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Toxic Interactions of Perfluorinated Compounds (PFCs)
with Heavy Metals Using Vibrio fischeri
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Abstract : The object of this study was to evaluate the combined toxic interactions of the perfluorooctanoic acid (PFOA) or per-
fluorooctane sulfonate (PFOS) with six heavy metals (Cu, Zn, Cr, Cd, Hg, and Pb). The individual and combined toxic effects were
assessed using the Vibrio fischeri assay. In case of the individual toxicity, PFOA was higher toxic than PFOS and toxicity of
PFOA and PFOS were lower than heavy metal. In the toxicity of heavy metals, the Hg was found to be most toxic followed by
Pb*!, Cr™, Cu®, Zn®', and Cd*". The combined t0x1c1ty of PFOA or PFOS with Cr** were synergistic effect because the ECsomix
values were less than 1 TU. PFOA + Zn®", PFOS + Zn*", PFOA + Cd*" and PFOS + Cd** produced addictive effect. Except in these
case, all of binary mixtures show antagonistic effect. This study proved potential risk of coexistent with perfluorinated compounds
and heavy metals in water environment.

Key Words : Combined Toxic Effect, Heavy Metal, PFOA, PFOS, Vibrio fischeri
208 : g AT A FLETHPTOA, PROS)3} S0l HHH 22 LA F34(Cu, Zn, Cr Cd Pb, Hol Bi542

Vibrio fischerig ©|-83} 7}3} %t} PFOAS}: PFOS-J 3%, 30 mln-ECw%l'O] Z¥7} 134.21 (119.54-150.68)2} 235.97 (180.96-
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PFOS (heptadecafluorooctanesulfonic acid solution; ~40%
in H,O(T)2} PFOA (perfluorooctanoic acid, 96% purity)+<=
Sigmaz} A EL AMEsI 652] 248 copper(ll) ch-
loride dihydrate (CuCl, 2H>O, 99% purity, WAKO chemical),
zinc chloride (ZnCl,, 98% purity, Junsei), potassium dichro-
mate (K2Cr,07, 99.5% purity, Yakuri pure chemicals), cad-
mium chloride (CdCl,, >99% purity, Fluka), mercury(Il)
chloride (HgCly, 99.5% purity, Daejung), lead(Il) chloride
(PbCl, 99% purity, Junsei)S AR&3lich HESSIET} &
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2.2. \/ fischeri assay

V. fischeri®] BFg-A 3432 KSIISO 11348:3'"¢] Z3}¢]
s3ystqlct. SAARAE S V. fischeri (NRRL B-11177,
VF201, NeoEnBiz Co, Korea)= X=%7% reagent solution
(RS202, NeoEnBiz Co, Korea)S ©]-&3}o] &Als}stich
7+ AEEA9] s E= PFOA, PFOS, Cu’’, zn*, 1,
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o, 7+ 42 % 3|4sto], t2H(2% NaCl)& 75t
o 67] HEE ZH|5gHTable 1).
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Table 1. Application concentration of each single chemicals
(mg/L)
PFOA PFOS zn* C** Cd* Cu™ Pb* Hg*
1563 1563 313 313 313 156 031 003
3125 3125 625 625 625 313 063 006

Conc, 625 625 1250 1250 1250 625 125 012
125 125 2500 2500 2500 1250 250 025
250 250 50,00 5000 50,00 2500 5,00 050

Table 2. Mixing ratio of PFOA or PFOS with heavy metals
Mixing ratio by

Combination of mixture Mixing ratio by

concentration volume
PFOA or PFOS + Zn**
PFOA or PFOS + Cr™ 1:5
PFOA or PFOS + Cd**
PFOA or PFOS + Cu™ 1:10 1
PFOA or PFOS + Pb* 1:50
PFOA or PFOS + Hg** 1:500
s
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Table 3. Previous toxicity studies of 6 heavy metals (Cu, Hg, Cd, Zn, Pb, Cr), PFOA, and PFOS for Vibrio fischeri

