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a b s t r a c t

Single and joint effects of hydrocarbons and a shoreline cleaning agent (SCA) were studied by measuring
the inhibition of the larval growth of sea urchin. Different dosage methods of hydrophobic compounds
were compared. The results obtained in the evaluation of CytoSol toxicity revealed that the method
of variable dilution of water accommodated fraction (WAF) led to the more conservative toxicological
approach. Regarding to Libyan oil, the use of DMSO as carrier allowed us the evaluation of its potential
toxicity in comparison with the limitations imposed to the use of WAF method. A reparametrised form
eywords:
restige oil spill
horeline cleaning agents
ose–response models
ormesis

ndependent action

of the Weibull equation was slightly modified to be useful for dose–response analysis. This was the basis
for modelling single sigmoid responses, which were used to simulate biphasic profiles with addition of
effects and to describe both the concentration addition (CA) and independent action (IA) hypotheses. In
all cases, its descriptive ability was graphically and statistically satisfactory. The IA model was the best
option to explain the combined experimental responses obtained.
oncentration addition

. Introduction

Seven years after the Prestige oil spill, tons of fuel has remained
n supra-tidal rocks of the Galician coast (NW Spain). Nowadays,
he only option to collect it is by means of shoreline cleaning agents
SCA) combined with high-pressure water washing. Recently, the
CA CytoSol has been studied and selected for this purpose due
o its efficacy in dealing with weathered fuel oil [1]. This chemical
oes not contain surfactants and is mainly composed of fatty acid
ethyl esters with a small proportion of bioremediation enhancers

2].
The runoff produced after a cleaning treatment with a SCA will

ontain the chemical and the removed oil. Therefore, it should be
oted that the combined toxic effects of chemicals must be taken

nto account when estimating ecological risk. In this sense, the tox-
city of a compound on marine invertebrates is usually assessed in
arly-life stages using embryogenesis, early larval growth, survival,
nd morphological abnormalities as the endpoints [3]. Early-life

tages are more sensitive than adult stages and are a critical period
n the life cycle of an organism. Sea urchins [4] are among the
rganisms most frequently used in embryo-larval bioassays.

∗ Corresponding author. Tel.: +34986214469; fax: +34986292762.
E-mail address: recicla@iim.csic.es (M.A. Murado).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.09.092
© 2010 Elsevier B.V. All rights reserved.

Toxicological evaluation of mixtures of two or more substances
in aqueous media requires a proper dosage. Since hydrophobic sub-
stances present two basic problems, maintaining a constant and
bioavailable concentration [5], it is necessary to choose a method
appropriate to the objectives of the study and the nature of the
substances. Different methods for media preparation have been
applied for these substances [5]: direct addition and mixing, use
of solvents and systems able to produce dispersion and emul-
sion. While the use of solvents and their concentrations in the
media test is a much-discussed methodology [6]; preparation of
water-accommodated fraction (WAF), defined as medium contain-
ing only the fraction of petroleum that remains in the aqueous
phase once any source of mixing energy has been removed and
after a period sufficient for phase separation, is recommended for
multi-component substances not fully soluble in water, such as
oil or CytoSol. Thus, the suitability of two different methods has
been suggested for preparing a WAF: (1) variable loading, in which
each WAF is prepared individually [5–7] and (2) variable dilution
obtained by serial dilution of a single stock of WAF [8].

An important consideration to keep in mind to assess environ-
mental risks associated with CytoSol application is to formalise the

mathematical resources from dose–response (DR) analyses when
a SCA and oil are combined. Several concepts concerning joint
toxic effects have been applied to describe responses to chemi-
cal mixtures. The reference models are concentration addition (CA)
[9,10] and independent action (IA) [11,12]. Concentration addition

dx.doi.org/10.1016/j.jhazmat.2010.09.092
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:recicla@iim.csic.es
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s based on the expectation that the compounds of a mixture act
n similar physiological systems in the tested organism [11,13,14].
onversely, IA is based on the idea that chemicals present differ-
nt modes of action inside the organism but generate a common
lobal effect [15–18]. There is no consensus on whether the CA or
A model is superior, and the validity of the models seems to be
ase-specific.

In this sense, CA and IA models have been modified to allow
he description of antagonistic or synergistic responses [19,20]. For
he CA model, the shape of isoboles corresponding to 50% of the

aximal effect is often used to characterise these combined effects
19,21]. The half-maximal effective concentration (EC50) is a robust
arameter that can be estimated with greater reliability than other

evels of effect. This is the main reason why it is used in these
pproaches. If the analysis of the whole response surface for two
gents is considered, the number of cases and the power of the sta-
istical tests would be increased [22]. Furthermore, the ray design
rovides satisfactory results and is the most common experimen-
al design for the study of binary mixtures [22,23]. A 3D plot of the
ose-effect surface predicted by a model with the two agents as the
- and Y-axes and response as the Z-axis is useful to infer the shape
f the isoboles [23].

However, the conventional CA and IA models descriptions do
ot take into account the biphasic response surfaces that can be
btained when binary mixtures are evaluated [19,20,24–27] as well
s when hormetic phenomena are present [28,29]. Southam and
hrlich [30] defined hormesis as “a stimulatory effect of subinhibitory
oncentrations of any toxic substance on any organism”. This phe-
omenon, almost forgotten for a half century, has generated an
bundant number of reports in the last few years [31–33]. These
eports blame classic toxicological analysis for blocking the impor-
ance and the generality of hormesis [34–38]. They suggest that this
enerality could lead to a revision of the environmental protection
olicies, which may be unnecessarily expensive [33,39,40].

