38 i TR A
Tt AR S It & A R B B A B R 2 R AR
AN P B3 RN, 104 3 2R P AR w2 A ) R A
RGAT, ™ 63 NIRMERE

H: W) & 4 K T (bioconcentration factor, BCF) /&
RS WTEED RN B BAEH K/ EESEL
WA PFCs M HATEYZ AT (B4 C PFCs 94
YrE SR AN A IR, H R, FEZ DT
2 AN RHIZ) (1) BCF 22 %23 o 52 46 5 , (A 0]
FE AR R A FERTH AT ERAEVEAR, HAE R H]
[ HAHE ST (2) BCF 1l ¥ K sl ik 5, Il
PR A SRR RS 2, BT AT 58
HMIANFE PFCs 19 A= ) & 4 2800 3818 % Bk 2 57
PFCs PREEARIE , HEHH IFAl PFCs 19 2158 4 25 KUK A
AEEZ L,

FE 45 R -1 7 O & (quantitative structure-activi-
ty relationship, QSAR)EFIAE hy—Fl & J il v FH
TR BT T B eGP or 745 5
LR T 2 () 37 pREOC 22, AT SE 3%k B 0 7 Jot
AOAA LI I QSAR AR AT L | v A b T
W Z A0 BLTS G A 030 Pk | 0 0 0% & AL &
X IR R B M T Y S SR 2 I 0T R B T
RRG A RE M T00 450 H G, ¢ T PFCs A=) & 4k

P P TR ASE R 3 AT i3

PRI, %61 52 96 0T 53 19 J BR 4 S PECs A4E4))
B ARRON BRI ST 38 U)K AR S AE S AE [ PR
23 A VE S & B4 2H (Organization for Economic Co-
operation and Development, OECD)#% i 1Y) QSAR #x
FUFG HEAE N g FE Rk b 8257 PFCs #F 28 Ak P AR
YIE 4R QSAR ARH  JEXFiZ AR AT T 4 1 48 IE
PG, AU a2 PFCs (1 log BCF (945
PRI, R PFAd PFCs 1E A A 9 14 N ] B 7= A8 1) 5
FEOE PR HL A, [R]85 X QSAR A AU Y i
T, G A B2 AR S e PFCs A=) s S ) 4
RIZ AL T WL, X B % PFCs TEAE SRR P AV IE
AR LR EA —ENSHEE L,

1 ##57 % (Materials and methods)
1.1 gl Sab

M\ PECs X 1 fi | 2 9 £ F0 25 68 1k 19 A= 90 =
SEAE IR SCHR P SE T log BCF {H™ ™ 4145 11
4 95 ot Jk R R (perfluorinated carboxylic acids, PF-
CAs). 5 P 4 % ¢ 5t fitf fR (perfluoroalkyl sulfonic
acids, PFSAs) I 1 4 il ke FL il 9k % (perfluoroalkane
sulfonamides, FOSAs), i 55 1T H & A= 1 A1 Tk 95 55
Hgg ILIY PFCs, b B (1 65 (1 PFCs A= 9 & 4R
PEWFFE LA 38h 1) o BORE B | i %o 25 3 £6.F0
BT R () AH 56 S8 DL ER VT = A I R BF 5 X 4™ —
Y SERGTTEARARL , HL AT AS ] £ 28 1 A= 1 KA
HFWERY PFCs ¥ BE AT T 00 . BLAK S8 J5 vk
M RIKFE 2R 0B B ik U | B A A B #E 1T PFCs A
JECVR B2 100 22 ; 0 A JHF JUE 22 A0 BB 94 R R AR 2
J& , M H PFCs We B, e PlAb )5 | K44 S a5 T
JIEHT PFCs e B2 A s 1) SR FH o v R €0 33 - HR IR 5T
Tk, dEmT A AR R R log BCF {A.,
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F I IE PRCs 1942 9 8 B 1k 5 LA 0 K A
AL G YA B A O S BRI, i3k
JKH PRCs ¥ J3 AH3IT B, 2 3 £ 0 1% 68 I X5 PFCs
BB B 25 B AN K, T PECs B 5y 7 141 6 i 0 v 1%
A, 5 40 R K AR H 4 9628 iR (perfluorodecanoic
acid, PFDA) [t 1 35 ik J& #2230, 15 11 68 1T Ik 19 log
BCF fHH K,