Test Bacteria status Test Test Te§t Measurement ECso
i Pre-culture ) temp  duration Reference
chemical  (manufacturer) medium () (min) (manufacturer) (mg/L)
HgCl VB'ﬁﬂhf;’ ELF;F;*L US'”gfg'r'Tg?n‘?r?'u“O” 2% NaCl  NR 30 LUMIStox 0.62 Sonetal®
Using LB broth with 5 . 16+06
Hg* V fischeri(NR)  2.5% NaCl at 257 until 2% NaCl ~ 25 10 TLjrr:;T%”;;ter:sﬁg'Azoézs% 08+05  Choetal®
early-exponential phase 30 9ns, LA, 08+02
CA(NO3): Vé'jﬂe%'\(ﬁ;" US'”gfg'r'Lfgiﬂsis'““O” 2% NaCl NR 30 LUMIStox 494 Son et al ®
Using LB broth with 5 . 222+24
Ca* V. fischeri(NR)  2.5% NaCl at 25 until 2% NaCl ~ 25 10 #ﬁ;ﬂ%@:ﬁifgi%@% 217429  Choetal®
early-exponential phase 30 ons, LA, 218+22
Ca* V. fischeri(NR) NR 2% NaCl  NR 30 500 Azur Microtox® 7.965 Gue algg‘#)e” e
PbCl, '/Bﬁffq";;’ 'Z‘,\T;L US'”gfg'r"fgciﬂ?r?'““O” 2%NaCl NR 80 LUMIStox 153 Sonetal®
Pb* V fischeri NR 2% NaCl NR 30 500 Azur Microtox®™ 0122  Gue'guenetal®
PbCly (S'fD’fsfgeA") NR 2%NaCl NR 15 Miorolox 500 (SD, USA) S%flg 6y Tordsota”
) Using cultivation media 15 70~110
Pb(NO3)2 (S'/'D'fsfg% (ZnSOs;andNaCl) 2% NaCl 15 TOXcontrol LOp:tZ'aFI‘S')da”
, for 5 days 30 80~130 .
KoCr,0; Vé'jﬂe;'?'?ﬁg US'”gfg'r"fg?n?r?'“t'on 2%NaCl NR 30 LUMIStox 428 Sonetal ®
Using LB broth with 5 . 18.9+2.3
o V fischeri(NR)  2.5% NaCl at 257 until 2% NaCl ~ 25 10 #;:;Z”;;te;ggfofs% 172424  Choetal®
early-exponential phase 30 9ns, LA, 175419
cr® V_fisheri (NR) NR 2% NaCl NR 30 500 Azur Microtox® 13756  Gue'guen etal®
CuSO, V. fischeriNRRL  Using diluted solution for 29)
SO E11177 (NR) P 2% NaCl  NR 30 LUMIStox 11,09 Sonetal,
Using LB broth with 5 . 31.1+139
cu* V. fischeri(NR)  2.5% NaCl at 25°C until 2% NaCl ~ 25 10 #ﬁ;ﬂ%@:ﬁifgi%@% 371+78  Choeta®
early-exponential phase 30 ons, LA, 36.0+14.6
ou V. fisheri (NR) NR 2% NaCl  NR 30 500 Azur Microtox® 058  Gue'guenetal?”
CQUHC'S (SVD’TSB/;% NR 2% NaCl  NR 15 Microtox 500 (SDI, USA) 1%25’ s Tordset al®
2 5 . U,
. Using cultivation media 15 1061£19
Cgﬁ%“ (gD’rsfgg (ZnSO:sand NaCl) 2% NaCl 15 TOXcontrol LOp:thS')da”
’ ' for 5 days 30 468+33 .
ToxAlert 10 45
ZnS0. V. fischeri(NR) NR 2% NaCl 15 30 Microtox 2.1 Jennings et al *®
LUMIStox 25
5 133415
N , , Culture in LB broth o Luminometer (TD-20/20, 28)
N
Zn V. fischeri(NR) with 2.5% NaQ) | 2 NeCl 25 10 Tumer designs, CA Uy 128+13  Choetal
30 13.4+19
Zn* V_fisheri (NR) NR 2% NaCl  NR 30 500 Azur Microtox® 0488  Gue'guenetal®
ZnCl, (gDTSEEAﬁ) NR 2% NaCl  NR 15 Microtox 500 (SDI, USA) 316?1059) Tsiridis et al
PFOS V' fischeri Y500
NRRL-B 11177 Incubated at 3C 0% NaCl 18 15 Centro LB 960 504 Rosal et al %
PFOA  (Macherey-Nagel, for 5 min luminometer )
Germany) (605-538)

* Detail chemical composition was not reported, NR: not reported
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3 71gte)?)
> TU= E ¢,/ EC; (1)

i=1

Flg 12 PFOAQ} PFOSY] &%= V. fischeri® W%
Ao|t}. PFOAQ}
0] 15.63 mg/Loj A =3 155, 305

