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The  combined  toxicity  of  the  perfluorinated  surfactants  perfluorooctane  sulfonic  acid  (PFOS),  perflu-
orooctanoic  acid  (PFOA)  and  several  pollutants  (Hg2+, Cd2+, 2,4-D,  propylparaben,  mitomycin  C and
furazolidone)  has  been  examined  with  a bioluminescent  cyanobacterial  toxicity  test.  Hg2+,  Cd2+,  mit-
omycin  C  and  furazolidone  could  be  included  in  the “Acute  aquatic  hazard”  category  established  in
the  Regulation  (EC)  No  1272/2008  being  “very  toxic  to  aquatic  life”.  Toxicological  interactions  of  PFOA,
PFOS  with  these  pollutants  in  binary,  ternary  and  multicomponent  mixtures  were  studied  using  the
combination-index  method.  PFOA  and PFOS  showed  an antagonistic  interaction  at  the  whole  range  of
ntagonism
yanobacterium
ombination index
FOA and PFOS
ynergism

effect levels,  this  may  explain  in part  the finding  that PFOA  and  PFOS  interacted  in an  inverse  way  with
the  organic  pollutants;  the relative  hydrophobicity  of  the  tested  compounds  would  also  explain  this
interaction  pattern.  The  interaction  of both  PFOS  and  PFOA  with  heavy  metals  was  mostly  antagonistic,
decreasing  metal  toxicity.  With  increasing  complexity  of  the  mixtures,  the  CI method  predicted  syner-
gism  at  low  to very  low  levels  of  effect;  pollutant  combinations  at their  mixture  NOECs  were  tested  and
confirmed  the  predicted  synergism.
. Introduction

Surfactants are synthetic chemicals used in large amounts in
 variety of industrial cleansing processes as well as in consumer
roducts. Perfluorinated chemicals (PFCs) are synthetic fluorinated
urfactants composed of a carbon backbone and a charged func-
ional group. The eight-carbon backbone perfluorooctane sulfonic
cid (PFOS) and perfluorooctanoic acid (PFOA) are two  of the most
idely used PFCs. The strong covalent bond between the fluor and

arbon ions makes PFCs thermally and chemically stable; they are
lso oil and water repellent; these unique properties make these
hemicals highly resistant to both chemical and biological degrada-
ion under normal environmental conditions and have been found
o be highly persistent in the environment [1–3]. Their global occur-
ence, persistence in the environment and bioaccumulation in biota
as increased the concerns about possible toxic effect of PFCs. In
000, the US-EPA declared PFOS and PFOA withdrawal to avoid
nvironmental pollution and potential health risks; the OECD in

000 declared these substances as biopersistent, bioaccumulative
nd toxic to mammals; PFOS was finally banned in Europe by the

∗ Corresponding author. Tel.: +34 914978176; fax: +34 914978344.
E-mail address: francisca.pina@uam.es (F. Fernández-Piñas).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.061
© 2011 Elsevier B.V. All rights reserved.

directive 2006/122/EC and recently added to the Annex B of the
Stockholm Convention on Persistent Organic Pollutants.

Due to the bioaccumulation of PFCs in humans and associated
potential toxicity, most toxicological studies have been made in
rodents and/or human cell lines; however, there is comparatively
less information on the ecotoxicity of these chemicals in the aquatic
environment. In addition, in the aquatic environment, various PFCs
co-exist and co-occur with a variety of other xenobiotics [4–6];
thus, to obtain a full picture of the true impact of PFCs, studies
on aquatic toxicity of representative PFCs such as PFOS and PFOA
applied singly and in combination as well as combined with other
xenobiotics are needed. Chemicals in a complex mixture may either
not interact or synergistically or antagonistically interact [7–10];
interactions which should be taken into account when considering
risk assessment strategies. There are very few reports on the inter-
action between PFOA and PFOS themselves or on the interactions of
PFOA and PFOS with other xenobiotics which is of special concern
considering the ability of PFCs to solubilize non-polar compounds
[11]. Most of these interaction studies have been performed with
PFOS [12–15];  to our knowledge, no previous studies about tox-
icological interactions of PFOA with other xenobiotics have been
reported.
The aim of this study was to assess the nature of the inter-
actions between PFOS and PFOA as well as PFOS and/or PFOA
combined with selected priority and emerging pollutants. As

dx.doi.org/10.1016/j.jhazmat.2011.11.061
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:francisca.pina@uam.es
dx.doi.org/10.1016/j.jhazmat.2011.11.061
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oxicity endpoint we have chosen the bioluminescent response
f the recombinant bioluminescent cyanobacterium Anabaena
PB4337 [8,16,17]. Cyanobacteria are a relevant and abundant
roup of primary producers (dominant in some aquatic and ter-
estrial ecosystems) which are prokaryotic in nature and are at the
ery base of the trophic webs. Furthermore, some species such as
his Anabaena strain can fix atmospheric nitrogen into bioavailable
orms, ability which being only prokaryotic is not shared with green
lgae and plants so that they are an important source of bioavailable
itrogen for many ecosystems (especially in oligotrophic aquatic
cosystems [18]). Cyanobacteria provide the biofuels needed by
any other organisms and any detrimental effect on this group
ay  have a negative impact in nutrient availability to organisms of

igher trophic levels. In order to identify and quantify the nature of
he interactions between the fluorinated surfactants and the pol-
utants, we made binary, ternary and complex mixtures of these
ollutants with PFOS and PFOA which were analyzed by the method
f the combination index (CI)-isobologram equation which we have
reviously used to study the combined effects of pollutant mixtures
8,9].