In this work, we propose a toxicological assessment of single
gents, CytoSol and light Libyan crude oil, using different dosage
ethods. We applied the proposed mathematical resources to real

ases related with the joint effects of CytoSol and light Libyan
rude oil as well as CytoSol and fluoranthene on the larval growth
f the sea urchin. These mathematical proposals were based on
eparametrised Weibull equation for non-linear modelling and CA
nd IA hypothesis for effect of agents’ mixture.

. Materials and methods

.1. Agents and dosages

Agents assayed were light Libyan crude petroleum, obtained
rom Repsol YPF SA; the shoreline cleaning agent CytoSol (CytoCul-
ure International), a mixture of methyl esters of fatty acids from
egetable origin, and the polyaromatic hydrocarbon fluoranthene
Sigma). We utilised two basic procedures:

1) Dilutions of a saturated aqueous extract (or water-
accommodated fraction, WAF) that were obtained by (1)
orbital shaking (150 rpm/48 h/20 ◦C), in a 2 l screw-capped
separatory funnel, of a mixture (0.5:9.5, v/v) of agent and
filtered seawater, (2) separation of phases after a rest period
of 2 h, and drainage of aqueous one through a slight plug of
glass wool saturated in the same extract.
2) Acetone or dimethyl sulfoxide (DMSO) as solvents.

For comparative purposes or specific necessities of some tests,
hese basic methods were applied in the concrete forms which are
etailed below.
s Materials 185 (2011) 807–817

2.1.1. CytoSol

P1. Dilutions of a WAF stock prepared by method B1. The exper-
imental concentrations that were tested (0, 10, 20, 50, 100,
200 and 500 ml l−1) were obtained by dilution of the stock in
0.22 �m filtered sea water (FSW).

P2. Dilutions of an emulsion were obtained by direct injection of
100 �l of CytoSol in 500 ml of seawater with a micro-syringe
(200 ppm, v/v, �CytoSol = 0.887 g cm−3). We treated the mixture
three times, 20 s each, with an Ultraturrax homogeniser. The
experimental concentrations that were tested (in the interval
0.5–200 �l l−1) were obtained by dilution of the stock in FSW.

P3. Variable loading, in which each WAF is individually prepared
by addition of CytoSol with microsyringe to FSW and orbital
shaking (150 rpm/48 h/20 ◦C), in a 2 l screw-capped separatory
funnel. The nominal loadings tested were 0.1, 0.5, 1, 2, 5, 10, 20,
50, 100 and 200 �l l−1.

P4. Dosage using acetone as carrier, at a constant concentration of
500 ppm (v/v) in the medium. The experimental concentrations
tested were 0, 4, 10, 25, 75, 150 and 250 �l l−1.

2.1.2. Light Libyan crude petroleum
P5. We followed procedure P1, and doses were expressed in ml of

saturated aqueous extract per litre. The experimental concen-
trations tested (0, 10, 20, 50, 100, 200, 500 and 1000 ml l−1)
were obtained by dilution of the stock in FSW.

P6. A mixture of crude:DMSO (1:4, v/v) was produced after shaking
for 48 h. Solutions of the extract of crude were obtained by dilu-
tion in DMSO and 12.5 �l of each solution was added to vials.
The aqueous dilutions of the extract of crude were 5, 10, 25, 50,
100, 250, 500 and 1250 �l l−1 and constant concentration of the
carrier was 1250 ppm (v/v).

2.1.3. CytoSol:Libyan crude mixtures
P7. Dilutions of a saturated aqueous extract were obtained by

method B1 starting from a seawater:crude:CytoSol (9.0:0.5:0.5)
mixture. The aqueous phase was used to obtain the FSW dilu-
tions to be tested (in the range 1–1000 ml l−1).

P8. A ray design (see later on) was applied to combinations of sep-
arate extracts of CytoSol and crude independently prepared by
method B1. Four mixture ratios: 100:0% (0◦), 36.6:63.4 (30◦),
63.4:36.6 (60◦) and 100:0% (90◦); six chemical dilutions and
a point corresponding to the maximum concentration tested
(500 ml l−1 CytoSol, 500 ml l−1 Lybian crude, 50:50) were con-
sidered.

2.1.4. CytoSol:fluoranthene mixtures
P9. A ray design using acetone as a carrier at a constant concentra-

tion of 500 ppm (v/v). Four mixture ratios: 100:0 (0◦), 36.6:63.4
(30◦), 63.4:36.6 (60◦) and 100:0% (90◦); six chemical dilu-
tions and the maximum concentration tested for both agents
(250 �l l−1 CytoSol, 250 �g l−1 fluoranthene, 50:50) were con-
sidered.

2.2. Analytical methods

Serial dilutions of CytoSol were performed in hexane and deter-
mined by chromatography-mass spectrometry (GC-MS) methods
[41]. A litre of an aqueous extract of CytoSol was extracted two
times each with hexane (1:5, v/v) and dichloromethane (1:10, v/v).
The organic extracts were dried over anhydrous Na2SO4 and con-
centrated by vacuum evaporation before determination by GC–MS.

