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Introduction and thesis outline
aquatic ecosystems). The results are extrapolated from one
species to others, from single species to ecosystems, from
acute to chronic effects, and from lethal effect levels to noeffect levels using empirical safety factors (Chapman et al.,
1998) and/or various statistical methods to derive the PNEC
(van Leeuwen & Hermens, 1996). Despite its wide
application, this approach has significant limitations and has,
therefore, been severely criticized recently. The major
shortcomings include unjustified simplifications, over– or
under–protection (depending on the specific case), and lacking
uncertainty analysis.
In principle, one can envisage two approaches to improve
the practice that effect assessment is conducted (Fig. 2). These
two approaches also reflect current trends in ecotoxicological
research. One way is to work in real ecosystems or in
somewhat simplified but still realistic model systems like
mesocosms, where the complex interactions and feedback
mechanisms in ecosystems can be simulated and investigated.
The disadvantage of the ecosystem approach, however, is the
difficulty to draw any generalizable conclusions and to set up
predictive models.
An alternative approach that I have taken in my research is
to develop a mode-of action based effect assessment (Escher et
al., 1997a; Power et al., 1998). The idea is to conduct effect
assessment on the basis of explanatory principles by investigating the underlying responsible molecular mechanisms
instead of comparing empirical data from descriptive studies.
Since the number of modifying factors is almost countless, a
systematic organization and stepwise deduction of principles
are necessary for a comprehensive understanding of ecotoxicological effects. Conceptually, the mechanism-based approach
includes (1) the classification of a chemical according to its
mode(s) of (eco)toxic action, (2) assignment of the mode(s) of
toxic action to relevant target sites and target organisms, (3)
quantification of the respective activity by an appropriate invitro test system, and (4) description of the overall effect by
combining the mechanistic information with information on
the organism (e.g., concentration of target sites), using
toxicokinetic and toxicodynamic models.
This concept also permits a systematic assessment of
single chemicals exhibiting multiple mechanisms or multiple
chemicals. “Multiple” chemicals, as defined here, may refer to
three categories: (i) organic molecules that are present in

Mode-of-action-based ecotoxicological risk
assessment
Environmental toxicology has evolved in recent decades
from an amalgamation of various scientific disciplines
including biology, toxicology, environmental chemistry,
biochemistry, pharmacology, and ecology. The overall
objective of environmental toxicology is to understand the
impact of chemical pollutants on ecosystems, encompassing
all levels of biological organization– from biochemical
interactions in biological organisms to whole animals,
populations, and ecosystems.
Environmental toxicology, as a science, also plays a
central role in the development of sound methods for
ecological risk assessment of chemicals. Traditionally
ecological risk assessment consists of three steps (Fig. 1): (1)
hazard identification including the collection and evaluation of
all available information on the given chemical to assess its
potential adverse effects; (2) exposure and effect assessment,
which results in a predicted environmental concentration
(PEC) and predicted no-effect concentration (PNEC); and (3)
Hazard
identification

Exposure
Assessment

Effect
Assessment

PEC

PNEC
Risk
Characterization

Figure 1 Current Risk Assessment Scheme (European
Commission, 1996).
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comparison of PEC and PNEC to characterize the risk
imposed by a given chemical (van Leeuwen et al., 1996).
To date, dose-response relationships are determined for
the effect assessment in both acute and chronic studies for a
limited number of representative organisms of different
trophic levels (typically algae, daphnia, and fish are used for
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Figure 2 Overview of approaches to improve current risk assessment practice.
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different molecular forms (chemical species), e.g., weak
organic acids are present as neutral species or as anionic
deprotonated species; (ii) mixtures of pollutants as they occur
in chemical products (formulations) or in samples from
polluted sites; or (iii) a parent compound plus its metabolites.
The “chemical domain” of (i) to (iii) constitutes one
dimension in the classification system. The possible target
site(s) with which the chemical(s) may interact can be looked
at as a second dimension. The third dimension corresponds to
the mechanism of toxicity or mode of action. These three
dimensions are depicted in Figure 3. All of the research
presented in this habilitation thesis has been conducted within
this framework. This scheme can be extended with further
dimensions, depending on the research question. These further
dimensions are not explicitly considered in this thesis but are
briefly summarized. They include time (from acute to chronic
exposure, or specific life stages of an organism), the biological
species (algae, invertebrates, fish, etc.), or levels of biological
organization (molecule, organism, population, ecosystem).

