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Abstract

The retention factors of several aromatic compounds were obtained by micellar electrokinetic chromatography (MEKC) using cholate,
taurocholate, deoxycholate and deoxytaurocholate as micellar systems. The possibility of using these retention factors to describe and predict
several ecotoxicological activities of different aromatic compounds was evaluated. Adequate correlations retention—ecotoxicitgy (log LC
in fish and daphnia, log Egin green algae and daphnia, chronic values in fish and green algae, bioconcentration factor, and soil sorption
coefficient) were obtained for the micellar systems studied. The predictive ability of the models obtained for these micellar systems was
compared. Predicted values concur with the experimental lag in@®Bluegill, Rainbow trout, Fathead minnows and Daphnia Magna values
forthe compounds studied. The results obtained indicated the usefulness of the MEKC systems investigated for the rapid ecotoxicity assessment
of aromatic compounds.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are based on the study on the acute and chronic toxic effect
of natural or synthetic pollutants on aquatic organisms (al-
As a result of various human activities, several kinds of gae, fish and invertebrates). Toxic effects are measured as the
organic pollutants are released into the environment. Among concentration of chemical required to cause a lethal or ef-
these compounds, aromatic chemicals, such as polycyclicfective response to 50% of a population of organismss(,.C
aromatic hydrocarbons (PAHs) and their derivatives, are of ECs, etc.). In addition, the bioconcentration factor (ratio be-
special concern due to their toxic, carcinogenic, and muta- tween the chemical concentration in an organism and the to-
genic potential, and their ability to be absorbed in sediments tal chemical concentration in the wat8] and soil sorption
and to bioaccumulate in living organisiiis2]. coefficient (weight ratio between the amount of chemical ab-
To ascertain the potential hazard of compounds for the sorbed per unit of organic carbon in the soil or sediment and
ecosystem, several toxicity bioassays were used. These testthe chemical concentration in watg¥] are important pa-
rameters in the evaluation of the ecotoxicological behaviour
T of xenobiotics. In recent years, an effort has been made con-
* Presented at the 3rd Meeting of the Spanish Association of Chromatog- cerning the development of alternative methods to the in vivo

raphy and Related Techniques and the European Workshop: 3rd Waste Eate - .
Cluster, Aguadulce (Almeria), 10-21 November 2003, tests used for assessing the potential hazard of cherfit¢als
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must occur, namely, absorption, transport, and distribution employed to obtain different QRAR models for the evalu-
in the biological system. These processes are determinedation of different ecotoxicological paramet¢2s].

by the partitioning behaviour of the compound between the  MEKC is a capillary electrophoresis technique in which
lipidic and the agueous phase, which depends on molecularsurfactants at concentrations above their critical micellar con-
properties such as hydrophobicity, polarity, ionization de- centration are added to the separation buffer. The applicability
gree, size, and molecular shape. In this context, quantitativeof this technique to describe the biological behaviour of xeno-
structure—activity relationships (QSAR), requiring structural biotics was demonstrated by some researd24r29-32] In
and/or empirical descriptors of compounds as predictor a previous paper, the retention factors of a group of phenoxy-
variables, were used to estimate and predict the toxicity for acids obtained in BMC and MEKC systems using Brij35 as
different organism$§5—12] and to estimate bioaccumulation surfactant were correlated with different ecotoxicity parame-
[13-16]and soil sorption potential of chemicdlis’—19] ters. In both cases, appropriate QRAR models were obtained

Chromatographic and electrophoretic techniques are[33].
powerful tools for the measurement of physicochemical In this paper, the ability of different bile salt micellar sys-
parameters. The retention of a compound in reversed-phasdems, cholate, deoxycholate, taurocholate, and deoxytauro-
high-performance liquid chromatography (RP-HPLC) cholate to describe the ecotoxicity parameters of a set of
obtained under appropriate experimental conditions using 24 aromatic pollutants is studied and compared. Different
stationary phases that emulate biological barriers can beQRAR models are obtained and the predictive ability of the
used to measure the xenobiotic biopartitioning. The appli- models is evaluated.
cation of chromatographic parameters in structure—activity
relationships gives rise to a new field, that is, quantitative
retention—activity relationships (QRARS). QRARs have been 2. Experimental
successfully applied to describe the biological activity of
different kinds of drug$20—24]while only few applications ~ 2.1. Reagents and standards
for ecotoxicity predictions have been reporféd,25—-27]

Micellar systems have been proposed asinvitrosystemsto  All reagents employed were of analytical grade. Bile salts
emulate the biological partitioning of drugs due to their am- sodium cholate (SC), sodium deoxycholate (SDC), sodium
phiphilic and anisotropic properties. Different QRAR models taurocholate (STC) and sodium taurodeoxycholate (STDC)
to describe pharmacodynamic, pharmacokinetic, and ecotox-(Table ) were purchased from Sigma (St. Louis, MO, USA)
icological parameters of a wide range of xenobiotics have and were used as received. Water used throughout the in-
been proposed. In these models, the retention factors of com-vestigation was purified through a Milli-Q system from
pounds in biopartitioning micellar chromatography (BMC), Millipore (Bedford, MA, USA). All other reagents used
and micellar electrokinetic chromatography (MEKC), which for the preparation of buffer solutions were of analytical
depend on the electronic, steric, and hydrophobic propertiesgrade and used without further purification. Urea from Fluka
of compounds, are used as dependent variables. (Buchs, Switzerland); sodium hydroxide, and dimethylfor-