. Material and methods

.1. Materials

PFOS (98%) was obtained from Fluka, PFOA (96%), mitomycin C
MMC)  (97%), Hg2+ (as HgCl2) (99%) and Cd2+ (as CdCl2) (97.5%)
ere purchased from Sigma–Aldrich. Propyl 4-hydroxybenzoate

propylparaben; PPB), 2-(2,4-dichlorophenoxi) acetic acid (2,4-D)
nd 3-{[(5-nitro-2-furyl)methylene]amino}-1,3-oxazolidin-2-one
furazolidone; FURA) (98%) were obtained from Alfa Aesar. CAS No,

olecular formula and main physicochemical properties of these
ompounds are summarized in Table 1, log Kow and log Dow are
ncluded as descriptors of the hydrophobicity of the tested chemi-
als. Polar surface area (PSA) is included as a descriptor of passive
olecular transport through membranes [19].
We avoided the use of solvents when possible, with the only

xceptions of the stock solutions of mitomycin C which was
repared in methanol, and 2,4-D and furazolidone, which were pre-
ared in DMSO. Final concentrations of methanol and DMSO in the
ssay medium were always below 0.005% (v/v). No significant effect
n bioluminescence of Anabaena CPB 4337 was found for these con-
entrations of solvents (not shown). Stock solutions and dilutions
sed in the bioassays were stored in the dark at −20 ◦C.

.2. Toxicity bioassays

The bioassays using the recombinant bioluminescent cyanobac-
erium Anabaena CPB4337 were based on the inhibition of
onstitutive luminescence caused by the presence of any toxic sub-
tance and were performed as previously described [16,17,20].  The
tability of target compounds under the bioassay conditions was
xamined according to OECD Guidance [21]. Analyses have been
erformed at the start and at the end of the 24 h-exposure test
or the highest concentration and for a concentration near the
C50 (Dm) using an HPLC–diode array liquid chromatograph or ICP-
S,  except for those for which stability was previously assessed

9]. HPLC analyses were performed using a Hewlett Packard 1200
eries device (Agilent Technologies, Palo Alto, CA, USA) equipped
ith a reversed phase Kromasil 5u 100A C18 analytical column.

he mobile phase was a mixture of acrylonitrile (50%) and acidi-

ed water (50%). UV detection was carried out at 230 nm (MMC),
60 nm (FURA), 254 nm (PPB) and 360 nm (2,4-D). Inductively
oupled plasma-mass spectrometry analyses were used to deter-
ine the exposure concentration of mercury and cadmium. The Ta
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Table 1 (Continued)

Compound CAS No. Molecular structure Molecular weight (g/mol) Water Solubility (g/l) pKa Log Kow
a Log Dow

b PSAc (Å2)

Mitomycin C 50-07-7 334.33 0.57 13.27 −0.298 −0.30 147

Perfluorooctanoic acid
(PFOA)

335-67-1 414.07 13.6 0.50 6.444 0.94 37.3

Perfluorooctane
sulfonic  acid (PFOS)

1763-23-1 500.13 7.5 −3.27 4.512 −4.76 62.8

a Log Kow (log P) = log of octanol–water partition coefficient.
b Log Dow = The octanol–water partition coefficient, Kow, is a measure of the hydrophobicity of a given neutral compound. For compounds that dissociate in aqueous solution, the corresponding acid–base equilibrium has to

be  considered originating an apparent octanol–water partition coefficient, usually represented Dow. For the computation of Dow, both pH and the dissociation constant of acidic of basic compounds, pKa are required. For acidic
compounds, the Herderson–Hasselbalch equations yield:

Dow = Kow

1 + 10pH−pKa (1)

For  basic drugs, the apparent partition coefficient can be expressed by means of the pKa for their conjugate acids:

Dow = Kow

1 + 10pKa−pH (2)

For  neutral substances,

Dow = Kow. (3)

[3].
c PSA = Polar surface area: The polar surface area (PSA) is defined as the surface overall sum of polar atoms (usually oxygen and nitrogen), including also attached hydrogens.

PSA  is a commonly used medicinal chemistry metric for the optimization of cell permeability. Molecules with a polar surface area of greater than 140 Å2 are usually believed to be poor at permeating cell membranes [19].
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quipment used was a quadrupole mass spectrometer Agilent
700X operating at 3 MHz  in helium cell gas mode. No significant
ifferences were found between the nominal and measured expo-
ure concentrations for Hg2+, Cd2+, 2,4-D, PPB, PFOA and PFOS; thus,
hroughout the present study, their nominal concentrations were
sed for data analyses. In the case of MMC  and FURA, the final con-
entration/initial concentration ratios (in abiotic conditions) were
.038 for MMC  and 0.73 for FURA. In both cases, for data analyses,
xposure concentrations were used instead of nominal concentra-
ions according to OECD Guidance (OECD, 2008).

.3. Experimental design of PFOS/PFOA/selected chemicals
ombinations

Solutions of PFOS, PFOA, HgCl2, CdCl2, propylparaben, 2,4-D,
urazolidone and mitomycin C were used singly and in the binary,
ernary and multicomponent mixtures shown in Table 2. Anabaena
ells were treated with serial dilutions of each chemical individu-
lly and with a fixed constant ratio (1:1), based on the individual
C50 values, in their combinations. Five to seven dilutions (serial
ilution factor = 2) of each chemical and combination plus a con-
rol were tested in three independent experiments with replicate
amples as described elsewhere [8].