The equipment was an HP 5850 GC with a selective mass detec-
tor HP 5971 (series J) in mode scan 40–450 and a column HP-5MS
of 60 m × 0.25 mm. Temperatures were 300 ◦C (injector), 280 ◦C
(detector), and a column programming from 40 ◦C (1 min) up to
300 ◦C (20 min) with a gradient of 6 ◦C/min.
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.3. Bioassays

Tests were performed by conventional methods [42,43] in lar-
ae of sea urchin (Paracentrotus lividus). Larvae were exposed to
he test agents for 48 h at 20 ◦C without shaking. All the assays
ere performed in the dark except for those in which fluoran-

hene was involved (photoperiod with 14 h of light and irradiance of
0 �E m−2 s−1). Light conditions were chosen for the fluoranthene
ssay because fluorescence light exposure enhances its toxicity for
ea urchin embryo-larval test [44].

Gametes were obtained by dissection from a single pair of adults
nd checked for optimum quality (round eggs and motile sperm)
nder the microscope. Eggs were delivered into experimental vials

n quadruplicate (the control was performed in quintuplicate), at a
ensity of 40/ml, within 30 min after fertilisation in a gently stirred
easuring cylinder filled with filtered sea water. After the exposure

ime, the material was fixed with 0.1 ml of 40% formaldehyde, and
he lengths (maximum dimension) of at least 45 organisms, either
arvae or earlier life stages, were measured in each replicate to eval-
ate the increments with the average ovum diameter. Response (Ri)
as quantified in terms of growth inhibition as Ri = 1 − (�Li/�L0),
here �L0 and �Li are the increments corresponding to the control

nd the ith dose, respectively.

.4. Mathematical models

.4.1. Simple sigmoid response for single agent effects
In previous works [24,28,45–47], we have compared different

athematical equations commonly applied to the DR analysis by
eans of numerical simulations and experimental methods. The

esults demonstrated the special validity of the cumulative function
f Weibull’s distribution. In the context of DR modelling, the origi-
al form of this function should be modified and reparametrised
o that the asymptote can take values different from 1 (e.g.,
ubpopulations resistant to the toxic effect), and the dose for semi-
aximum response can be explicit [45]. The definitive form, which
e will denote as mW, is as follows:

= K

{
1 − exp

[
− ln 2

(
D

m

)a
]}

; briefly : R = mW(D; K, m, a)

(1)

is the response (with K as maximum value), D is the dose, m is
he dose for semi-maximum response, and a is a form parameter
elated to the maximum slope of the function. The inverse of Eq.
1), which was necessary to apply the CA hypothesis (see later on),
s as follows:

= m

[
ln(1 − (R/K))

− ln 2

]1/a

(2)

.4.2. Response surfaces describing the joint action of two agents
The analysis of the joint response to two agents is commonly

eveloped by the contrast of the experimental results with two
ypotheses [9,13,17]: independent action (IA) and concentration
ddition (CA).

The IA hypothesis admits the statistical independence of the
henomena that underlie the individual responses. The probability
heory allows us to define the joint response as the sum of the prob-
bilities of the individual phenomena minus the probability of their
oint occurrence. The response herein studied was the inhibition of
he sea urchin larval growth as it is described in the Bioassays sec-

ion. Thus, if Rd is the response to the joint action of the doses d1 and
2, and Rd1

and Rd2
are the responses to the same doses considered

ndividually, this hypothesis proposes the following model [12]:

d = Rd1
+ Rd2

− Rd1
Rd2

(3)
s Materials 185 (2011) 807–817 809

This model is usually written in the following form:

Rd = 1 − (1 − Rd1
)(1 − Rd2

) (4)

The CA hypothesis used in the present work is given by
Berenbaum [10] and is derived from the classical isobologram rep-
resentation for the joint effect of two chemicals [48]. This CA model
is initially based on the concept of null interaction between chem-
icals with the assumption that agents act via a similar mechanism
to elicit an effect. In this sense, if D1 and D2 are the equivalent effect
doses of two agents 1 and 2 that produce the individual response
Ra, and d1 and d2 are the individual concentrations of the agents
1 and 2 that produces the same joint response Ra, it can be estab-
lished that the isobole for the effect Ra, under the hypothesis of null
interaction, satisfies the following equation of additivity [9]:

d1

D1
+ d2

D2
= 1 (5)

When the left-hand side of Eq. (5) is less than 1 then a posi-
tive interaction can be shown (synergy) and when it is higher than
1 a negative interaction can be claimed (antagonism). In a similar
way, straight isoboles indicate null interactions, and concave up
and down isoboles indicate synergy or antagonism, respectively.
Under these conditions, assuming that the expression of DR indi-
vidual models is Ri = fi(Di) and their inverse function Di = gi(Ri) have
an explicit mathematical expression, the applicable form of Eq. (5)
in practice is as follows [9]:

d1

g1(Ra)
+ d2

g2(Ra)
= 1 (6)

This equation can be used with diverse modifications which
improve its applicability or establish quantitative indices for non-
null interactions [9]. A consequence of the CA hypothesis is that
a dose of an agent is replaceable for the equieffective dose of the
other, which is equivalent to saying that the equation R = f(D) has
the same parametric values for any agent if we express the doses in
the same coded values (one chemical acts as a dilution of the other
and can be substituted at a constant proportion for the other).