In a previous paper, the retention data of 66 compounds mamide (DMF) from Merck (Darmstadt, Germany); and
(phenols, phenylureas, phenoxy acids, and aromatic com-2-(N-cyclohexylamino)ethanesulphonic acid (CHES) from
pounds) in biopartitioning micellar chromatography, were Sigma. All solutions were filtered through 0.4& pore

Table 1
CAS number, structure, logarithm of the octanol-water partition coefficient for non-ionic form of bile salt, molecular mass, critical micediatratioT
(cmc) and aggregation numbé)(

OH Ri

HO Ro

General structure
CAS Bile salt Ry R> log P? MW cmce N
81-25-4 Cholate (SC) CHCH,CO™ OH 3.52 408.58 0.013 3
83-44-3 Deoxycholate (SDC) CIgH,CO ™ H 5.06 392.58 0.013 3
81-24-3 Taurocholate (STC) GEBH;CONHCH,CH,SO3~ OH 0.01 515.72 0.004 14
1180-95-6 Taurodeoxycholate (STDC) SEH,CONHCH,CH, SO~ H 1.55 499.71 0.009 11

2 Value estimate using Kowwin software.
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Table 2 Buffers were prepared by dissolving an appropriate amount
Number of compoundN), CAS number, log and K, for the aromatic  qf pjle salt and urea (2 M) in CHES stock buffer solution. The
compounds assayed final concentration was obtained by adding Milli-Q water up

N CAS Compound lo§*  pKa to the required volume. Finally, electrolytic solutions were
1 71-43-2 Benzene 1.99 - degassed in a ultrasonic bath. The bile salts concentration in
2 55-21-0 Benzamide 0.74 - the buffers ranged from 0.075 to 0.175 M (five concentrations
i 183:23:8 gﬂ;’fgﬁme igi - for each buffer). Standard solutions of solutes (approximately
5 98-95-3 Nitrobenzene 1.81 _ 10 mg/mL) were prepared by dissolving the solutes in the ap-
6 60-12-8 2-Phenylethanol 157 - propriate amount of DMF. All solutes analyzed were injected
7 108-90-7  Chlorobenzene 2.64 - as mixtures containing the maximum number of solutes that
8 140-20-4  Phenylacetonitrile 1.56 - could be separated in each of the measuring conditions. Peaks

1?) i;égio E?f;;galene j’_'gg B of solutes in the mixtures were identified by comparing their

11 85-01-8 Phenanthrene 435 _ migration times with those of individual standards injected

12 243-17-4  2,3-Benzofluorene 5.19 - under the same conditions. The final concentration of the

13 86-73-7 Fluorene 4.02 - solutes ranged from 0.1 to 0.5 mg/mL, depending on their

14 206-44-0  Fluoranthene 4.93 - nature. DMF and Sudan Ill were used as electroosmotic flow

12 ggzg?f Z\Egﬁzgﬂfﬁifge i:ig ~ and micelle_ migration_ markers, respec_tively_.

17 120-12-7  Anthracene 4.35 _ The capillary was rinsed every morning with 0.1 M NaOH

18 50-32-8 Benzo[a]pyrene 6.11 - for 5 min, Milli-Q water for 5 min, separation buffer for 5 min,

19 119-61-9 Benzophenone 3.15 - and then the voltage was applied for 5min. Prior to each

20 89-61-2  25-Dichloronitrobenzene 3.1 - injection, in order to maintain good peak shapes and repro-

g; 182:22:3 gg?g?r;ethylphenol 125611 gg ducible retentipn data_, awashing routin_e for the_ capillary had

23 90-15-3 1-Naphthol 269 B to be used. This washing was the following: Milli-Q water for

24 135-19-3  2-Naphthol 2.69 ol 2min, 0.1 M sodium hydroxide for 2 min, Milli-Q water for

a Value estimate using Kowwin software. 2 min, and the desired separation buffer for 2 min. In addition,
to achieve good baselines, the buffer in the reservoirs had to
be replaced after a few analyses. In all the experiments, the
running voltage was 15 kV. At the end of the day, the capillary
was rinsed with 0.1 M NaOH for 5 min, then Milli-Q water
for 5min, and stored in water overnight.

size disposable nylon filters from Scientific Resources
Inc. (Eatontown, NJ, USA). The solutes studied, also of
analytical-reagent grade, are listedTable 2 together with
their corresponding identification number and names.