.4. Median-Effect and combination index (CI)-isobologram
quations for determining individual and combined toxicities

The response to toxic exposure in Anabaena CPB4337 test was
stimated using the median-effect equation based on the mass-
ction law [22]:

fa
fu

=
(

D

Dm

)m

(1)

here D is the dose, Dm is the dose for 50% effect (EC50), fa is the frac-
ion affected by dose D (e.g., 0.75 if cell bioluminescence is inhibited
y 75%), fu is the unaffected fraction (therefore, fa = 1 − fu), and m is
he coefficient of the sigmoidicity of the dose–effect curve: m = 1,

 > 1, and m < 1 indicate hyperbolic, sigmoidal, and flat sigmoidal
ose–effect curve, respectively. Therefore, the method takes into
ccount both the potency (Dm) and shape (m) parameters. If Eq. (1)
s rearranged, then:

 = Dm

[
fa

(1 − fa)

]1/m

(2)

The Dm and m values for each individual compound or mix-
ure were determined by the median-effect plot: x = log(D) versus

 = log(fa/fu) which is based on the logarithmic form of Eq. (1).  In
he median-effect plot, m is the slope and Dm = 10−(y−intercept)/m. The
onformity of the data to the median-effect principle can be ready
anifested by the linear correlation coefficient (r) of the data to the

ogarithmic form of Eq. (1) [23].
These parameters were then used to calculate doses of indi-

idual compounds and their mixtures required to produce various
ffect levels according to equation 1; for each effect level, com-
ination index (CI) values were then calculated according to the
eneral combination index equation for n-chemical combination
t x% inhibition [23]:

(CI)x =
n∑

j=1

(D)j

(Dx)j
=

n∑
j=1

(Dx)1−n

{
[D]j/

∑n
1[D]

}

(Dm)j

{
(fax)j/[1 − (fax)j]

}1/mj
(3)

here n(CI)x is the combination index for n chemicals at x% inhibi-

ion; (Dx)1−n is the sum of the dose of n chemicals that exerts x%
nhibition in combination,

{
[D]j/

∑n
1[D]

}
is the proportionality of

he dose of each of n chemicals that exerts x% inhibition in com-
ination; and (Dm)j{(fax)j/[1 − (fax)j]}1/mj is the dose of each drug
us Materials 201– 202 (2012) 209– 218

alone that exerts x% inhibition. From Eq. (3),  CI < 1, CI = 1 and CI > 1
indicates synergism, additive effect and antagonism, respectively.

2.5. Analysis of results

Computer program CompuSyn [24] was  used for calculation of
the individual and combined dose–effect curve parameters; CI val-
ues of the different mixtures; fa–CI plots and polygonograms. Linear
regression analyses were computed using MINITAB Release 14 for
Windows (Minitab Inc; USA). The mixture NOECs (no observed
effect concentrations) were determined by Dunnett’s multiple
comparison procedure [25,26] (p ≤ 0.05) using also Minitab.

3. Results

3.1. Toxicity of individual compounds

Table 2 shows the dose–effect curve parameters (Dm, m and r)
of the eight compounds tested in this study using the Anabaena
CPB4337 24-h toxicity test singly and in their binary, ternary
and multi-component mixtures (6–8 components); 95% confidence
intervals are indicated for the Dm and m parameters. For single
components, Dm (EC50) in mg/l were as follows: MMC  (0.014),
Hg (0.070), Cd (0.091), FURA (0.974), 2,4-D (3.74), PPB (11.91),
PFOS (16.29) and PFOA (19.81). Dm values of MMC, Hg2+ and Cd2+

were the lowest, and could be included in the “Acute aquatic haz-
ard” category established in the Regulation (EC) No. 1272/2008
(EC50 < 1 mg/l) and classified as “very toxic to aquatic life” (H400);
although FURA, strictly according to its Dm value, could also be clas-
sified as very toxic, confidence intervals do not exclude a lower
toxicity of this compound.

3.2. Toxicological interactions of PFOA and PFOS with selected
pollutants in binary and ternary combinations in the Anabaena
CPB4337 bioluminescence test

Fig. 1 shows the fa–CI plots of binary and ternary mixtures for
the Anabaena tests. The fa–CI plot depicts the CI value versus fa (the
effect level or fraction of luminescence inhibited with respect to
the control). Average CI values for three representative effect levels
(EC10, EC50 and EC90) are also shown in Table 2.

Fig. 1a and b shows the fa–CI plots for PFOA/PFOS/Heavy met-
als binary and ternary combinations. The Hg2+ + Cd2+ combination
showed a slight antagonism in almost the whole range of effect
levels, approaching an additive effect at the highest fa values.
Regarding PFOA/heavy metals mixtures (Fig. 1a), the PFOA + Hg2+

combination showed a strong antagonism in the fa range; the
PFOA + Cd2+ combination was  also antagonistic but to a lesser
degree than the PFOA + Hg2+ combination.

The ternary mixture PFOA + Hg2+ + Cd2+ led to dual synergis-
tic/antagonistic behavior being synergistic at fa values below 0.2,
additive at fa values between 0.2 and 0.4, and turning into antago-
nism at fa values above 0.4.

Correlation analyses were made between CI values of the
ternary combinations and CI values of each of the binary combi-
nations to determine which binary combination was predominant
in the ternary mixture (Table 3). In this correlation analysis, for
the ternary mixture PFOA + Hg2+ + Cd2+, the highest correlation
coefficient was  found for the PFOA + Cd2+ combination (r = 0.988),
suggesting that this combination interaction predominated in the
three compound mixture.

In the PFOS–heavy metal mixtures (Fig. 1b), binary combi-

nations of PFOS + Hg2+ and PFOS + Cd2+ also showed a strong
antagonism in the whole range of effect levels (fa), but
with a tendency of increasing antagonism in the case of
PFOS + Cd2+ while in the PFOS + Hg combination, there was
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Table 2
Dose–effect relationship parameters (indicating 95% confidence intervals) and mean combination index (CI) values of Hg, Cd, PPB, 2,4-D, FURA, MMC,  PFOA and PFOS, individually and of their binary, ternary and multicomponent
(six  or more components) combinations on Anabaena CPB4337 bioluminescence test.