Both hypotheses can be summarised in terms of the models that
they propose for the joint response. Thus, if we assume that the DR
individual models obey Eq. (2), the model for the joint response can
be briefly written as the following:

IA hypothesis :

R = 1 − [1 − mW(D1; K1, m1, a1)][1 − mW(D2; K2, m2, a2)] (7)

CA hypothesis : R = mW[(D1 + D2); K, m, a] (8)

2.4.3. Biphasic responses model
The biphasic responses occasionally detected with several agent

mixtures can be explained by admitting an addition or subtraction
of effects (not of concentrations). In fact, we have proposed the
following equation to model these responses [24,28]:

R = K1

{
1 − exp

[
− ln 2

(
D

m1

)a1
]}

± K2

{
1 − exp

[
− ln 2

(
D

m2

)a2
]}

(9)

Biphasic profiles with a stimulatory section at low doses and
an inhibitory section at high doses are often considered to be
an indication of a hormetic response, according to the aforemen-

tioned definition of Southam and Ehrlich [30]. The subtractive form
of model (9), with K2 < K1 and m2 < m1, describes appropriately
these cases. Hormesis, however, is not the only phenomenon when
biphasic profiles are obtained in the assessment of complex solu-
tions [25].
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ig. 1. Example of ray experimental design applicable to the modeling of the joint
esponse to two agents (D1 and D2, both in normalized values) with different rays
nd combinations of both agents.

.5. Experiments with two agents. The ray design

An experimental design able to model the joint response to two
gents should contain a dose series of each agent in the absence
f the other one as well as a certain number of combinations of
oth agents. An intuitive alternative consists of combining all the
oses of an agent with all the doses of the other one. However,
ore economical experimentation can be achieved by means of
ray design (Fig. 1). Moreover, in order to avoid biases in the

arametric estimates due to the different weight (concentration)
f the independent variables, the doses should be coded (nor-
alized) in the (0,1) domain. Finally, the proposed ray design

emands that the normalized doses of both agents have the same
alues (Fig. 1). Generally, the nominal domains of both dose series
ill be different, and the following is an appropriate way to
roceed:
. Establish the maximum doses in nominal values, nomD1m and
nomD2m of both agents as well as the (primary) dose series nomD1i
of the first agent in the absence of the second one.

c
o
n
c
e
n
tr

a
ti
o
n

Di Di

m1

m2
P1M

ig. 2. Left: Representation of the nominal dose series of a mixture M with two hydrop
entre: Effect of the dosage method P1 on the nominal doses. Right: Effect of the dosage
s Materials 185 (2011) 807–817

2. Obtain the coded values D1i in the [0,1] domain with the follow-
ing equation:

D1i =
nomD1i

nomD1m
(10)

Because the values of the primary coded series D2i of the second
agent are the same as D1i, the nominal series nomD2i is obtained
by means of the following decoding expression:

nomD2i = D1i × nomD2m (11)

3. Supposing (see Fig. 1) radial beam at angles of 0◦, 30◦, 60◦ and 90◦

with a variable that represents the nD1i series, the coded series of
mixed doses (both agents) located on a given radius ˛i is defined
by the coordinates (d1[˛i]i, d2[˛i]i) as follows:

d1[˛i]i = D1i × cos ˛i; d2[˛i]i = D2i × sin ˛i (12)

where corresponding nominal series can be obtained by means
of Eq. (11).

4. Finally, it is convenient to include an additional point in the
design defined by the maxima of both variables. Of course
nomD1m and nomD2m values, as well as the number of radii and the
˛i angles are able to change in accordance with the requirements
of each specific case.

2.6. Numerical methods

Homoscedasticity of the experimental data was verified by
means of the Levene’s test (˛ = 0.05). Fitting procedures and
initial parametric estimations were performed by minimisation
of the sum of quadratic differences between experimental and
model-predicted values using the non-linear least-squares (quasi-
Newton) method provided by the macro ‘Solver’ of the Microsoft
Excel spreadsheet. Parametric estimates were confirmed in the
non-linear section of DataFit 9 software (Oakdale Engineering),
which was also used for the significance of the parameters and the
calculation of the parametric confidence intervals and model con-
sistency (Student’s t and Fisher’s F tests, respectively, in both cases
˛ = 0.05).
comparison [49]. This statistical tool based on entropy concept,
produces a relative quantification of the information lost when a
given model is used to describe experimental data in comparison
with another equation. The below AIC-equation is a measure of the

Lm1

Lm2

Di

P3

hobic components (m1 and m2 with solubility limits Lm1 and Lm2, respectively).
method P3 on the nominal doses.
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ig. 3. Comparison among the responses of the sea urchin to Cytosol dosed according
alues (points) fitted (lines) to the models (1: P1, P3a, P4) and (9: P3b). D: real dos
ummarised in Table 1. Error bars are confidence intervals (n = 181–190, ˛ = 0.05).

ack-of-fit of the chosen model (taking into account both, bias and
ariance) and the increased unreliability of the selected model to
he increased number of model parameters (in terms of accuracy
nd complexity of the model):

IC = n ln
(

SSR
n

)
+ 2(p + 1) +

[
2(p + 1)(p + 2)

n − p − 2

]
(13)
The difference in the AIC of two models for the same set of data
n) balances the residual sum of squares (SSR) against the change in
he number of parameters (p) to fit. The model with the lowest AIC is
he one with the highest likelihood of being correct. The probability
Pr) of the chosen model being correct between two equations A and