specific functional groups may bind to membrane-bound
enzymes and receptors (Terada, 1990).
In this thesis, the membrane toxicity of non-ionic and
ionogenic organic and organo-metalic compounds is
investigated. The classification scheme depicted in Figure 3 is
therefore reduced to two dimensions in a plane of the target
site dimension “membrane”. The nonionic, non-reactive
chemicals investigated all acted as baseline toxicants (Figure
4). Using a novel test system, it was shown that there is no
difference between non-polar and polar compounds in their
mechanism of baseline toxicity.
chemical

nonionic
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compound

baseline
toxicity

y
og
ol

toxicology

mode of action
or mechanism

Figure 4 Baseline toxicity is the dominant mechanism of 60 %
of industrial chemicals and constitutes the underlying minimal
toxicity of all compounds.
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chemical speciation
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Figure 3 Toxicity of specifically acting compounds is a
multidimensional problem.

In summary, it is the objective of my research to
contribute to the foundation of such a mechanism-based effect
assessment. To reach this goal, more fundamentally oriented
research on the molecular modes of ecotoxic action by
environmental pollutants are combined with conceptual and
modeling efforts. Ultimately this approach should lead to an
increased understanding of the underlying principles as well as
to the development of novel mode-of-action based biomarkers
and test systems to be used as practical tools for the risk
assessment of chemicals.
This thesis focuses on those modes of action, whose target
site is the membrane. Nevertheless, the conceptual approach
taken in this thesis can be extended to any other target site and
mechanism.

Membrane toxicity– illustrating the
mechanistic approach
Biological membranes are important target sites for toxic
effects of environmental pollutants. Pollutants pose a
particular hazard to the environment if they are persistent and
bioaccumulative. Such compounds will accumulate preferentially in the lipid tissues of organisms. The lipid bilayers of
membranes function as compartimentalization barrier and
contain many crucial enzyme systems, for example, the energy
transducing system of oxidative and photo-phosphorylation.
Accumulation of hydrophobic pollutants in membranes may
therefore severely disturb functioning of the membrane and
membrane-bound systems. About 60 % of all industrial
chemicals act as baseline toxicants, i.e., they interfere with the
membrane structure and functioning simply by partitioning
into the membrane (Nendza et al., 1995; van Wezel &
Opperhuizen, 1995). Certain compounds may additionally
exhibit more specific and selective mechanisms. Weak organic
acids may destroy the electrochemical proton gradient, which
is an intermediate in energy transduction, and compounds with

Substituted phenols and catechols were chosen as
representatives of hydrophobic ionogenic organic compounds.
These weak acids act as baseline toxicants or uncouplers,
depending on their acidity and substitution pattern (Figure 5).
As the results from earlier studies showed, the intrinsic
potency of the neutral (HA) and deprotonated (A-) species is
equivalent for baseline toxicity, whereas the phenoxide species
A- is a more potent inhibitor of the electron transfer chain than
the corresponding neutral species. For uncoupling, both
species have to present in order to be efficient. Consequently,
the uncoupling activity shows a strong dependence on
speciation. This pH-dependence can be described with a
kinetic model of uncoupling. The effect of the interplay among
the two dimensions, in chemicals with multiple modes of
action, is illustrated in Figures 5 and 6 with the shading
indicated. One can imagine that each category has a spectrum
of severity. An ionogenic chemical that is present at
suboptimal speciation may lie somewhere between a baselineor uncoupling-type toxicity.
For triorganotin compounds (TOTs), the representative of
metal-organic compounds chosen in this work, at least three
different species contribute to the toxic effect, the cation
(TOT +), the hydroxide complex (TOTOH), and the chloride
complex (TOTCl). The corresponding classification scheme is
depicted in Figure 6. The work in this thesis focuses on the
interplay between TOT+ and TOTOH. Together they can
create a hydroxide shuttle. The TOT+ -species has a strong
chemical
species

HA
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toxicity

uncoupling

mode of action

in- or mechanism
hibition

Figure 5 Various mechanisms of membrane toxicity exhibited by
substituted phenols.
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Figure 6 Various mechanisms of membrane toxicity exhibited by
triorganotin compounds.