Drug combo Dose–effect parameters CI Values at

Dm m r EC10 EC50 EC90

Hg 0.070 (0.04–0.1) 2.618 (1.83–3.32) 0.960 – – –
Cd  0.091 (0.06–1.116) 2.321 (1.88–2.75) 0.935 – – –
PPB  11.91 (5.32–18.39) 2.198 (1.53–2.86) 0.916 – – –
2,4-D  3.740 (1.24–6.89) 2.606 (1.83–3.37) 0.933 – – –
FURA  0.974 (0.25–1.69) 2.399 (1.39–3.40) 0.949 – – –
MMC  0.014 (0.006–0.02) 2.654 (2.02–3.12) 0.912 – – –
PFOA  19.81 (15.44–26.44) 2.122 (1.97–2.66) 0.950 – – –
PFOS  16.29 (10.04–23.85) 1.805 (1.35–2.27) 0.884 – – –

Binary  mixtures
Hg + Cd 0.111 (0.04–0.178) 2.556 (1.63–3.47) 0.953 1.38 ± 0.07 Ant 1.30 ± 0.03 Ant 1.22 ± 0.02 Ant
2,4-D  + PPB 2.720 (1.41–3.01) 1.618 (1.07–2.15) 0.925 0.33 ± 0.03 Syn 0.54 ± 0.03 Syn 0.88 ± 0.03 Syn
MMC  + FURA 0.210 (0.121–0.310) 1.985 (1.02–2.25) 0.938 0.54 ± 0.03 Syn 0.69 ± 0.03 Syn 0.89 ± 0.05 Syn
PFOA  + PFOS 93.85 (66.96–110.5) 3.367 (2.04–5.56) 0.923 4.18 ± 0.73 Ant 3.77 ± 0.34 Ant 3.41 ± 0.25 Ant
PFOA  + Hg 41.15 (36.22–55.12) 2.386 (1.30–3.46) 0.900 3.09 ± 0.10 Ant 2.91 ± 0.11 Ant 2.75 ± 0.11 Ant
PFOA  + Cd 13.20 (6.32–17.21) 2.026 (1.49–2.57) 0.939 1.34 ± 0.04 Ant 1.48 ± 0.03 Ant 1.64 ± 0.06 Ant
PFOA  + PPB 11.45 (8.23–16.45) 1.221 (0.73–1.47) 0.928 0.31 ± 0.01 Syn 0.69 ± 0.01 Syn 1.50 ± 0.08 Ant
PFOA  + 2,4-D 10.05 (7.10–17.23) 2.117 (1.45–2.67) 0.918 1.21 ± 0.07 Ant 1.41 ± 0.03 Ant 1.65 ± 0.06 Ant
PFOA  + FURA 27.04 (10.56–35.39) 2.717 (1.34–3.58) 0.878 3.42 ± 0.23 Ant 2.91 ± 0.11 Ant 2.49 ± 0.15 Ant
PFOA  + MMC 4.695 (3.23–5.66) 1.841 (1.03–2.66) 0.921 0.68 ± 0.04 Syn 0.93 ± 0.04 Add 1.28 ± 0.13 Ant
PFOS  + Hg 60.52 (52.98–76.42) 3.356 (2.78–4.67) 0.903 7.20 ± 1.54 Ant 4.28 ± 0.40 Ant 2.59 ± 0.22 Ant
PFOS  + Cd 58.00 (43.52–62.56) 1.119 (0.75–1.75) 0.946 2.29 ± 0.12 Ant 5.24 ± 0.17 Ant 12.1 ± 0.66 Ant
PFOS  + 2,4-D 6.787 (2.34–10.65) 2.568 (1.97–2.84) 0.949 0.89 ± 0.08 Add 0.76 ± 0.03 Syn 0.67 ± 0.02 Syn
PFOS  + PPB 53.14 (43.34–65.68) 1.699 (1.12–1.99) 0.938 3.07 ± 0.17 Ant 3.46 ± 0.10 Ant 3.93 ± 0.15 Ant
PFOS  + FURA 9.955 (4.92–14.99) 2.215 (1.49–3.26) 0.928 1.01 ± 0.07 Add 0.88 ± 0.03 Add 0.78 ± 0.06 Syn
PFOS  + MMC  6.360 (5.67–9.10) 3.490 (2.44–3.89) 0.946 1.24 ± 0.02 Ant 0.83 ± 0.01 Syn 0.58 ± 0.03 Syn
%  of Synergistic mixtures 25% 31% 31%

Ternary  mixtures
PFOA + Hg + Cd 8.717 (6.52–12.55) 1.560 (0.87–1.76) 0.921 0.74 ± 0.03 Syn 1.15 ± 0.03 Ant 1.80 ± 0.12 Ant
PFOA  + 2,4-D + PPB 7.317 (3.87–12.71) 3.210 (1.94–5.68) 0.935 1.17 ± 0.03 Ant 0.94 ± 0.01 Syn 0.76 ± 0.01 Syn
PFOA  + MMC  + FURA 3.507 (2.11–4.90) 1.515 (1.06–2.85) 0.933 0.49 ± 0.02 Syn 0.87 ± 0.03 Syn 1.53 ± 0.12 Syn
PFOS  + Hg + Cd 34.06 (21.13–45.38) 2.530 (1.32–3.05) 0.927 4.33 ± 0.18 Ant 3.39 ± 0.08 Ant 2.72 ± 0.12 Ant
PFOS  + 2,4-D + PPB 13.58 (6.77–17.56) 3.908 (2.78–4.79) 0.921 2.32 ± 0.04 Ant 1.48 ± 0.02 Ant 0.97 ± 0.01 Add
PFOS  + MMC  + FURA 3.562 (1.50–6.04) 1.987 (0.75–2.34) 0.933 0.50 ± 0.05 Syn 0.55 ± 0.02 Syn 0.63 ± 0.02 Syn
%  of Synergistic mixtures 50% 50% 50%