PRI AR A Y T AN () 52 36 2% 10 RS B0 A 5%
SV D AT AN S P e LA B0 X6 G KA
Fr A3 ok B AR Y ] — PFCs 19224 log BCF S5
18, 2185 W S Qi 23 A A A A () S AL, (4552
RO 02 5 R < 15% , F U OE B d
QSAR FAY | IR K s 2 4 B 5 | []— PFCs 1Y log
BCF S E AY 2R 5 R 503 <15% , L3
BOECHE A 2 9% 09 F2 %, T 32 FF QSAR 43
Frie= 17 Fh PECs 4 log BCF $U{E 5 1.82 ~
529, B EEVE N 347, S {E (mean)ly 3.51, X
AOARHE N 2 (standard deviation, SD)& 1.10, Fr A %L
P59 1F (mean—3 SD, mean+3SD) X [a]Z [l 14, 1 &
AR AR ER Y i ] Excel #2F Bl HLE B B0E
S 80% 1 K4 4 Il 254K (14 Fh PFCs), DA ST
QSAR A HAx 20% (19%E W 3G UFHE (3 i PFCs),
FHFXT QSAR MERYFEATAMERIIE
1.2 SRR S

TR IR A AR 2 i ) LA L 2 R I
A TR S AT R E T SO LB, ASBIFSRE
iz Jl Gaussian 09 4% {:7E B3LYP/6-31G" 4 /KR
Ak PFCs B4 F-4544 , LL3RAS BE 2 Je iK% PFCs &
FETFAIRL, SR Multiwfn F2 77" AL IS (9 PF-
Cs A FEEMPEAT I, 155 32 AN FAL 23R4T
ARG EARR T LLT R (1) 5 50 F 45 R AH ¢
PIHERAT , oy PR 13RI FLAE; (2)
5oy A SRR AT, T A OE(E X
BUPERIE 532 i L S R 22455 3) 5 4
FARMEARSCHIREARTT , AR AR M5

S faifk QSAR BEHY (144 g ik B, Xk BT AT il iR AF
HEFFAHOCHE 23 #T , X AH 56 22 5 0.95 DB A1
SR —~5 log BCF 22 [A]HH 5 R 5055 5 1 43 T4
T, AIE)E T 16 4> PFCs A2 T b 44 ik
A QSAR HAFGHEIRTT . PFCs (Y 16 N> TR 4F
I ELRME BN 1 s,

1.3 QSAR FRA fy 7 55 UE
FLF SPSS 26 B A, ARGk 5 BT A B 1Y) 16 4

O THERAE N B 78 i log BCF i [R5 it k4738 4
RPERNA A5 2 & AN RSB FHGA R ) QSAR
B BRSO B RS P P T e ) 3 4
77 Tl % AR B | 28 LU R I B S AR 5T T A
ST B AR

KB E B B(R )R QSAR AR (R 4044 B 1k
FEVPALT 5 LA B IE S B35 (QF o0 ) A QSAR H5 2 f14
Feadd v ; A1) FH 36 3F 4 % QSAR A5 AU 1k 47 A 4 3IE
PAAMBEAEFEAR( QL . O T Q)PP QSAR A7
T AE 77 ;% QSAR A5 Y T A5 T (i 15 47 5% 22
GIHT, VAR R R A AEAE R G125 5 FH QSAR LAY
HRT 5 03 FHER A 1) 10 25 VEFR AR (PRI 22 I ik &R
B(VIF), FIBr 45 70 13 iR 45 2 5 HA B 3 DL
WRFF Z M BAFE 2 EIL T, Qoo O . O
M Qp, S BESCHR TR b A 38 i g A7 3R
528t SPSS 26 T ES
1.4  QSAR 7Y {17 FHsk 43

DL Williams F&" 2 AFE QSAR #457Y f1y iy i ek, 1
i LT FH A L, ) O e A A v 2 5 fE 7 S (L
Williams & i Fr AL 5% 22 (8) S AT AL (W AL A%, 24 &
(L KB >3 B, 2 BIZRE AR i) T {0 55 (5 24
h B S FLFHA (R )BT, RITZFEA M 250 5
FGETHARME AR R ZER, 8 5§ b RASCHk
A S NSRRI RSl e s At

2  Z55 (Results)
2.1 QSAR AR HET SHIE

BRI S5 8) T A &R EAS B 4
WA QSAR BLAL sl (1) ~ )i, G S5
m=k 2 P, iR aiEs RS S+
F LA AR MA(V i) o

log BCF = 0.001641 V+0.007 1)

log BCF = 0.001577 V-1455V,, . -1490  (2)

H35 2 AJ1,2 > QSAR #5715 B 45 I 3k
Xof F AR P I ZRBE G T 280, 158 (2) R 1L
SR fd i b, O AR () ; MR AR JE e Y, AL (1)
A SNSRI £ T A