affinity to oxy-ligands and therefore exhibits inhibitory effects
on biological receptors and enzyme systems, e.g. the inhibition
of the ATP synthetase.
A further degree of complexity is added by investigating
the effects of multiple chemicals and mixtures.
Chlorocatechols act as baseline toxicants or uncouplers
depending on the number and substitution site of the chlorosubstituents. In the presence of Cu+, the activity is modulated
by complexation with the metal ion. Also uncouplers may
interact with each other giving rise to additive or synergistic
mixture effects.
With many conventional tests systems it is difficult to
distinguish clearly between the different possible mechanisms
of toxicity on membranes. Therefore, a new experimental
approach is described, which combines membrane-water
partitioning experiments with a mechanistic in-vitro test
system. Membrane vesicles isolated from the photosynthetic
bacterium Rhodobacter sphaeroides (chromatophores) serve
as model systems for energy-transducing membranes. This test
system is a model of the interior of the cell representing the
compartments as cytosol and target membrane. Therefore a

clear distinction is possible between toxicokinetics (all steps
from uptake, distribution, metabolism up to but not including
interaction with the target site) and toxicodynamics (degree of
interaction with the target site and intrinsic potency).
A new modular test system was developed that allows a
clear distinction and quantification of the various mechanisms
underlying membrane toxicity (Escher et al., 1996; Escher et
al., 1997b; Escher et al., 2002). The core of each module
consists of a cuvette containing the chromatophores, either in a
redox-buffer or under anaerobic redox control (Figure 7).
Photosynthetic electron transfer is induced by either a short,
single turnover flash of light or by longer illumination, which
leads to the build up of a measurable amount of ATP.
Depending on the goal of the measurements, different
spectrophotometer, photometer, or luminometer units are
combined with this induction unit.
The modular set-up of this test system provides the
advantage that the relative importance of the different
mechanisms can be assessed because all measurements are
performed under similar test conditions and because each
module is selective for the respective mechanism of interest.
Module I is a kinetic spectrophotometer with a double
monochromator, which allows the time-resolved determination
of the redox status of various cytochromes in the electron
transfer chain. Module II detects baseline toxicity and
uncoupling by following the time course of the membrane
potential. The membrane potential is quantified by the
absorbance change at 503/505 nm, which represents the
electrochromic absorbance shift of the carotenoid in the
photosynthetic membrane. This shift is directly proportional to
the electric field across the membrane. In module III, no
measuring light is required but the yield of ATP is measured
by adding the luciferin/luciferase system, which produces
luminescence proportional to the amount of ATP present.

Induction of photosynthesis
by 1 µs flash (single turnover)
or 1 ms to 10 s flash

module I

module II

module III
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module II and III

Figure 7 Modularly built spectrophotometer/luminometer for the determination of different mechanisms interfering with the functioning of
the membrane and membrane-bound systems.
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Outline of the thesis
This thesis is organized in three main parts (Figure 8). In
the first part, a general overview about mechanism-based
approaches is given. The two other parts focus in more detail
on membrane toxicity, with Part II covering the partitioning
and sorption behavior to biological membranes and Part III
covering the toxic effects on/in membranes. Within the
framework developed in Figures 3 to 6, Part II represents the
“chemical domain” and Part III provides the toxicological
dimension.
Part I introduces the conceptual framework of this thesis.
In Chapter 1, an introduction into molecular approaches in
ecotoxicology is given. As is demonstrated, research in this
field is multidisciplinary including environmental chemistry,
biology, and toxicology.
Chapter 2 attempts to review critically the state of the art
in mechanistic research in ecotoxicology and outlines potential
applications for the classification and risk assessment of
chemicals given a framework such as was described above.
Conceptually, all toxic effects are broken down into
assignment to the target site, interaction of the chemical with
the target site, and resulting mechanism. This approach is also
a basis for dealing with multiple mechanisms and effects of
mixtures of chemicals. Internal concentrations, referring either
to the whole body of an aquatic test organism or to a particular
target site, e.g., the membrane or a specific receptor, are
shown to be a better measure of toxicity than exposure-based
aqueous effect concentrations because they help to understand
better species sensitivity differences and differences in the
intrinsic toxicity of chemicals.
For compounds, whose target sites are membranes, the
concentration in the membrane is a relevant parameter
describing the effect. Since the relevance of membrane
toxicity is ubiquitous, this system is ideal for focusing the
biological dimension described in Figure 3 and for providing
more specific insights into the development of methods that
are the goal of this thesis. In Part 2, partitioning of nonionic
and ionogenic organic pollutants in (bio)membrane-water
systems is therefore addressed in detail. This part starts off
with a review on membrane-water partitioning (Chapter 3).
The following four chapters summarize the results of detailed
investigations of the membrane-water partitioning of non-ionic
surfactants (Chapter 4), substituted phenols and anilines
(Chapter 5), and triorganotin compounds (Chapter 8). Various
experimental methods were applied or specifically developed
for these studies. These methods are evaluated and compared
in Chapters 5 through 7.