2.4. Software and data processing
2.2. Instruments and measurements
Microsoff® Excel 2000 software and home-made Matlab

A programmable injector (model Prince) with a high gyproutines (Matlab Ver. 5.3.0.10183 (R11), The Mathwoks
voltage power supply (30kV) and an UV detector (model | Natick, MA, USA) were used to perform the statistical

Lambda 1000), all purchased from Lauer Labs (Emmen, The gnalysis of the linear regression. The Unscranfbiersion
Netherlands), were used as capillary electrophoretic system.7 o1 by CAMO was used to perform multivariate analysis.
Injections were made by pressure (20 mbar for 0.02min), and  gcotoxicity parameter data were taken from the EPI Suite
detection wavelength was set at 215 nm. All measurementsgynyare of Syracuse Research Corporaf®4i. This soft-

were carried outat room temperature, and electropherogramsyare integrates several programs based on QSAR models. In
were record_ed with an acquisition data system Model Star g paper, the following programs were used: (i) ECOSAR
4.5 from Varian Associates (Sugar Land, TX, USA). Separa- c|ass Program (ECOWIN version 0.99¢) to estimate the eco-
tions were performed on fused-silica papﬂlanes (|.qp51®, toxicity parameters L&, EGso, and Chronic values for vari-
0.d. 365.m) purchased from Composite Metal Services Ltd. s aquatic organisms (fish, daphnia and algae); (i) BCFWIN
(Worcester, UK). Capillaries had a total length of 65cm and yersion 2.14 to assess the bioconcentration factor (BCF)
aninjection-to-detection window length of 50 cm. Separation ;, aquatic organisms; (i) PCKOCWIN version 1.66, to
voltage was 15kV. A 654 pH-meter from Metrohm (Herisau, ascertain the soil sorption coefficiertd) of chemicals;
Switzerland) and an ultrasonic bath Transsonic 460 (Elma, gpq (iv) KOWWIN version 1.66 was used to estimate the

Germany) were employed to prepare the electrolytic solu- ocranol-water partition coefficient (Id®).
tions.

2.5. Predictive ability of the QRAR models
2.3. Procedure
To evaluate the predictive ability of the models, the fit er-
A 100 mM CHES stock solution was prepared and pH was ror (the root mean square error of calibration (RMSEC)), the
adjusted to 9 with a pH-meter using 0.1 M sodium hydroxide. predicted error based on cross-validation (root mean square
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error of cross-validation (RMSECYV)) parameter thatincludes 11
both interpolation and extrapolation informati@%] and the

RMSECVi parametef36] for measuring only the interpola- 0.8 1 °
tion information were compared. From a qualitative point of 06 | o
view, the lower the differences between RMSEC, RMSECYV, L
and RMSECVi parameters, the greater the robustness of the 04
QRAR model obtained. o
0.2
2.6. Calculation of retention factors o
N . 0.05 0.1 0.15 02
Taking into account that the aromatic compounds stud- (Bile sal], M
ied in this work are neutral solutes at working pH (see Sec- A '
tion 3.1), and that bile salts aggregates are anionic micelles 14-
(Table 1), the equation derived by Terabe et[8I/] was used
to calculate MEKC retention factors: 121
, tr — to 17
-9 1
to(1 — tr/tmc) @) * 0.8 - S
wherek' is the retention factot, the migration time of the 0.6
neutral solutetp the migration time of non-interacting solute 04 4 ©
moving at the electroosmotic flow atg: the migration time
of a solute entirely concentrated in the micelles. 02 ' ‘ ' ' ' '
0.05 0.1 0.15 02
(B) [Bile salt], M
3. Results and discussion Fig. 1. Effect of the micellar concentration on the retention in MEKC of:
(A) phenylacetonitrile and (B) benzeney)X Deoxycholate;[J) cholate; ()
3.1. Retention behaviour of aromatic compounds taurodeoxycholate X) taurocholate.
The aromatic compounds included in this stutigifle 2 tical parameters obtained for the laglog P relationships

comprise awide range of hydrophobicity (IBgaluesranged  at the lowest and highest concentration of bile salt assayed
from 0.74 for benzamide to 6.11 for benzo[a]pyrene) and they (0.075 and 0.175 M) are shown. As it can be observed in this
are neutral at the working pH. Phenol, 3,5-dimethylphenol, table, statistically significant model® & 0.0001) and ade-
1-naphthol, and 2-naphthol havipvalues in aqueous me- ~ duate correlations€ > 0.89,F > 160 and S.E. < 0.263) were
dia higher than 9.3 and, therefore, in this media, they could obtained in all cases.
be partially ionized at the working pH. However, the pres- Statistical comparisons of the slope and intercept values
ence of an organized medium modifies the acid—base con-obtained for a given bile salt at 0.075-0.175M (3eble 3
stants of the solubilized compounds. This modification can Were performed. To compare the slope values, the adequate
be explained by the electrostatic attractions and repulsionshypothesig-test was usef39]. A similar test was applied
between the species involved and the micelles when bothto compare the intercept values. The results showed that the
are charged. When anionic surfactants are used, an increast#crease of bile salt concentration did not significantly affect
of 0.5-3.0 in the K4 values occur§38]. Therefore, for the  slope values (SQga = 0.19; SDCical = 0.983; STClcal =
above-mentioned compounds, it can be assumed that theif.322; STDCtca = 1.753;t0,025, > 40 = 2.327), indicating
ionization degrees at pH 9 in a bile-salt micellar media are that the slope (sensitivity) depends on the nature of the mi-
negligible. celle and not on the micelle concentration. In this sense, the