PRSI ST AT A REA R AR B =5 (A
ZIPNPT 2 2 AT BIRERLAY R2>0.8, Qo>
05, Q. Q4 Fl Q4 >0.5, L4 B R ] 4 1 £ A
HERT RIS B RAF AL A LR ek Fn
FGE F7, 754 QSAR FHIF vz I (g Bk, A
AU R = Q1 00 <0.3 , B A58 BY S AN A7 A 3 40165 30
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Table 1  Specific information of 16 molecular descriptors
" N T R AT
R Sy TR AT 4 B & .
. o The basis set level
No. Molecular descriptor name Description .
of the calculation
A I TR S
1 ATHRW) AT ﬁ/Jj( % B3LYP/def2-TZVP
Molecular volume (V) Related to the size of the molecule
51T AR ME (Vi) 5 THEZ BT IE A B R A K
2 The minimum value of molecular Related to the ability of molecules to accept B3LYP/def2-TZVP
surface potential (V ,;,) protons to form hydrogen bonds
I3 T LS P 2 i 22 (n ;
e ™ S L 2 I
3 Average deviation of electrostatic . B3LYP/def2-TZVP
. Related to charge separation of molecules
potential on molecular surfaces (1)
Rem AR Ay FELE R RS
AR YRS F B R Y 22 (E,,,,) 5 BB I S A
4 The energy difference between the highest Related to the point B3LYP/def2-TZVP

occupied molecular orbital and the lowest

unoccupied molecular orbital (E,,,)

PARR I T AR 15 231
TEFEAEFAPO 2 R ME (V)

Global minima of molecular van der Waals

potential®! with carbon atoms as probe atoms (V*")

A3 F I E XY R EF(S)
6 The surface area of the region where the

molecular electrostatic potential is negative (S)

53T A DA I (Viean)
7 The average value of the positive region of

the molecular electrostatic potential (Vi)

I T RT3 5 M 88 T RE I s R (E(ALIE, )

8 The maximum average local ionization
energy on the molecular (ALIE , )
Ir TR R R T BE R B/ ME(ALIE )
9 The minimum average local ionization
energy on the molecular (ALIE ;)
10 53 F R FL(MPI)
Molecular polarity index (MPI)
" FH AR ()
Dipole moment ()
" SF—BIRAEPB)
Magnitude of first hyperpolarizability (8)
3 I F L RE(VIP)
Vertical ionization potential (VIP)
Mulliken HL i PE(Xy,)
14
Mulliken electronegativity (Xy)
s HL TR ()
Electronic hardness (77)
16 FRAFEE(© eyric)

Electrophilic index (@ ;. )

of molecular ionization

503G EAR R HAE A %
Related to intermolecular

van der Waals interactions

ST g ¢
Related to the electrostatic

potential of the molecule

ST rEm g
Related to the electrostatic

potential of the molecule

55005 AE S (B R R o R T T P B R AT G
Required to ionize electrons with molecules

at any point in space average energy

50T A MR A B T T 1T Y e i A O
Required to ionize electrons with molecules
at any point in space average energy
53T A O
Related to the polarity of the molecule
TR K
Related to the polarity of the molecule
SR G
Related to the polarity of the molecule
ST AR TIREIA L
Related to the ability of molecules to gain and lose electrons
ST R TIREIA K

Related to the ability of molecules to gain and lose electrons

S5y TARKHETIRE A K
Related to the ability of molecules to gain and lose electrons
ST KR TR AC

Related to the ability of molecules to gain and lose electrons

B3LYP/def2-TZVPD

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVPD

B3LYP/def2-TZVPD

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVP

B3LYP/def2-TZVP
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Table 2 Statistical parameters of QSAR model

. IR M4

Al - -

Model Training set Validating set
O

n R Qoo RMSE F P n (o3 (0% Qs RMSE

) 14 0.847 0.800 0.442 66.539 0.000 3 0.954 0952 0941 0254
?2) 14 0902 0.852 0.369 50.784 0.000 3 0.855 0.850 0.814 0451

T RS HG RMSE SIARiEGR 22 ; F o7 22 10 PO EEPER IR, 2 P<0.05 I, RBIBIELEAT 34k

Notes:n means the number of data set; RMSE means root mean square error; F means variance ratio; P means significance level, when P<0.05, the model

is significant.