Multicomponent mixtures
Mix  6 1.745 (1.60–2.62) 2.063 (1.49–2.95) 0.940 0.62 ± 0.01 Syn 0.75 ± 0.01 Syn 0.91 ± 0.02 Add
PFOA  + Mix  6 2.859 (2.13–3.79) 1.585 (1.05–2.23) 0.935 0.45 ± 0.01 Syn 0.74 ± 0.05 Syn 1.22 ± 0.27 Add
PFOS  + Mix  6 3.848 (3.05–4.56) 1.801 (1.12–2.34) 0.920 0.57 ± 0.01 Syn 0.75 ± 0.01 Syn 1.00 ± 0.04 Add
PFOA  + PFOS + Mix  6 5.263 (5.59–8.81) 1.829 (1.20–2.46) 0.940 0.66 ± 0.01 Syn 0.85 ± 0.01 Syn 1.11 ± 0.03 Add
%  of Synergistic mixtures 100% 100% 0%

Hg = Hg2+, Cd = Cd2+, PPB = propylparaben, 2,4-D = (2,4-dichlorophenoxy) acetic acid, FURA = furazolidone, MMC  = mitomycin C, PFOA = perfluorooctanoic acid, and PFOS = perfluorooctane sulfonic acid. The parameters m,  Dm and
r  are the slope and the linear correlation coefficient of the median-effect plot, which signifies the shape of the dose–effect curve, the potency (EC50), and conformity of the data to the mass-action law, respectively [20,21]. CI < 1,
CI  = 1, and CI > 1 indicate synergism (Syn), additive effect (Add), and antagonism (Ant), respectively. EC10, EC50 and EC90, are the doses required to inhibit bioluminescence 10%, 50% and 90%, respectively.
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Fig. 1. Combination index plot (fa–CI plot) for binary and ternary mixtures PFOA and PFOS with selected pollutants for the Anabaena CPB4337 test. CI values are plotted as a
f n (Com
a r CI v
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unction of the fractional inhibition of bioluminescence (fa) by computer simulatio
nd  antagonism, respectively. The vertical bars indicate 95% confidence intervals fo
nd  lower limits of additivity [22]. Hg = Hg2+, Cd = Cd2+, PPB = propylparaben, 2,4-D 

 tendency toward additive effect. The ternary mixture of
FOS + Hg2+ + Cd2+ was clearly antagonistic in the whole range
f fa values meaning that the presence of PFOS significantly
ncreased the observed antagonism of the binary Hg2+ + Cd2+

ixture. The highest correlation coefficients were those of
he PFOS + Hg combination (r = 0.995) and Hg + Cd combination
r = 0.994), suggesting them as predominant in the three-
omponent mixture (Table 3).

In the PFOA–biocides mixtures (Fig. 1c), the binary mixture of
,4-D + PPB was synergistic at fa levels below 0.75 and became

dditive at fa values above this value. The binary combinations
f PFOA + 2,4-D was increasingly antagonistic in the whole fa
ange. The binary mixtures of PFOA + PPB led to a dual syner-
istic/antagonistic behavior: it was synergistic at fa levels below
puSyn) from fa = 0.10 to 0.95. CI < 1, =1 and >1 indicates synergism, additive effect
alues based on SDA (sequential deletion analysis) [21]. Broken lines indicate upper
dichlorophenoxy) acetic acid, FURA = furazolidone, MMC  = mitomycin C.

0.7, additive at fa levels between 0.7 and 0.8 and it turned into
an increasing antagonism at fa levels below 0.8. The ternary
PFOA + 2,4-D + PPB mixture also led to dual antagonistic/synergistic
behavior being antagonistic at fa values below 0.1, additive at fa
values between 0.1 and 0.7 and turning into synergistic at fa values
above 0.7; just the opposite of the observed behavior of the binary
PFOA + PPB combination. In this case, all the correlation coefficients
were negative, indicating an inverse relationship between the pat-
tern of the interaction of the ternary mixture with respect to any
of the binary combinations.
In the PFOS and biocides mixtures (Fig. 1d), the binary
combination of PFOS + 2,4-D was synergistic in practically
the whole range of fa values and the binary combination
PFOS + PPB was strongly antagonistic (CI > 3) in the whole range
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Table 3
Correlation analyses between CI values of PFOA and PFOS ternary and multicomponent combinations (y) and their binary and ternary combinations (x) for Anabaena CPB4337
test.