86420

R

ln (D+1)

a

R

0.8

0.6

0.4
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0

1

ig. 4. Inhibition of the sea urchin larval growth by aqueous (a: dose in ml l−1) and DMSO
tted to the models (1, continuous line) and (9, dotted line in b). Error bars are confidenc
three methods (P1, P3, P4; jointly presented in Z) specified in the text. Experimental
m; R: response as inhibition of the sea urchin larval growth. Statistical analysis is

B can be calculated as indicated now:

Pr = exp(−0.5�AICB−A)
1 + exp(−0.5�AICB−A)

(14)

3. Results and discussion

3.1. Simple sigmoid responses: influence of the dosage method in

multicomponent substances

3.1.1. CytoSol
Procedures P1 and P3 (see methods) are common in the dosage

of hydrophobic mixtures, but both bias the original mixture compo-

86420

ln (D+1)

b

0.8

0.6

0.4

0.2

0

1

(b: dose in �l l−1) extracts of light Libyan crude oil (R). Experimental values (points)
e intervals (n = 41–189, ˛ = 0.05).
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Table 1
Growth inhibition of sea urchin larvae by Cytosol. Parametric estimates (model mW)
and confidence intervals (Student’s t, ( = 0.05) corresponding to the dosage methods
P1, P2, P3, and P4 described in the text. In all cases, the models were statistically
consistent and robust (p-value from Fisher’s F-test, ˛ = 0.05); r: correlation coeffi-
cient between observations and predictions. D0.01 K and D0.99 K: doses corresponding
to responses of the 1% and 99% of the maximum, respectively (confidence intervals
for predicted response are also specified). Dose in ppm. See also Fig. 3.

P1 K 0.984 ± 0.076
m (ED50) 9.00 ± 1.88
a 1.35 ± 0.42
r (obs-pred) 0.999
DR = 0.01 0.40 [0.0018 < R < 0.0489]
D0.99 K 36.59 [0.801 < R < 1.060]
p-value <0.001

P2 K 0.953 ± 0.052
m 11.40 ± 1.097
a 1.53 ± 0.232
r (obs-pred) 0.999
DR = 0.01 0.74 [0.0043 < R < 0.0225]
D0.99 K 39.22 [0.859 < R < 1.004]
p-value <0.001

P3 K 0.941 ± 0.058
m 32.43 ± 4.78
a 1.087 ± 0.158
r (obs-pred) 0.998
DR = 0.01 0.70 [0.0043 < R < 0.0224]
D0.99 K 185.15 [0.842 < R < 0.999]
p-value <0.001

P4 K 0.763 ± 0.029
m 26.33 ± 3.106
a 1.005 ± 0.125
r (obs-pred) 0.998
DR = 0.01 0.51 [0.0052 < R < 0.0189]
D0.99 K 173.27 [0.707 < R < 0.791]
p-value <0.001

DR = 0.01 represents the dose corresponding to a response of 1% of the whole popula-
t
H
o

s
t
s
r
P
c
h
t
l
T
o
t
m
i
t
c
i

t
a
e
2
o
1

l
(
e
C

86420

R

ln (D+1)

0.8

0.6

0.4

0.2

0

1

Fig. 5. Inhibition of the sea urchin larval growth by dilutions of an aqueous mixed
extract of light Libyan crude oil and Cytosol (R). Dose is expressed as ml of the mixed

Eqs. (9) and (1), using Akaike’s information criterion, revealed that
with a probability of 100% the chosen model (9) is most likely to
be correct for fitting experimental data than model (1). In addition,
this biphasic curve took place in the only case in which it could be

Table 2
Parametric estimates and confidence intervals (˛ = 0.05) corresponding to the fit-
tings of the specified joint responses to IA and CA hypotheses. NS: non significant;
r2: adjusted coefficient of multiple determination.

Cytosol-Libyan oil Cytosol-fluoranthene

IA hypothesis. Eq. (7) K1 0.975 ± 0.022 0.726 ± 0.064
K2 0.709 ± 0.094 0.377 ± 0.059
m1 0.074 ± 0.004 0.101 ± 0.025
m2 0.372 ± 0.077 0.465 ± 0.079
a1 1.401 ± 0.103 0.743 ± 0.122
a2 1.429 ± 0.333 3.846 ± 2.225
adj r2 0.996 0.982

CA hypothesis. Eq. (13) K 0.985 ± 0.025 0.750 ± 0.055
m 0.062 ± 0.019a 0.058 ± 0.082aNS
a 1.303 ± 0.113 0.867 ± 0.149
ion, without taking into account the existence of a fraction resistant to the effector.
owever, D0.99 K represents the dose corresponding to a response equivalent to 99%
f K.

ition in an aqueous medium. As shown in Fig. 2 with an example of
wo components at concentrations cm1 and cm2, P1 produces dose
eries with a constant ratio between components; however, this
atio involves the solubility limits Lm1/Lm2, instead of cm1/cm2.
3 does not maintain this constant ratio. Indeed, the low doses
an reproduce the original value of cm1/cm2, but because the least
ydrosoluble component reaches its solubility limit, its concen-
ration remains constant in the subsequent doses, whereas the
evels of the more hydrosoluble component continued increasing.
he possible interactions among solutes, or the micellar character
f their solutions can alter the values theoretically expected, but
he basic situation is the one described. It is difficult to attribute

ore environmental realism to one method or another because
t depends on the mixture components, their absolute concentra-
ions and the environmental factors. However, P3 violates a basic
ondition of the DR analysis because it does not produce a simple
ncreasing dose series.