To study the retention behaviour of aromatic compounds highest slope values were obtained for the deoxy forms of
in these micellar systems, five different concentrations of bile salts, STDC, and SDC. On the other hand, the intercept
each bile salt were employed (0.075, 0.100, 0.125, 0.150 Vvalues obtained for a given bile salt at different micellar con-
and 0.175 M)Fig. 1shows the effect of the SC, STC, SDC, centrations were in all cases statistically different (&G
and STDC micellar concentration on the retention factors = 7.230; SDCica = 8.374; STCica = 7.41; STDCitcal =
of phenylacetonitrileFig. 1A) and benzeneig. 1B). As it 5.371t0.025 1 > 40 = 2.327).
could be expected, the retention of compounds depends on
the nature of the compound and the nature and concentra3.2. Retention—ecotoxicity relationships. Exploratory
tion of the bile salt. In all cases, compound retention factors data analysis
increase as micellar concentration increases.

For a given micellar system, retention increases as hy- Table 4shows the values of the toxicity parameters ex-
drophobicity of compounds increases.Tiable 3 the statis- tracted from ECOSAR programs and those of the biocon-
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Table 3
Statistical analysis of the Idg-log P relationship for two concentration levels of the bile salts assayed fog+ b (log P)
Bile salt [Bile salt] [M] n a+ ts? (P-valuef b =+ ts (P-value) r2c (rsdj)”I Fe (P-value) S.E.
SC 0.075 23 —1.3+ 0.2 (<0.0001) 0.49 0.07 (<0.0001) 0.91(0.91) 220 (<0.0001) 0.217
SDC 20 —1.4+ 0.3 (<0.0001) 0.63 0.10 (<0.0001) 0.91 (0.90) 180 (<0.0001) 0.263
STC —1.1+ 0.2 (<0.0001) 0.48 0.06 (<0.0001) 0.93 (0.93) 280 (<0.0001) 0.188
STDC 23 —1.2+ 0.2 (<0.0001) 0.55% 0.07 (<0.0001) 0.93 (0.93) 285 (<0.0001) 0.209
SC 0.175 23 —0.9+ 0.3 (<0.0001) 0.4 0.08 (<0.0001) 0.88 (0.87) 150 (<0.0001) 0.232
SDC 22 —0.9+ 0.3 (<0.0001) 0.57 0.09 (<0.0001) 0.89 (0.88) 161 (<0.0001) 0.256
STC 22 —0.78+ 0.19 (<0.0001) 0.4% 0.06 (<0.0001) 0.94 (0.93) 301 (<0.0001) 0.159
STDC 16 —0.9+ 0.3 (<0.0001) 0.62: 0.12 (<0.0001) 0.90 (0.89) 126 (<0.0001) 0.212

a ts: confidence interval at 95%.

b p.value: measure of significance of a model derived from ANOVA.
¢ r2: correlation coefficient.

d rgd-: correlation coefficient adjusted for degrees of freedom.

€ F: residual to modelled variance ratio.

f S.E.: standard error of the estimate.

centration factor and soil sorption coefficient extracted from ecotoxicity parameters: log Lgg for fish and daphnia, log
BCFWIN and PCKOCWIN for each aromatic compound EGCsg for daphnia and green algae, and log ChV for fish and
studied. green algae, log BCF, and ld€,c. In the variable set, the
In order to establish the relationships among variables, logarithm of the retention factors of chemicals obtained using
principal component analysis (PCA) was applied to the eight 0.075 M micellar solutions of the different bile salts studied

Table 4
Ecotoxicity parameters for aromatic compounds
N log LCs log LCso log LCso log EGso log ChV log EGso log ChV log LCso log BCH log Kod
(fishy (fishy (daphy (GA)d (fish)e (daphf (GA)® (fish,sw}'
1 177 2.03 180 160 088 0.51 060 1.13 094 2.22
2 314 3.31 313 289 216 1.60 158 2.23 050 1.71
3 133 1.62 137 118 047 0.19 032 0.80 140 243
4 232 254 233 212 139 0.95 100 1.58 050 1.99
5 214 2.38 216 195 124 0.84 091 1.46 072 2.28
6 236 2.59 238 216 144 1.01 106 1.63 —0.30 1.46
7 132 1.62 137 118 047 0.20 034 0.81 149 243
8 235 2.58 237 215 143 1.00 104 1.62 050 2.26
9 0.88 1.22 094 Q77 007 -0.12 Q06 0.48 184 3.26
10 —0.58 —0.12 —0.46 —0.59 -1.26 -1.19 —0.86 —0.60 306 4.84
11 —0.09 0.33 001 —0.13 —0.81 —0.83 —0.54 -0.23 273 4.32
12 -0.79 —0.32 —0.67 —0.79 —1.46 —1.36 —0.99 —0.76 374 5.10
13 019 0.59 028 013 —0.56 —0.62 —0.36 —0.02 252 4.05
14 —0.58 —0.12 —0.46 —0.59 -1.26 -1.19 —0.86 —0.60 327 4.85
15 023 0.62 032 016 —0.53 —0.60 —0.35 0.00 233 3.79
16 004 0.44 013 —0.02 —0.70 —0.75 —0.48 —0.15 232 3.79
17 —0.09 0.33 001 -0.13 —0.81 —0.83 —0.54 -0.23 273 431
18 —1.59 —1.05 —1.44 —154 —2.22 —1.96 —-151 -1.37 402 5.90
19 105 1.39 111 094 024 0.04 023 0.65 091 3.03
20 112 1.45 118 101 031 0.10 028 0.71 168 271
21 144 n.a. 01 210 063 n.a. 098 n.a. 042 2.43
22 088 n.a. 057 124 005 n.a. 040 n.a. 11 2.85
23 090 n.a. 061 124 008 n.a. o2 n.a. 149 3.48
24 090 n.a. 061 124 008 n.a. 042 n.a. 138 3.47