Combinations Regression parameters

x0 m r

Ternary combinations
PFOA + Hg + Cd vs Hg + Cd 10.655 −7.240 − 0.969

vs  PFOA + Hg 11.059 −3.369 − 0.957
vs PFOA + Cd −4.583 3.893 0.988

PFOS  + Hg + Cd vs Hg + Cd −9.537 9.981 0.994
vs  PFOS + Hg 1.855 0.349 0.995
vs  PFOS + Cd 4.169 −0.111 − 0.878

PFOA  + 2,4-
D + PPB

vs 2,4-D + PPB 1.316 −0.618 − 0.947
vs PFOA + 2,4-D 2.189 −0.861 − 0.980
vs  PFOA + PPB 1.162 −0.249 − 0.907

PFOS  + 2,4-
D + PPB

vs 2,4-D + PPB 2.683 −1.936 − 0.907
vs  PFOS + 2,4-D −3.202 6.142 0.998
vs  PFOS + PPB 6.479 −1.409 − 0.950

PFOA  + MMC  + FURA vs MMC  + FURA −1.266 3.122 0.990
vs  PFOA + MMC  −0.816 1.829 0.994
vs PFOA + FURA 4.514 −1.211 − 0.946

PFOS  + MMC  + FURA vs MMC  + FURA 0.302 0.368 0.998
vs  PFOS + MMC  0.739 −0.199 − 0.928
vs  PFOS + FURA 1.101 −0.601 −0.956

Multicomponent combinations
Mix
6

vs Hg + Cd 1.587 −0.608 −0.995
vs  2,4-D + PPB 0.705 0.153 0.985
vs MMC  + FURA 0.612 0.255 0.997

PFOA  + Mix
6

vs PFOA + Hg +Cd 0.211 0.423 0.998
vs  PFOA + 2,4-D + PPB 1.879 −1.198 −0.966
vs  PFOA + MMC  + FURA 0.329 0.419 0.999

PFOS  + Mix
6

vs PFOS + Hg +Cd 1.638 −0.268 −0.953
vs  PFOS + 2,4-D + PPB 1.200 −0.313 −0.927
vs  PFOS + MMC  + FURA −1.105 3.210 0.999

PFOA  + PFOS + Mix
6

vs  PFOA + Hg +Cd 0.479 0.435 0.998
vs  PFOA + 2,4-D + PPB 2.196 −1.234 0.967
vs  PFOA + MMC  + FURA 0.601 0.430 0.994
vs  PFOS + Hg +Cd 2.089 −0.310 0.958
vs PFOS + 2,4-D + PPB 1.583 −0.363 0.934
vs  PFOS + MMC  + FURA −1.074 3.693 0.999

H acid, 
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g = Hg2+, Cd = Cd2+, PPB = propylparaben, 2,4-D = (2,4-dichlorophenoxy) acetic 

FOS  = perfluorooctane sulfonic acid. The parameters of linear regression equation
0.05.

f fa values. The ternary combination PFOS + 2,4-D + PPB led to a
ual antagonistic/synergistic behavior, similar to that found for
he PFOA + 2,4-D + PPB mixture (Fig. 1c) but being antagonistic in
ractically the whole range of fa values and only becoming syner-
istic at the highest fa values (above 0.97). The highest correlation
oefficient was found for the PFOS + 2,4-D combination (r = 0.998),
uggesting that this combination interaction predominated in the
hree-component mixture (Table 3).

In the PFOA–pharmaceuticals mixtures (Fig. 1e), the binary
ixture of FURA + MMC  was synergistic in practically the whole

ange of fa values, becoming nearly additive at fa values close to
. The binary combination PFOA + FURA was strongly antagonis-
ic in the whole fa range while the binary mixture of PFOA + MMC
howed a dual synergistic/antagonistic behavior, synergistic at
ow to mean fa values (fa < 0.5), additive at fa values between
.45 and 0.7, and slightly antagonistic at fa values above 0.7. The
ernary mixture PFOA + FURA + MMC  also showed a dual synergis-
ic/antagonistic behavior, being synergistic at fa values below 0.5,
dditive at fa values between 0.5 and 0.7 and turning into antag-

nism at fa values above 0.7. As expected, the highest correlation
oefficient was found for the PFOA + MMC  combination (r = 0.994),
uggesting that this combination interaction predominated in the
hree-component mixture (Table 3).
FURA = furazolidone, MMC  = mitomycin C, PFOA = perfluorooctanoic acid, and
(value of y when x = 0); m (slope) and r (correlation coefficient) with all p-values

In the PFOS–pharmaceuticals mixtures (Fig. 1f), both binary
mixtures of PFOS + MMC  and PFOS + FURA led to a dual antago-
nistic/synergistic behavior being antagonistic at fa values below
0.2, additive at fa values between 0.2 and 0.45 and dominated by
synergism at fa values above 0.45; however, although the interac-
tion pattern for both binary mixtures was similar, the PFOS + MMC
mixture showed a higher synergism at low fa values and higher
antagonism at the higher fa levels. The ternary PFOS + MMC  + FURA
mixture was  synergistic in practically the whole range of fa val-
ues being more synergistic than any of the corresponding binary
mixtures. The highest correlation coefficient was found for the
MMC  + FURA combination (r = 0.988), suggesting that this combi-
nation interaction clearly influenced the pattern of the observed
interaction in the three-component mixture.

Fig. 2 shows a polygonogram of eight components which sum-
marizes the evolution of the interactions of PFOA and PFOS with
the six selected pollutants in binary mixtures at three representa-
tive levels of effect (fa = 0.1, 0.5 and 0.9). Quantitative values of CI
at this fa levels can be seen in Table 2. The polygonogram (Fig. 2)

clearly shows that the pattern of the interactions in binary mixtures
is globally dominated by antagonistic interactions of the perfluori-
nated surfactants with the different pollutants particularly at the
highest levels of effect; the exception to this were the interactions
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F ith selected pollutants in their binary combinations for the Anabaena CPB4337 test at
t ism, broken lines indicate antagonism. The thickness of the line represents the strength
o dichlorophenoxy) acetic acid, FURA = furazolidone, MMC  = mitomycin C.
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Fig. 3. Combination index plot (fa–CI plot) for the binary mixture PFOA + PFOS (a),
and  multicomponent mixtures of PFOA and PFOS with selected pollutants (b) for
the  Anabaena CPB4337 test. CI < 1, =1 and >1 indicates synergism, additive effect
and  antagonism, respectively. The vertical bars indicate 95% confidence intervals
for  CI values based on SDA (sequential deletion analysis) [21]. Broken lines indicate
upper and lower limits of additivity [22]. Mix  6 = Hg2+, Cd2+, PPB, 2,4-D, FURA, MMC.
ig. 2. Polygonograms showing the toxicological interactions of PFOA and PFOS w
hree  representative effect levels: fa = 0.1, fa = 0.5, fa = 0.9. Solid lines indicate synerg
f  synergism or antagonism. Hg = Hg2+, Cd = Cd2+, PPB = propylparaben, 2,4-D = (2,4-

f PFOS with the herbicide 2,4-D and with the antibacterial furazoli-
one which were synergistic along all the representative fa levels,
nd the synergistic interactions of PFOA with MMC  and PPB at low
o mean effect levels.