%P, 1E QSAR BIUR E B b, 1 2% R AT fig
5 FHEARAE, DL LA L S dg =, A
B, A P R AR S AR X D | AT AN B
PGS TR ™Y 53— 7T AH LT AR
PR AR (1 e R R Ty i . ELA AR TR B RE T 4 )
% PFCs, B Bk K (CF,) B8 AN, He o I B
ZIhn, log BCF {H & 2 3 & ¥, i, 45 TR
(perfluorononanoic acid, PFNA)Y PFDA {43 2 1f
H 7 B4 B /ML fELER PEDA 43 TR A R, e
log BCF tH K, JE[F & PFCs ANUAFFE Bk £ K
(CF,) M 22 5, HooAR v By B Re A ], 3 2o X
PFDA Fil 4= 9 °F %< il ¥t B% (perfluorooctane sulfona-
mide, PFOSA) AT H 48 43 #7 & B1, PFOSA 1) 43 F 14
BUNT PFDA, {H H log BCF 418 Kk, £ [H PFOSA
() 43— 22 THT FASE ) B/ IMIE TR /NP, WA F A U A
XFAEIR 2 PFCs A=) et B2 PEATE Hh e P AT A R 1)
[l b, i A —E e T X, T BRI
ARWFFEEPERBAL(2) N B2 QSAR FiAL,

F3 4y T ] QSAR A T PFCs AY
log BCF 1 [} ELAKZS H . log BCF Tl & 5 52 56 {4
Z IR AR S 1 TR, i 08 A 4 o A AE
45" LR IfHIT , BIRI X PFCs (1) log BCF R T A% 2 4%
=, log BCF k2= A&l 2 fros, A ik 244
BEAIL S A5 7E FELR BN, TGt AR BERAS A7 7

T AP T QSAR AL T & 43 FHI R AT P
{ELFN VIF fH. 450 FHiARFF 1) VIF [H3¥<10 B, %
iR AT AN 2 LT ik 4 7]
1, QSAR AU & o3 T 1 AR FF 1 o0 SC R A A B
WL Z IR 2 T LR
2.2 QSAR HERI N RSB

i Williams [ 40) 72 A< SCH £ QSAR A5 AL
WG, W 3 s (B TR FLAT(E h<0.64 554

FRZZIAENHE | §| <3 WIS ETERIN), 4L 5 50

log BCFii{E
Predicted values of log BCF

Fig.

HR2%
Residual error

1

WS IT AR A YIAE 6 5 h i FUELRIN, 3£
1% QSAR HERLEAT B8 Y TN fE 1 Sz Ak fiE

55 3
L = YIZ4E
30 Training set ” "
45 A BUESE m
Test set e
4.0F =
[ 4
3.5" A 5 P
- 7 4 |
3.0r = g
» ,
2,5" < /A-
2.0r u’
ks AR Z240=0.945
L5p - Correlation coefficient=0.945
1,0 - 1 . | 1 1 1 1 1 1
1.0 15 20 25 30 35 40 45 50 55
log BCFS: G E

Experimental values of log BCF

E1 SKIEES QSAR AT EAME XM

Experimental and predicted values of the QSAR model

1.6
w JIZE
1.2F Traini
raining set
ogl 4 BiEsE
’ Test set n
0.4F
[ ] A. B n L]
OO0 === === o i - -
- n
-0.4F NaA L
-
-0.8f
_1.2+

6 1 1 1 1 Il 1 1 L
1.0 15 20 25 30 35 40 45 50

log BCFS2H{E
Experimental values of log BCF

2 QSAR #HEMKENTE
Fig. 2 Residual diagram of the QSAR models
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Table 3 Model parameters and model predicting results

R A PR T RERAT AEWEERT
FAL TP (PFCs) Sy FLER Molecular descriptors log BCF
Perfluorinated CAS Molecul SWE FE B2
olecular structures ST i 3
compounds (PFCs) V/Bohr? Vi min/€V A o
’ Exp. Pred. Res.
ST N\
) 375-22-4 2 1 067 45 -1.0315 2.03 1.79 024
Perfluorobutyric ¥

R v
" eric acid 2706-90-3 . on 1 280.86 -1.0202 1.82 1.96 -0.14
perfluorovaleric aci
N L ,
. 307-24-4 - 1 494 .00 -1.0221 2.57 233 024
Perfluorohexanoic acid F AN
375-85-9 . on 170731 -1.0218 261 2.66 -0.05
Perfluoroheptanoic acid
%ﬁ(‘%@ F, L F F F
Perfl . " 335-67-1 'Won 1 920.77 -1.0190 2.30 296 -0.66
erfluorooctanoic aci ;
LRI '
Pertl - acid 375-95-1 . on 213368 -1.0203 2.96 331 035
erfluorononanoic aci
LRI ,
Pert] q  acid 335-76-2 o 2 346 .86 -1.0198 381 364 0.17
erfluorodecanoic aci F
LR :
2058-94-8 , on 2 560.05 -1.0194 465 397 0.68
Perfluoroundecanoic acid
307-55-1 on 2 77407 -1.0577 5.08 486 022
Perfluorododecanoic acid F AN
SR =R :
. 72629-94-8 , on 2 98635 -1.0194 529 4.64 0.65
Perfluorotridecanoic acid
SRR ,
376-06-7 o 319966 -1.0199 498 499 -0.01
Perfluorotetradecanoic acid i