These considerations help to interpret the differences among
he responses shown in Fig. 3 and quantified in Table 1. It should
lso be kept in mind that, on the basis of oleic and linoleic methyl
sters, the concentration of the saturated extract used in P1 was
50 ± 14 ppm at 20 ◦C. This was in good agreement with the results
f Walker et al. [2] for the solubility of CytoSol in water: 43 ppm at
2 ◦C and 230 ppm at 18 ◦C.

Thus, responses in P1 and P2 indicated the essential equiva-

ence of both dosage methods when the initial concentration in P2
Ultraturrax) did not exceed the solubility limit. The slight under-
stimation of toxicity in P3 can be attributed to minor losses of
ytoSol on the recipient and homogeniser surfaces. This could be
saturated extract per litre and it was prepared following the procedure P7 (materials
and methods). Experimental values (points) fitted (line) to the model (1). Error bars
are confidence intervals (n = 156–200, ˛ = 0.05).

due to border effects by hydrophobic repulsion, which is a problem
that is difficult to avoid at the low concentrations used here [7].

In P3, the underestimation of the toxicities of P1 and P2 was
statistically significant. At the low CytoSol doses used, the border
effect associated with the gentle orbital shaking excluded contact
with water and a part of the agent, which produced lower concen-
trations than expected. This problem was avoided in P1. The profile
of the response here was slightly biphasic, which requires the Eq.
(9) for its modelling. We will discuss the interpretation of this type
of fitting later, but the biphasic response could be due to that the
CytoSol components with lower ED50 values are more hydropho-
bic, and their levels do not increase correlatively with the rest when
increasing the dose (Fig. 3. P3). The biphasic profile was not very
marked; in fact, the parameter of shape –a2– of the low-dose sig-
moid curve from model (9) is not statistically significant (Student’s
t test, ˛ = 0.05). However, the equation was found to be consistent
by means of Fisher’s F test (˛ = 0.05) and the comparison between
b1 7.912 ± 1.006 8.683 ± 2.931
adj r2 0.994 0.978

a Values of m in Eq. (13) are corrected taking into account the coefficient of
relative power b1. The result forces to reject this hypothesis in the case of Cytosol-
fluoranthene.
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ig. 6. Inhibition of the sea urchin larval growth by joint action of Libyan crude oil a
il and Cytosol, respectively; III: isobolograms; IV: plots of experimental versus mo

xpected as a consequence of the dosage method but it might be
ttributed to experimental error. The underestimation of the toxi-
ity in P4 was not only shown by a significantly higher ED50 than in
1 and P3 but also by a lower asymptote, which was significantly
ower than 1.

.1.2. Light Libyan crude oil
In view of the preceding results, the crude oil dosage was ini-

ially carried out by method P5 with the results shown in Fig. 4a. The
oses are expressed in ml of saturated aqueous extract per litre. Eq.
1) provided a consistent fitting and statistically significant para-
etric estimates, but the asymptote (K = 0.719 ± 0.029) can only
e interpreted as the limit that the hydrosolubility of the oil com-
onents imposes to the response (notice that the maximum dose
ssayed, 1000 ml l−1, was equivalent to the use of the undiluted
aturated aqueous extract).
0.5 10

tosol (R), according to IA and CA hypotheses. I and II: individual responses to Libyan
edicted values. See also Table 2.

This result demonstrates that the method of the aqueous extract,
which tends to simulate the environmental conditions, imposes a
restriction on the bioassay that it is no due to the nature of the
toxic action of the compound studied but to the lack of hydrosolu-
bility of the oil components. In this situation the underestimation
in the toxicity of these components is obtained. In the beaten sea
of a coastal environment, for example, non-polar compounds tend
to produce emulsions and micelles to migrate towards the inter-
faces and concentrate on the particles in suspension by means of
partition, absorption, adsorption and hydrophobic repulsion phe-
nomena. Although they do not exist as molecular solutes, they can

easily enter into the metabolism (e.g., of a filter feeder). In a com-
plementary way, the use of a carrier changes the natural conditions
of the assay and allows us to model the response to an agent with-
out imposing restrictions on the mode in which the agent reaches
the target.
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Fig. 4b shows the response to the specified dilutions of DMSO
xtract of crude oil. The direct comparison between Fig. 4a and b
emonstrates that the toxic potential of crude oil (if the barrier
f its hydrophobia is reduced for any one of the above mentioned
echanisms) is higher than the aqueous extracts method can show.
Additionally, it can be pointed out that slight stimulatory effects

t low doses were detected in this last case. Because it is not
ttributable to DMSO, it could be due to a stimulatory action (with
ow K and ED50) of some oil components or to a case of horme-
is (see Section 3.3). Determining the cause of the stimulatory
ffects would require additional experimentation that exceeds the
bjectives of this work. In any case, both suppositions could be

escribed with model (9) in its subtractive form (Fig. 4b). Although
wo parameters (K2 and a2) were not statistically significant the
obustness of this equation was high and, with a probability of 72%
AIC test), the model (9) seems to be the correct choice instead of

odel (1).
(R), according to IA and CA hypotheses. I and II: individual responses to fluoranthene
cted values. See also Table 2.