T‘H ?L e folgh wegthart YEer e, 62.50 mgfL«l

LE Aol FAgle] 2ol vl SAHCR {9
g g sl 7F = lek. PFOASL PFOSO| =29 V. fis-
cheri®] AJZFR(S, 15, 3042) 50% g8 FFsEE A
Z3l9tKTable 3). PFOA2] 5 min-ECsy, 15 min-ECso, 30 min-
ECso= 72} 165.31 (146.57-186.44), 144.64 (129.96-160.98),
134.21 (119.54-150.68) mg/LE At&E ¢t PFOSe 7L
Z I5E7HA] Falskel 250 mg/LofA] dj =+ thu] 49%
o] BrgA e E Yet o =& 302 F2] ECso= 235.97
(180.96-307.70) mg/L= A= Q1) wekA V. fischerig ©]
43t 549743 PFOAS] E/Jo] PFOSHET} ¢ #2 7
o2 FelEl 9t 3H PFOA7} PFOSHET} T 2 =4S
YEl= Z& ZxH A (polar surface area, PSA)o]| 23t 2}
olo] o] WAL 7HsAdo] glck*? PFOASL PFOS
o] = WAL 7h7F 37.3A%9} 62.8A°2" PFOAS] = m
Zo] o] AlZFIHFo] Foju} Al &4fo] o AA W
ek 2= 9l7] wEo|th. ¥ fischeris o] &3t 7|& =X
©] PFOA®} PFOS2] 15 min-ECso= 2z} 524 mg/L2} >500

PFOS E—r J—] &= 9l

=2

mg/Lo| .o m(Table 3),™ o] 2 1A} HjmA] 28] o]
5 min
100 4 =15 min (a)*
- [ 30 min oo
80 -
60

Luminescence inhibition (% control)

é
%
g

0.00 15.63 31.25 62.50 125.00250.00

PFOA (mgL™)

=& FAolth V. fishceri®] =/dxtol= AT 2 vt
gloto] A|lzAbe] Zpolo] o7t Aoz wag up glok?

B SRS A =27, E2F EHE dig A%
A7 HAE A
tata®®©] 739~ PFOAS} PFOS®] i3t 96 h-ECso= 22} 96.2
mg/L} 35 mg/LE PFOS®| E4Jo] okth. EH 29l Monia
macrocopa™ 2] 73-%- PFOAS} PFOSO]| T3t 24 h-ECs7} 226.4
9} 73.4 mg/L% 2™ Daphnia magna®®2] 7% PFOA®] 24 h-
ECso+= 336.23 mg/L, PFOS+= 9432 mg/LE & & H5F
PFOSOf tfgt Y1 =7} =k M. macrocopa?} D. magna
o wla] Wzttt WhH G2 FQl dnabaena®= ECs7}
72.3 (PFOA)S} 143.27 (PFOS) mg/LZ &7 EHET}
2] PFOA°| T £ 549%s Uedllth & dAFtoA
Ao & St V. fischeri® ECso3h-o 9A] HI1E Ef $AJAY
=0l Hlal =4 AFZEGl=T ols =E3:AITe] 307 oJUyE
A7) 7o 2 A=) V fischeri®t Anabaena 5 BTE| o}
+ PFOA9] o Rzl 279 &85 PFOSO|| H1zts}
o B0 uE AEETC WHE Aol Telshalc.

FHH TUproa2t TUprost= o500 55 H7HA] AS-
st= EEEY TUSER &35 EE 74 =3AIHE ECs
2 Upiro] SHAFSIS{TH(Table 4).

&2 291 Pseudokirchneriella subcapi-

3.2. 334 S8E%

59 6% F3

Fig. 2= Cu®’, Hg”", Cd*, zn™", Pb™", C = 2
ol &t V. fishceri®] thAtehR] g Ae&S vrebd A
olty. FF49] keE s T7toll Wt ¥ fischeri®] WHgA S|
&= Z718kqith 6% S99 30 min-ECs= Cu’’, Hg™',
cd, zn™, Pb™, Cr" 0.2 15.46 (14.14-16.87), 0.14 (0.13-
0.15), 26.68 (20.56-34.61), 16.51 (13.44-20.30), 0.93 (0.84-
1.03), 14.22 (11.76-17.20) mg/LZ AAtE|o] Hgo] EAJo]
7P =3l Cde] FA4do] 7P W Ao glE ok

100_|Z|Smiq (b)
2777115 min
41 (A 30 min

Luminescence inhibition (% control)

0.00

15.63 31.25 62.50 125.00250.00
PFOS (mgL™)