ST e ; \ o
375-73-5 . 3 1 420.07 -1.0420 267 250 0.17

Perfluorobutane sulfonic acid

AR R ; \°
355-46-4 . N 1 84681 -1.0437 348 320 028
Perfluorohexane sulfonic acid on
B . \~°
. 375-92-8 \ 2 060.03 -1.0455 320 3.56 -0.36
Perfluoroheptane sulfonic acid y e
A BE AR ¥ F A\
1763-23-1 . N 2273.14 -1.0454 3.85 390 -0.05
Perfluorooctane sulfonic acid on
B R " ' A\
335-77-3 . hY 2 699.39 -1.0458 4.15 457 -042
Perfluorodecane sulfonic acid o
A G LB NEBYAVAVAY:
754-91-6 . aY 231204 -1.0755 420 439 -0.19
Perfluorooctane sulfonamide _—

0. FE AT 1Y PFCs I EAE B

Notes:” Chemicals were in the validation set.
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Table 4  Statistical parameters of different

Molecular descriptor

B ETEREAR(P) J1 22k S EL(VIF)
ST AR o o
Significance Variance inflation
Molecular descriptor o
indicator (P) factor (VIF)
\4 0.000 1.023
Vs min 0.030 1.023
4 1
1
K S e
5 . : LIRS
5 2r . | Training set
E ! A BEER
=] 1 LI : Test set
g = 0 = !
£3 == I
=8 (] a ;
-~ _g _1 ~ . N
= 1
& 2 ™ | B ALREE=0.64
, Warning leverage=0.64
e T Fm—m—m—— ==
1
-4 1 L i B | 1 L
0.0 0.2 04 0.6 0.8 1.0 1.2
FUAFE
Leverage

3 QSAR #E B Williams

TE: 2 6 RYZEXTE>3 W, SR ITZREA ) 0 (f S 1

F h S RIATE B OI RIIREEAR R 25
SYIGRE PR AR ES
Fig. 3 Williams diagram of the QSAR models
Note: When the absolute value of §>3, it indicates that the
predicted value of the sample is abnormal; if i exceeds the warning
leverage value A" , it indicates that the structure

of the sample is quite different from that in the training set.

2.3 log BCF (2 m R Z bt

i QSAR #iRIA[ %1, PFCs [ log BCF 5 H: v #il
Vo AX, HE VEIEME, 5V, BRI,
2P, QSAR BRI v 5 v bR EA I T R
KPR350 0.885 . —0.237 , % W] PECs 1 V 250 H;
log BCF K/NEZHE,

V B 53 B KN R 4y F R | PFCs B
A R BB KRR T B 2K A AR FE AT 9K 3 0 B
5% BR300 1) A I BEEY . PRCs By VBOk, H e TR
SRR, B KA R T R B A £ S A 4
e TR A A W e et A

Vo G425 i FIE BB Y g 0 (B
S )P SRR 55 R 1) o0 T A e T S KR K
5P, PFCs 1YV, B, UG B 5, T )

SR KA E AR AIE S, TR B A A )
£ SRR W

3 112 ( Discussion)

AT 17 B PFCs 105> T 45 M5, 7
K HFHEF PFCs 1Y log BCF ) QSAR Tl AR %Y | 55 9
A AHDCHIAR LY, A AR HLA Rl SEPEaR | W ) il
Y FEMLFEIE BHT (4 A5 Liu 25550 D)2 5 Km0 ok
(log ECy ) RS FHERAF N T PFCs £ H IR D
H A ) E SRR QSAR HEI(R? =0.999), %A
HAm R (A BRI 4 7 & PFCs M8 40
(AL 4 Fl' PRCs), B AL A £ 450 5 72 K 58 4 38 1
QSAR AV Y FL 30 E ™ 5l = X QSAR LAY
HNHTIINRE T f 56UE K B G s X A, L
log ECy, 4 FHi iR 7157 QSAR B IR 4l
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