3.2. Joint response to two agents. CytoSol-Libyan crude and
CytoSol-fluoranthene

In a first approach, the dosage was carried out with dilutions
of a saturated aqueous extract prepared by method P7 with doses
expressed as dilutions (ml l−1) of this extract and results (Fig. 5)
satisfactorily described by means of Eq. (1). If we express the ED50
corresponding to this case and the previous single assays of CytoSol
and crude oil in the same units (ml of the saturated aqueous extract
per litre), we obtain the following values:

crude oil: ED50 = 190.4 ± 16.4 ml l−1
CytoSol: ED50 = 36.0 ± 7.5 ml l−1

crude oil + CytoSol: ED50 = 26.2 ± 7.6 ml l−1

These values only demonstrate that a mixed aqueous extract
of crude oil and CytoSol was more toxic than any of the two sep-
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ig. 8. Simulation of additive (A) and subtractive (S) responses to joint action of tw
ndependent variable is a dilution series of a mixed solution. This result is equivalen
nd S. Note that S1 could be interpreted like a case of hormetic response.

rate extracts under the same conditions. Nevertheless, since the
oncentrations of both agents vary in strictly correlative form, they
an only be treated as a single variable, and not as two true indepen-
ent variables, which prevents us from knowing the nature of the

oint response. To describe such a joint response, a ray design was
pplied using aqueous extracts prepared by method P8. For com-
arative purposes, a similar design (P9) was applied to the joint
ction of CytoSol and fluoranthene.

In both cases (Figs. 6 and 7 and Table 2), the description of the
ingle responses by means of model (1) produced statistically sig-
ificant fittings (˛ = 0.05). When these parametric estimates were
sed as initial values for fitting each group of observations to model
7), which corresponded to the IA hypothesis, the description led to
tatistically significant new estimates (˛ = 0.05; Table 2). The val-
es of these estimates were very close to the initial estimates, and
here were strong correlations between observations and predic-

ions with residuals randomly distributed.

The differences among the individual parametric estimates in
ach couple suggested non replaceable equieffective doses and,
herefore, a joint response that did not obey the CA hypothesis.
n fact, Eq. (8) did not produce a statistically significant description
nts. Right: non-conventional profiles (A1 and S1) show the simulations when the
lect the responses along of a line bisecting the plane of the doses on the surfaces A

in either of the two cases. However, if we include a coefficient, b1,
in order to balance the toxic potential of both agents, we obtain:

R = mW[(b1D1 + D2); K, m, a] (15)

This equation produced statistically significant descriptions
(˛ = 0.05) in both couples, and response surfaces whose linear
isoboles indicated the absence of interaction between the agents
involved in each couple. In the case of CytoSol-fluoranthene the
value of m calculated from (15) was not statistically significant
when it was corrected taking into account the coefficient b1
(Table 2). In the case of CytoSol-Libyan oil, the difference between
both hypotheses was small, but the better fittings obtained with the
IA hypothesis (F-Fisher value and r coefficient) suggested that this
option was preferred over the CA hypothesis. Comparison of IA and
CA models by AIC test also suggested that the IA model was supe-
rior in describing the experimental data of dose–response obtained

with both mixtures (CytoSol-fluoranthene and Cytosol-Libyan oil).

Isobole analysis is usually restricted to the context of the CA
hypothesis, where the expression (6) allows us to decide between
null interaction, synergy or antagonism. However, the meaning of
the isobole’s curvature can be generalized to any system in which



8 zardou

i
o
o
r
d
R
l
i
i
a
w
(
t
e
i
c
s
d
o
s

3

s
u
r
o
c
t
o
t
h
e
o
c
o
a
t
e
p

b
d
p
d
a
e
t
t
i
c
2
f
(
s
t

a
(
w
t
t
o
d

16 M.A. Murado et al. / Journal of Ha

nteraction exists among the variables, that is, in which the effect
f one of them on the response depends on the values of the other
ne. In any system – interactive or not – if the isobole of a given
esponse, Ra, intersects the axes of the doses in the points d1a and
2a, it is obvious that when this isobole is concave up, the response
a requires lower doses than those corresponding to the straight

ine between d1a and d2a, and the opposite occurs when the isobole
s convex up. In a system with interaction, concave and convex
soboles mean synergy and antagonism, respectively. When this
pproach is applied to a surface that follows the IA hypothesis –
hich involves an interactive response, in accordance with the Eq.

3) – it reveals that synergy and antagonism notions cannot be used
o describe the interaction between agents without making refer-
nce to a specific dose domain. Indeed, it can clearly be observed
n Fig. 7 that surface response not only includes sections with con-
ave and convex isoboles but also isoboles with concave and convex
ections in the same profile. It allows us to define a low-dose sub-
omain in which the response corresponds to a null interaction
r an antagonistic effect, and another high-dose subdomain where
ynergistic effects were observed.