a Logarithm of LGsp (mg|~1) in fish after 96 h.

b Logarithm of LG (mg I"1) in fish after 14 days.

¢ Logarithm of LG (mg I=1) in daphnia after 48 h.

d Logarithm of EGo (mgI~1) in green algae after 96 h.

€ Logarithm of ChV (mgt?) in fish after 30 days.

f Logarithm of EGo (mg 1) in daphnia after 16 days.

9 Logarithm of ChV (mgt?) in green algae after 96 h.

N Logarithm of LGso (mg I"1) in fish (saltwater) after 96 h.
I Logarithm of bioconcentration factor.
I Logarithm of the soil sorption coefficient ((mg adsorbed/kg organic carbon)/(mgl)).
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Statistical analysis of the QRAR models obtained using SC as micellar system

Ecotoxicity parameter n a=+ ts (P-value) b + ts (P-value) r2 (rgdj) F (P-value) S.E.
log LCsp (fish)1 24 1.25+ 0.19 (<0.0001) —1.4+ 0.2 (<0.0001) 0.88(0.87) 161 (<0.0001) 0.414
log LCsg (fish)2 20 1.6+ 0.2 (<0.0001) —1.3+ 0.2 (<0.0001) 0.89 (0.88) 146 (<0.0001) 0.399
log LCsp (daph) 24 1.2+ 0.2 (<0.0001) —1.3+ 0.3 (<0.0001) 0.84 (0.83) 113 (<0.0001) 0.464
log EGsg (GA) 24 1.224+ 0.18 (<0.0001) —1.4+ 0.2 (<0.0001) 0.88 (0.87) 157 (<0.0001) 0.406
log ChV (fish) 24 0.4H-0.17 (0.0001) —1.3+ 0.2 (<0.0001) 0.88(0.87) 157 (<0.0001) 0.385
log EGsp (daph) 20 0.2Gt 0.17 (0.0215) —1.09+ 0.19 (<0.0001) 0.89 (0.88) 144 (<0.0001) 0.327
log ChV (GA) 24 0.394 0.13 (<0.0001) —0.96+ 0.16 (<0.0001) 0.88(0.87) 154 (<0.0001) 0.283
log LCsp (fish,sw) 20 0.8H-0.17 (<0.0001) —1.11+ 0.19 (<0.0001) 0.89 (0.88) 145 (<0.0001) 0.330
log BCF 24 1.3+ 0.2 (<0.0001) 1.4t 0.3 (<0.0001) 0.84 (0.83) 114 (<0.0001) 0.472
log Koc 24 2.9+ 0.2 (<0.0001) 1.4:0.3 (<0.0001) 0.86 (0.85) 130 (<0.0001) 0.457
Ecotoxicity parameter a + b (log k).

@ SeeTables 3 and 4or abbreviations.
Table 6
Statistical analysis of the QRAR models obtained using SDC as micellar system
Ecotoxicity parameter n a+ ts (P-value) b + ts (P-value) r2 (rgdj) F (P-value) S.E.
log LCsp (fish)1 20 1.59+ 0.19 (<0.0001) —1.2+ 0.2 (<0.0001) 0.90 (0.89) 156 (01) 0.361
log LCs (fish)2 20 1.98+ 0.17 (<0.0001) —1.16+ 0.17 (<0.0001) 0.94 (0.93) 212 (GD01) 0.290
log LCsq (daph) 20 1.5+ 0.2 (<0.0001) —1.1+ 0.3 (<0.0001) 0.82(0.81) 85 (sW01) 0.462
log EGso (GA) 20 1.564+ 0.16 (<0.0001) —1.184+ 0.18 (<0.0001) 0.91 (0.91) 192 (€m01) 0.315
log ChV (fish) 20 0.73k 0.17 (<0.0001) —1.13+ 0.19 (<0.0001) 0.89 (0.89) 153 (am01) 0.336
log EGs (daph) 20 0.5@: 0.14 (<0.0001) —0.94+ 0.14 (<0.0001) 0.94 (0.93) 210 (GD01) 0.237
log ChV (GA) 20 0.63+ 0.11 (<0.0001) —0.82+ 0.12 (<0.0001) 0.91 (0.91) 190 (6m01) 0.219
log LCsp (fish,sw) 20 1.12+ 0.14 (<0.0001) —0.95+ 0.14 (<0.0001) 0.94 (0.93) 209 (€m01) 0.240
log BCF 20 1.0+ 0.2 (<0.0001) 1.1+ 0.2 (<0.0001) 0.85(0.84) 104 (D01) 0.401
log Koc 20 2.6+ 0.2 (<0.0001) 1.2+ 0.2 (<0.0001) 0.87 (0.87) 124 (MO1) 0.388
Ecotoxicity parameter a + b (log k).