.3. Toxicological interactions of PFOA and PFOS in
ulticomponent mixtures with selected pollutants in the
nabaena CPB4337 bioluminescence test

In order to evaluate any antagonistic or synergistic effect
etween PFOA and/or PFOS and complex mixtures of the selected
ollutants, we made 4 different multicomponent mixtures: a mix-
ure of 6 components which includes the selected pollutants
reviously used (Hg2+, Cd2+, PPB, 2,4-D, MMC  and FURA), named
ix  6; 2 mixtures of 7 components in which we  analyzed the

ffect of the addition of PFOS or PFOA to the complex mixture Mix
: PFOA + Mix  6 and PFOS + Mix  6, and an 8 component mixture

ncluding both PFOA and PFOS and the 6 selected pollutants, named
FOA + PFOS + Mix  6; together with this multicomponent mixture,
e also assayed the binary mixture PFOA + PFOS, which allowed us

o check the combined effect of the two perfluorinated surfactants
n the mixture behavior.

Fig. 3 shows the fa–CI plots for the binary mixture PFOA + PFOS
Fig. 3a), as well as those of the different multicomponent mix-
ures Mix  6, PFOA + Mix  6, PFOS + Mix  6 and PFOA + PFOS + Mix

 (Fig. 3b). As shown in the figure, binary mixture of both per-
uorinated surfactants PFOA + PFOS showed a strong antagonism

n the whole range of fa values. Regarding multicomponent mix-
ures (Fig. 3b), the multicomponent mixture Mix  6 was  synergistic
n the whole range of fa values, keeping a constant CI value of
round 0.7. The addition of PFOA or PFOS to mix  6 resulted in

 dual effect on the fa–CI behavior: at low to mean levels, both
ixtures, PFOA + Mix  6 and PFOS + Mix  6 became more synergis-

ic than Mix  6 with a decrease in the CI values down to 0.47 at
ery low effect levels (fa < 0.1); however, at high fa values (>0.8),
oth 7-component mixtures approached additivity. The addition
f both PFOA and PFOS to the multicomponent mixture Mix  6 had

 marked effect leading to a dual synergistic/antagonistic behav-
or; at the lowest fa values, the mixtures was more synergistic than

ix  6 but the synergism significantly decreased with increasing fa
evels until it approached an additive effect at fa levels between
.3 and 0.7 and turned into antagonism at fa values > 0.7. Correla-
ion analyses were also made between CI values of the 4 complex

ixtures and their binary (for Mix  6) or ternary combinations (for
FOA + Mix  6 and PFOS + Mix  6) to determine which component
ixture interactions were predominant in the multicomponent

ixtures (Table 3).
For the Mix  6 mixture, the highest positive correlation

oefficient was found for the binary mixture of the two  pharma-
euticals MMC  + FURA (r = 0.997) suggesting that this combination
interaction predominated in this mixture. In both the PFOA + Mix
6 and PFOS + Mix  6 combinations, the ternary mixtures includ-
ing pharmaceuticals (PFOA + MMC  + FURA and PFOS + MMC  + FURA)
showed the highest correlation coefficients (r = 0.999 for both mix-

tures); besides, for the PFOA + Mix  6 combination, the ternary
PFOA + heavy metals mixture also showed a positive high corre-
lation coefficient (r = 0.998). In the most complex mixture which
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Table 4
Observed toxicities of the multicomponent mixtures Mix  6, PFOA + Mix  6, PFOS + Mix
6  and PFOA + PFOS + Mix  6 and combination index (CI) calculations at mixture NOECs
concentrations.

Mixture Total mixture
concentrationa

(mg/l)

Observed toxicity
(% inhibition)

Experimental CI
values

Mix  6 0.664 17.91 ± 5.02 0.66 ± 0.04
PFOA + Mix  6 1.210 23.16 ± 9.65 0.54 ± 0.06
PFOS + Mix 6 1.835 19.09 ± 5.03 0.63 ± 0.02
PFOA + PFOS + Mix  6 2.382 21.40 ± 8.03 0.73 ± 0.04

a Total mixture concentrations at mixture NOECs as estimated by Dunnett’s test
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23,24].  The individual concentrations (mg/l) of each component at mixture NOECs
ere as follows: Hg2+ = 7.81 × 10−4, Cd2+ = 0.0031, PPB = 0.426, 2,4-D = 0.3905,
MC  = 0.0011, FURA = 0.033, PFOA = 0.5464, PFOS = 1.171.

ncluded both perfluorinated surfactants and all the selected pol-
utants (PFOA + PFOS + Mix  6), the highest correlation coefficient

as found for the ternary PFOS + MMC  + FURA and PFOA + Hg + Cd
ixtures (r = 0.999 and 0.998, respectively), closely followed by

FOA + MMC  + FURA (r = 0.994), indicating that the mixtures includ-
ng these two  pharmaceuticals followed by those containing both
eavy metals clearly influenced the observed interaction behavior
f the four complex mixtures.