Fig. 1. Luminescence of V. fischeri exposed to (A) PFOA and (B) PFOS for 30 min, Bars represent one standard deviation of the
mean of three replicates, Significant differences from control (p({0.05) are marked with an asterisk.
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Table 4. The no-observed effect concentration (NOEC)?, the median effective concentration (ECso)”, and toxic unit (TU) for lumine-

scence of Vibrio fischeri exposed to PFOA and PFOS

. Conc, NOEC (LOEC) (mg/L) ECso (mg/L) TUpros
Chemical - - - - - - - - -
(mg/L) 5min 15min 30 min 5 min 15 min 30 min 5min  15min 30 min
15.63 0.09 011 012
3125 019 022 0.23
3125 (1563 (1563 165,31 144 64 134 .21
PFOA 62.50 (6250) (1563) (1563) (14657-18644) (12996-160.98) (119.54-150.68) 0.38 0.43 0.47
125,00 0.76 0.86 0.93
250.00 1.51 173 1.86
15.63 0.07
3125 013
3125 (1563 (1563 23597 d d
PFOS 62.50 (6250) (1563 (15.69) »250.00 »250.00 (180.96-307 7) NC NC 026
125,00 0.58
250,00 1.06

¥ Dunnett's program, ® Trimmed Spearman-Karber method, @ 95% confidence level is in parenthese, @ Not calculated,

80

60

Luminescence inhibition (% control)

100 4

[ 5 min
£2221 15 min
[ 30 min

6.25

25.00

000 156 313
cu® (mg L)

£ 100{ C@5min ()
S £ZZ22 15 min
8 .
< 801 I 30 min
S
= 60 1
e}
-
.5 40 - .
2
8 20 b4
(7]
3
£
E ©°f 7
S y
—

625 1250 2500

0.63 1.25
Pb* (mg L™

000 0

2.

000 313
Cd* (mg L")

S 1004{ @ 5min e) .
8 £22Z] 15 min
o | [ 30 min
L 80
c
2 601
Q0
=
.E 40-
[0
o
8 20
@
[0
£ ,
5

50

5.00

Luminescence inhibition (% control) Luminescence inhibition (% control)

Luminescence inhibition (% control)

100 4 15 min (b)
L2221 15 min
80 - [ 30 min
60
40 A
20 4
0 &
000 003 006 013
Hg*" (mg L")
1004{ [C—15min (d)
£22Z] 15 min
[ 30 min
80 1
60
40
-
20 -
SRl o
7 N:! ,

000 313 625 1250

Zn* (mg L)
1004 1 5min (f)
EZZZ2 15 min
[ 30 min =
80
60 -
40
20 -
04

313 6.25 125
cr¥ (mg L)

50.00

Fig. 2. Luminescence of V fischeri exposed to (a) Cu*, (b) Hg™, (c) Cd™, (d) Zn*, (e) Pb*, and (f) Cr*" for 30 min, Bars represent
one standard deviation of the mean of three replicates, Significant differences from control (p¢0.05) are marked with an asterisk,
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Xlg] 78]_?_ A—]oﬂoq:rL_,] EA—I%}\— H%_I_]oﬂ i?sl—E]O-hq— 6]—_1:1 Pb
o] 7% AaArAate] A gkt digto] 100u) o4 &
tol& UERict. Table 30] A2t o] AaPdE2] A9

< l Wt out 27 A2 A(FaS s, v

)

O

Wi

!
of £, &, EH717), wEA, vopeli

o WA Mo} ofelat 318 Ao} 2o
19314 2 uheelote] Al Lem Aol AT F3
%o daelo] zjojo] WA THsAe] Yk P wat
A 9] ol e, $55e, el ofs 544

o
o7} ebg 4 qlek

5)°] Aol

m*ELEPN

3.3. tt=setEn a4 S8y "ot

PFOA T= PFOS®} 6% Z<4:2] binary mixtureo] tjgt
5/ 9%E ECsmns AHESHY 7814l tHFig. 3). PFOA
o} ZJiA 30 min-ECsomix= PFOA + Cu>", PFOA + Hg"",
PFOA + Cd*", PFOA + Zn®", PFOA + Pb> &2 2 1.96 (1.76-
2.17), 1.71 (1.82-1.93), 1.15 (1.35-1.58), 1.13 (1.00-1.28), 2.08
(1.87-233)2 1 TU o|A}o & Al&E o] ZAgzeS 3= 7
o2 zolgQch ¥hE PFOA +Cr” 2] 7% 30 min-ECsomi
Zkol 0.41 (0.25-0.66) = NEER =49 st =493k

o] F7tsk= d52Hg-o] UEtE Tt 30 min-ECsomin s 7152
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Fig. 3. The median effective concentration of mixture (ECsomix) Of V. fischeri exposed to mixture of (a) PFOA or (b) PFOS with 6
heavy metals for 30 min, Bars represent 95% upper and lower confidence of ECsomix.
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Table 5. The no-observed effect concentration (NOEC)a’, the median effective concentration (EC5o)b), and toxic unit (TU) for lumine-
scence of Vibrio fischeri exposed to Cu**, Zn*, Pb*, Hg*", Cd**, and Cr**
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