2 SeeTables 3 and 4or abbreviations.
Table 7
Statistical analysis of the QRAR models obtained using STC as micellar system
Ecotoxicity parameter n a+ts (P-value) b + ts (P-value) r2 (rgdj) F (P-value) S.E
log LCsp (fish)1 24 1.55+ 0.17 (<0.0001) —1.6+ 0.2 (<0.0001) 0.91 (0.91) 236 (<0.0001) 0.348
log LCsq (fish)2 20 1.87+ 0.18 (<0.0001) —1.5+ 0.2 (<0.0001) 0.93 (0.92) 225 (<0.0001) 0.329
log LCsq (daph) 24 1.5+ 0.2 (<0.0001) —1.5+ 0.3 (<0.0001) 0.88(0.87) 158 (<0.0001) 0.402
log EGso (GA) 24 1.51+ 0.18 (<0.0001) —1.6+ 0.2 (<0.0001) 0.90 (0.90) 204 (<0.0001) 0.361
log ChV (fish) 24 0.69t 0.16 (<0.0001) —1.5+ 0.2 (<0.0001) 0.91 (0.91) 230 (<0.0001) 0.325
log EGso (daph) 20 0.42+ 0.15 (<0.0001) —1.24+ 0.18 (<0.0001) 0.92 (0.92) 216 (<0.0001) 0.272
log ChV (GA) 24 0.594+ 0.13 (<0.0001) —1.09+ 0.16 (<0.0001) 0.90 (0.89) 193 (<0.0001) 0.256
log LCs (fish,sw) 20 1.03t 0.15 (<0.0001) —1.26+ 0.18 (<0.0001) 0.92 (0.92) 218 (<0.0001) 0.275
log BCF 24 1.14- 0.2 (<0.0001) 1.5+ 0.3 (<0.0001) 0.83(0.82) 108 (<0.0001) 0.482
log Koc 24 2.6+ 0.2 (<0.0001) 1.6 0.3 (<0.0001) 0.89 (0.88) 175 (<0.0001) 0.402
Ecotoxicity parameter a + b (log k).

2 SeeTables 3 and 4or abbreviations.
Table 8
Statistical analysis of the QRAR models obtained using STDC as micellar system
Ecotoxicity parameter n a+ ts (P-value) b + ts (P-value) r2 (rgdj) F (P-value) S.E
log LCsp (fish)1 24 1.6+ 0.2 (<0.0001) —1.294+ 0.19 (<0.0001) 0.90 (0.89) 188 (<0.0001) 0.386
log LCsp (fish)2 20 2.0+ 0.2 (<0.0001) —1.21+ 0.19 (<0.0001) 0.91 (0.90) 181 (<0.0001) 0.363
log LCsq (daph) 24 1.6+ 0.2 (<0.0001) —1.2+ 0.2 (<0.0001) 0.85 (0.84) 121 (<0.0001) 0.451
log EGsp (GA) 24 1.574 0.19 (<0.0001) —1.25+ 0.19 (<0.0001) 0.90 (0.89) 197 (<0.0001) 0.367
log ChV (fish) 24 0.74t 0.19 (<0.0001) —1.194+ 0.18 (<0.0001) 0.89 (0.89) 182 (<0.0001) 0.361
log EGsp (daph) 20 0.48: 0.17 (<0.0001) —0.98+ 0.16 (<0.0001) 0.91 (0.90) 175 (<0.0001) 0.299
log ChV (GA) 24 0.63£ 0.13 (<0.0001) —0.86+ 0.13 (<0.0001) 0.90 (0.89) 189 (<0.0001) 0.259
log LCsp (fish,sw) 20 1.1G: 0.17 (<0.0001) —1.00+ 0.16 (<0.0001) 0.91 (0.90) 177 (<0.0001) 0.302
Log BCF 24 1.0+ 0.2 (<0.0001) 1.2+ 0.2 (<0.0001) 0.87 (0.87) 150 (<0.0001) 0.419
log Koc 24 2.54 0.2 (<0.0001) 1.3£ 0.2 (<0.0001) 0.89 (0.88) 176 (<0.0001) 0.400

Ecotoxicity parameter a + b (log k).
2 SeeTables 3 and 4or abbreviations.
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(STC, STDC, SDC, and SC) and the molecular descriptor, log P-values were less than 0.05, indicating that the relation-
P, were included. In addition, the experimental values of log ships between the ecotoxicity parameters and the retention
LCs for three different kinds of fishes (Fathead minnows, using micellar solutions of bile salts were statistically sig-
Bluegill and Rainbow trout, 96 h of test duration), and the nificant at the 95% confidence level. In all cases, the co-
experimental values for log Lgg (48 h) for Daphnia Magna,  efficients & andb) were also significant at this confidence
were included as variablg40]. level.