Synergism is predicted by the CI method at low to very low effect
evels in the complex mixtures tested (Fig. 3b), this might have
mplications in risk assessment; thus, in order to find out whether
hese predicted CIs could be real, we made a set of experiments
n which, for the four complex mixtures, chemicals were mixed at
heir calculated mixture NOECs concentrations. At these concen-
rations, individual components of complex mixtures did not exert
ny toxicity (not shown). The results on observed toxicity and cal-
ulated CI values for the four mixtures are shown in Table 4. All
hese mixtures inhibited luminescence by around 20% (fa = 0.2), the
omputed CI values for these levels of effect for each mixture clearly
ndicated synergism (CI in the range from 0.54 to 0.73), confirming
he predicted synergism at low/very low effect levels.

. Discussion

In this work, we describe by the first time the toxicological
nteractions of two of the most environmentally relevant fluori-
ated surfactants, PFOS and PFOA [4,5] with several priority and
merging pollutants in a bioluminescent cyanobacterium which
as previously proved very useful in ecotoxicity studies [8,9,16,17].

As shown in Fig. 2 the interaction of PFOA and PFOS with organ-
cs exhibited a clearly different pattern. PFOS displayed synergistic
nteractions with 2,4-D, FURA and MMC  for almost all fa levels;

hereas, except for PPB, antagonistic interactions globally domi-
ated mixtures with PFOA. This fact might be related to the role of
FOS in enhancing the accessibility and cell uptake of co-existing
ydrophobic compounds as suggested by Liu et al. [15].

The chemicals we have used have different hydrophobicity as
hown by their log Dow values shown in Table 1. According to these
alues, PPB and PFOA are the most hydrophobic and PFOS and 2,4-

 the most polar of the organic compounds; the polar surface area
Table 1) gives an idea of the ability of a particular chemical to
ermeate cell membranes since it is a descriptor that was shown
o correlate well with passive molecular transport through mem-
ranes [19]. PFOA has a lower polar surface area than PFOS, perhaps

ndicating a higher capability of permeating membranes; in fact,
obels et al. [27] reported a higher level of membrane damage
y PFOA than that induced by PFOS. Our results show that PFOA
nteracted synergistically with the most hydrophobic compound
PB and antagonistically with the most polar one, 2,4-D, in their
inaries while PFOS interacted just in the opposite way  with both
hemicals.
us Materials 201– 202 (2012) 209– 218 217

Our results suggest, however, a more complex behavior because
PFOS and PFOA interacted in opposite ways with co-existing com-
pounds with similar hydrophobicity such as MMC  and FURA. These
results point toward a more complex mechanism of interaction of
PFOA and PFOS with organics not directly related with their relative
hydrophobicity. Several authors have already suggested that the
toxicity of PFOS and PFOA should be addressed separately as they
seem to behave differently, independently of the toxicity endpoint
[27–29].

The interaction of both PFOS and PFOA with heavy metals was
totally different to the ones with the organic chemicals; in the case
of Hg and Cd, both PFCs interacted mostly antagonistically; the
most plausible explanation could be the stabilization of the metals
through either complexation [30–32] or counter-ion exchange with
the negatively charged surfactants at the assay pH as proposed for
the reduction of Cd and Pb uptake in a macroalga in the presence
of the anionic surfactant SDS [33].

With regards to complex mixtures, the mixture of the six com-
pounds was  clearly synergistic at almost all effect levels, addition
of PFOA or PFOS increased the synergism, particularly at low effect
levels, with the most hydrophobic PFC, PFOA, inducing a higher syn-
ergistic interaction; as expected due to their antagonistic behavior
in their binary, the addition of both PFOA and PFOS to mix  6
decreased the observed synergistic interaction in practically the
whole fa range, indicating that the presence of both PFCs could
decrease the toxicity of co-existing chemicals.

The predicted synergism at low to very low effect levels in all
the complex mixtures indicated a potential toxicological risk asso-
ciated with the co-existence of these compounds at low or very low
concentrations in the aquatic environment; to demonstrate that the
predicted synergism by CI was real of each mixture, we  tested the
individual toxicity of each compound at the concentration present
in these mixtures, and we  found no toxic effect. Them we  made
new mixtures based on these concentrations, finding a lumines-
cence inhibition of around 20% with experimental CIs smaller than
1, indicating that the predicted synergism by the CI method was
real and could be of environmental relevance.

As different PFCs may  co-exist in the same environment and
toxicological interactions among them as the ones showed in this
report could occur, studies of the combined toxicities between
as many PFCs as possible as well as between them and other
substances should be performed, specially directed to find out com-
pounds with might interact non-additively or which may  greatly
influence the pattern of interactions in complex mixtures. We
propose that the CI method which quantifies the interactions, if
any, and which is independent of the mechanism of action of the
tested compounds may  be a useful approach to carry out such
studies.

5. Conclusions

When individual toxicities were tested, the perfluorinated sur-
factants PFOS and PFOA, 2,4-D and propylparaben showed lower
toxicity than Hg2+, Cd2+, mitomycin C and furazolidone which could
be considered as “very toxic to aquatic life”. The antagonistic inter-
action between PFOA and PFOS at all effect levels as well as the
relative hydrophobicity of the tested compounds could explain
the opposite interaction pattern of both perfluorinated surfactants
with the organic chemicals. Both PFOA and PFOS interacted antag-
onistically with both heavy metals; this could be explained by
stabilization of the cations in the solution by the negatively charged

surfactants. The CI method predicted synergism in all the complex
mixtures at low effect levels which may  have implications in the
real environment; pollutant combinations at their mixture NOECs
confirmed the predicted synergism.
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