.3. Biphasic profiles, hormesis and degenerate responses

The biphasic responses obtained in the bioassay of CytoSol mea-
ured out by the P2 method and assessment of Libyan crude oil
sing DMSO as the solvent (Fig. 4b) raises a problem of interest in
elation with the hormesis concept. A biphasic profile reveals a sum
r subtraction of effects due to two different phenomena. It does not
orrespond with the “sum minus multiplication” of responses that
he IA hypothesis needs (7). It also does not correspond to the sum
f dose that the CA hypothesis demands (8), but it does correspond
o the sum of response that Eq. (9) shows. The specific feature of the
ormesis phenomenon is the presence of a single agent. The double
ffect of this agent can be explained if we assume that it operates
n two different mechanisms of the target organism, is metaboli-
ally transformed into more than one chemical, or even by means
f other hypotheses. Regardless, the possibility that the effects of
toxic agent are stimulatory to sub-inhibitory dose, together with

he supposed generality of this phenomenon, is what induced sev-
ral authors to suggest a relaxation of environmental protection
olicies in certain cases [33,39,40].

Some of these authors also pointed out that the presence of
iphasic profiles in dose–response assessments are not always
erived from the hormesis phenomena [28]. In this sense, an appro-
riate description of the joint action of two agents demands a
esign with a series of non-correlative doses of both agents and
mathematical function of two independent variables for its mod-
lling. This equation produces surfaces as A or S (Fig. 8) according to
hat the individual responses have similar or opposite sign, respec-
ively. However, when the response of a bioassay with two agents
s defined as a function of the dilutions from a one solution of both
hemicals, using the dilution as the only independent variable, the
D profile generated is a degenerate response of the real 3D sur-
ace that should be obtained. This result can be described by Eq.
9), and it will be equivalent to the results obtained throughout a
traight line in the A or S surfaces from the plane defined by the
wo independent variables (A1 or S1 profiles in Fig. 8).

It is likely that nobody would design an experiment with two
gents in this way. However, in the bioassay of complex solutions
extracts of tissues, biological fluids, microbial cultures, polluted

aters, lixiviates) it is common to express the response as a func-

ion of the dilution or to pay attention to a specific compound. If
hese solutions contain more than one active agent, observation
f a biphasic response could be a consequence of this degenerate
esign.
s Materials 185 (2011) 807–817

It is surprising that multiphasic responses are not more fre-
quent in assays of complex products (e.g., petroleum, CytoSol and
many others). In principle such responses could be described, for
a group of h-agents, by means of Eq. (9) modified with series of
h-sigmoid sums. However, it should be kept in mind that the first
condition of a biphasic or multiphasic response is the addition of
the effects, different from IA and the addition of concentrations
that are more common. Although the difference between mono
and biphasic curves can be very large, the profile waves tend to
be overlapped when h increases and, in practice, they are absorbed
by experimental error.

4. Conclusions

The use of SCA to eliminate petroleum that remains in the rocky
substrates after mechanical cleaning of oil spills demands an evalu-
ation of the toxicity of both agents in terms of single and combined
action. The present work studied the inhibitory response of larval
growth of sea urchin to CytoSol, Libyan crude oil and fluoranthene
individually and in two binary combinations. The results led to a
discussion of the problem of the dosage of hydrophobic mixtures,
the anomalous biphasic responses (similar to the hormesis phe-
nomena) obtained in some cases and the notions of synergy and
antagonism in the framework of the mathematical models that can
be applied to the joint response to two agents.

In relation to the dosage methods, it could be concluded that
the dilution of a saturated aqueous extract was a better option
than using CytoSol separately accommodated in different volumet-
ric relationships. The first method produced equivalent responses
to those obtained by diluting an emulsion vigorously mixed with
Ultraturrax without exceeding the limit of solubility. Individual
accommodation underestimated the toxicity with regard to the
other two methods and, according with what we expected if two
compounds from a mixture have solubility limits, it generated
anomalous responses due to changes in the initial composition with
an increasing series of doses. The use of a solvent without significant
effect as carrier (DMSO) led to higher estimates of the toxicity. It is
not clear whether the accommodation method underestimated the
biodisponibility of hydrophobic compounds under environmental
conditions of beaten sea and particulate material that could behave
as a carrier for filter feeders.

Experimental data were, in all cases, statistically well-described
by using a simple modification of the Weibull equation as the mod-
elling basis. Biphasic responses obtained in two bioassays were able
to fit a model including addition of effects (not of concentrations),
which only involved a sum or subtraction of two Weibull equa-
tions. Biphasic profiles with a stimulatory section at low-dose and
an inhibitory section at high-dose are often considered as an indi-
cation of the hormesis phenomenon (characterised by duplicity of
opposite effects due to a single agent). However, based on toxico-
dynamic results, hormesis cannot be differed from those obtained
by a degenerate design.

The Weibull equation in the framework of the mathematical
models corresponding to the IA and CA hypotheses was also utilised
in the descriptions of two combined responses (CytoSol-light
Libyan crude oil and CytoSol-fluoranthene), which were studied
by means of a ray design. Modelling results were significant in
both the IA hypothesis and the CA hypothesis with null interactions
(Student’s t and Fisher’s F tests with ˛ = 0.05). However, the lowest
confidence intervals of numerical parameters, the highest corre-

lation coefficient between observed and predicted values as well
as the results of probability obtained with AIC test favoured the IA
hypothesis. In spite of what this name suggests, the isoboles exam,
whose meaning is independent of the used hypothesis, showed
surface responses with cases of synergy and antagonism (specially
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lear in the CytoSol-fluoranthene test). As other authors have pre-
iously pointed out [22,50,51], these concepts cannot be applied to
he interaction among two agents without specifications because
ynergy and antagonism not only depend on the nature of such
gents but also on the subdomain of doses considered.
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