Because the variables are in different scales, the datawere In order to compare the ability of the different bile salts
auto-scaled before applying the PCA. The PCA results re- studied to describe and predict ecotoxicity parameters, the
vealed that the Fluoranthene (chemical number 14), had aRMSEC, RMSECV, and RMSECVi values for the developed
high leverage in the PCA model with respect to the other ob- QRAR models were obtainetigble 9. Asit can be observed,

jects. So, it was decided to exclude its calculation to prevent

its influence on the variable latent structure. Table 9

Fig. 2shows the loading plot corresponding to the first two Descriptive and predictive features of the QRAR models obtained using

principal components. The first principal component (PC1) different bile salts, ecotoxicity parametea= b (log k)

explains 89% of the variance in the data, whereas the use ofEcotoxicity parameter  Bile salt RMSEC RMSECW’ RMSECVF
two principal components increases the percentage to 95%Jog LCsg (fish)1 sC 0.3962  0.4536 0.4734
As it can be seen, there is a high correlation between the re- SbC 0.3424  0.3768 0.3862
tention of chemicals in MEKC (STC, STDC, SDC, and SC) STC 0.3332  0.3606 0.3728
and logP (in agreement with previous results), the biocon- SbTC ~ 0.3697 04321 0.4457
centration, and soil sorption of chemicals. On the other hand, log LCso (fish)2 sC 0.379 0.4397 0.4609
there is an inverse correlation between the retention and the g?g ggﬁg 8-22?2 ggigi
toxmty parameter_s estimated by ECOSAR, and to_some ex- SDTC 03445 04112 0.4252
tent with the experimental values of log k§for daphnia and
fishes log LCsp (daph) sc 0.4441  0.5013 0.5191
: . . . . sbc 0.4379  0.4782 0.4809
PC2 explains the variance in data due to the experimental sTC 03849 04152 0.4267
LCso parameters. This variance is mainly due to the inter- SDTC 04314  0.4916 0.5018
species, laboratory or methodology variability. log EGso (GA) sc 03889  0.4403 0.4511
sSbc 0.2986  0.3262 0.3368
o . - . . STC 0.3459  0.3722 0.3731
3.3. Quantitative retention-ecotoxicity relationships SDTC 03517 0.4088 0.416
Once the qualitative relationships among variables was '°9 €V (fish) ssé:c c?';f: é";521224 é);,:ge
estab]lshed, the relationships among retention and ecotoxi- STC 03109 03369 03478
cological parameters were studifébles 5-&how the sta- SDTC 03454  0.4037 0.4158
tistical analy_5|s and_ the predlctlv_e features of the QRAR log EGso (daph) sC 03101 03599 0.3768
models obtained using the retention data of compounds in sDC 0.2217  0.2505 0.2372
0.075M micellar solutions of each bile salt as predictive STC 0.2578 0.2827 0.2886
variable. SDTC  0.284 0.3387 0.3488
As it can be observed in all cases, the adequacy of thejog chv (GA) sc 0.2708  0.3066 0.3121
linear models to the data was satisfactofyyalues ranged sbc 0.2078  0.2273 0.2314
between 0.82 and 0.94. In addition, for all models, the STC 0.2449  0.2636 0.2614
SDTC  0.2477  0.2874 0.2897
bc Log LCsg (fish,sw) sc 0.3129  0.3632 0.3802
1.0 sbc 0.2249  0.2539 0.2404
] STC 0.2607  0.2855 0.2916
1 109 LCs0 (Fm. 960 » SDTC  0.2866  0.3417 0.352
0.5
] log BCF SC 0.4518  0.5055 0.5227
log LCso (r.t.,96h) o
1 ogKe log BCF sbc 0.3805  0.4157 0.4344
0] —osPe STC 0.4617  0.5007 0.5151
] Be ¢ log LCso (bl 98 o o SDTC  0.4015  0.4526 0.4652
o 57: log Koc sc 0.4377  0.493 0.5116
] log LGz (daph.48h) o sbc 0.3685  0.4126 0.4093
STC 0.3845  0.4191 0.4337
1.0 SDTC  0.3833  0.4384 0.448
03 02 01 0 01 0.2 03 @ RMSEC: root mean square error of calibration.
PC1 b RMSECV: root mean square error of cross-validation (leave-one-out).

¢ RMSECVi: root mean square error of cross-validation (leave-one-out)

Fig. 2. Loading plot PC1-PC2. for interpolated data.
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Fig. 4. Comparison between QRAR models proposed and experimergghalDes for: (A) Fathead minnows (96 h); (B) Bluegill (96 h); (C) Rainbow trout
(96 h); and (D) Daphnia Magna (48 h).

the RMSEC values were comparable to RMSECV and RM- with the predicted values obtained using the STC-QRAR
SECVi values suggesting the robustness of the models. Inmodels.
addition, RMSECV and RMSECVi values were also simi- Fig. 4shows the QRAR models obtained for each param-
lar, indicating that both interpolations and extrapolations of eter from ECOSAR data (solid line). In the same figure, the
parameters based on the current QRAR models should beexperimental values of these parameters for each compound
reasonably adequate. (medians and intervals of variability) have been included. As
The comparison between the predictive ability of the mod- can be seen, the intervals show a variation around one loga-
els (RMSECV) obtained for the different micellar systems rithmic unit, being in the worst of the cases (i.e. fluoranthene
studied showed that STC and SDC micellar systems are moreN = 14) higher than two logarithmic units (sEey. 4B).
adequate in terms of prediction. In addition, the ecotoxicity ~ For all the biological systems considered, adequate agree-
models obtained using the STC micellar system, were betterment between the predicted and the experimental values was

from a statistical point of view (slope? values, theF pa- obtained except for fluoranthenll € 14) as could be ex-

rameter, S.E. and most of cross-validated parameféirs)3 pected from the PCA analysis.

shows the QRAR models obtained using 0.075M STC as  Otheroutliers were detected in specific biological systems,

retentive phase. fluorene N =13, LG5 fish Fathead minnows), anthracei (
=17, LG fish Bluegill), benzeneN = 1, LCsg fish Rain-

3.4. Comparison between predicted and experimental bow trout), and acenaphthen¢£ 16, LG5 daphnia magna).

data However, for these compounds the predicted values obtained

with the others biological systems are in agreement with the
In the reported experimental ecotoxicologic parameter experimental ones. Taking into accountthatthe same property
values for a given compound, in a particular living organ- is measured in different biological systems, two possible rea-
ism and a given end point, a high variability is observed. sons could explain this behaviour: they are either unreliable
This data variability could determine the statistical quality of values or the compounds operate in these specific organisms
mathematical models (QSAR, QRAR, etc.) as well as future by a different mechanism of action. It has been reported that
predictiong40]. high quality QSAR and QRAR models can only be estab-
The LGy (fish, 96 h) experimental values for three dif- lished for molecules with a common mechanism of toxic ac-
ferent kinds of fishes (Fathead minnows, Bluegill and Rain- tion. Onthe other hand, it has also been reported that, in some
bow trout) and the L&y (daphnia, 48 h) experimental values cases, a given chemical may exhibit a different mechanism
for Daphnia Magna found in literatufd1] were compared  of toxic action based on the biological system upk-43]
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4. Conclusions [13] W.M. Meylan, P.H. Howard, R.S. Boethling, D. Aronson, H. Printup,
S. Gouchie, Environ. Toxicol. Chem. 18 (1999) 664.

The approach proposed in this paper which involves the [14] i‘é"l’eh A. Zhang, C. Wu, S. Han, L. Wang, Chemosphere 44 (2001)

retenpon factors of aromatic compounds in MEKC, using d[15] H.J. Geyer, |. Scheunert, R. Bygemann, C. Steinberg, F. Korte, A.
the bile salts cholate, taurocholate, taurodeoxycholate, an Kettrup, Sci. Total Environ. 109/110 (1991) 387.
deoxycholate may be an adequate alternative option to obtain16] J.w. Deneer, T.L. Sinnige, W. Seinen, J.L.M. Hermens, Aquat. Tox-

estimation of the toxicity, bioconcentration, and soil sorption icol. 10 (1987) 115.
potential of this kind of chemicals. [17] S. Binetin, J. Devillers, Chemosphere 28 (1994) 1171.

o . - . . 18] W. Meylan, P.H. Howard, R.S. Boethling, Environ. Sci. Technol. 26
Adequate quantitative retention—activity relationships for[ ] (1992?12%0 owar OEtIiNg, ENVITon. =ct. fechno

ecotoxic parameters were obtained, both in terms of calibra-[19] k.N. Reddy, M.A. Locke, Chemosphere 31 (1995) 4489.

tion and validation. The comparison between the predictive [20] C. Quiiones-Torrelo, Y. Mafh-Biosca, J.J. Maez-Pla, S.
ability and the statistical parameters of the different QRAR Sagrado, R.M. Villanueva-Carias, M.J. Medina-Heémdez, Mini
models indicates that the models obtained using the STC____Rev. Med. Chem. 2 (2002) 145.

icellar systems were the most adequate. The agreement b 21 D.M. Cimpean, C.F. Poole, Analyst (2002) 127.

micellar sy ne quate. The ag 2] A. Nasal, D. Siluk, R. Kaliszan, Curr. Med. Chem. 10 (2003) 381.
tween the QRAR predictions and the experimental values 23] k. valks, J. Chromatogr. A 1037 (2004) 299.

supports the reliability of this in vitro technique for the eco- [24] L. Escuder-Gilabert, J. Martinez-Pla, S. Sagrado, R.M. Villanueva-

toxicological assessment of aromatic compounds. Camdias, M.J. Medina-Heéndez, J. Chromatogr. B 797 (2003)
21.
[25] M.St.J. Warne, D.W. Connell, D.W. Hauwker, Chemosphere 19
(1989) 1113.
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