Introduction

Part I

Mechanisms in
ecotoxicology

Part II

Part III

Target site
biomembrane

Toxic effects
on/in the membrane

Outlook
Figure 8 Thesis outline.

This thorough investigation of membrane-water
partitioning is the basis for the interpretation of membranetoxic effects that are treated in Part 3. In chapter 9, the
mechanistic studies on membrane toxicity are summarized and
linked to effects observed in-vivo in aquatic animals through
equilibrium partitioning modeling. The following two chapters
are devoted to the investigation of baseline toxicity of
nonionic surfactants (Chapter 10), non-polar and polar
narcotics and pharmaceuticals (Chapter 11). Then specific
effects on energy-transduction are discussed, namely
uncoupling (Chapters 12 and 13), inhibition of the electron
transfer chain (Chapter 13) and the ATP synthesis
(Chapter 13). Compound classes investigated in these studies
include substituted phenols and triorganotin compounds.
Furthermore, mixtures of baseline toxicants (Chapter 11) and
interactions between uncouplers and metal ions (Chapter 14),
as well as in binary mixtures of uncouplers (Chapter 15) were
investigated.
The thesis is then concluded with an outlook on how to
extend this conceptual approach to other modes of toxic action
and with a proposal on how to implement mechanistic
information in the risk assessment of complex environmental
mixtures.

Part I
Mechanistic concepts in ecotoxicology:
basis for novel approaches in
environmental risk assessment

7

Chapter 1
Molecular mechanisms in ecotoxicology:
an interplay between environmental
chemistry and biology
Beate I. Escher•, Renata Behra, Rik I. L. Eggen, and Karl Fent
A close collaboration between environmental chemistry and biological sciences is required for a complete understanding of
ecotoxicological effects. Bioavailability and uptake of pollutants cannot be regarded as isolated chemical or biological questions.
Knowledge of the effective concentrations in the organism or at the target site(s) is essential to link the fate and effects of a chemical
and is a prerequisite for quantitative investigation of the modes of toxic action. These modes of action need to be unraveled using
whole-organism or in vitro systems in order to be able to develop specific biomarkers and biosensors that can be applied as early
warning systems. Our mode of action based approaches, in which chemical and biological analytical tools are combined should
improve the understanding of ecotoxicological effects and should be implemented in the future in risk assessment.

Introduction
Ecotoxicology is the science of the impact of toxic
substances on living organisms, encompassing all levels of
biological organization from single organisms to ecosystems
(Fent, 1997). Ecotoxicology integrates environmental chemistry,
biochemistry, toxicology and ecology in a multidisciplinary
manner. The unifying theme of ecotoxicological research is to
provide general concepts to evaluate the potential harmfulness of
pollutants. This research is the basis for the development of tools
that can be used in environmental regulation.
Despite major advances in the last decade, descriptive
studies still make up the majority of ecotoxicological research
concerned with the effects of chemicals. This has lead to an
accumulation of valuable empirical data on the effects of specific
pollutants on selected species that are currently used for
regulatory purposes. Much less emphasis has so far been placed
on the development of general concepts that allow assessments
of effects on the basis of explanatory principles.
In this more conceptually oriented approach to ecotoxicology, essentially two trends have evolved in the last
decade. One trend is directed towards the understanding of
underlying molecular mechanisms and modes of toxic action on
different levels of biological organization, while the other trend
is aimed at understanding the complex interactions and feedback
mechanisms in ecosystems disturbed by pollutants. Taken
together, these two approaches complement each other and will
finally enhance the understanding of the effects of pollutants on
living systems. In this paper, we focus on the mode of action
based molecular approach.

Ecotoxicology at EAWAG
Fig. 1 shows an overview of the processes considered in the
molecular approach to ecotoxicology. Emphasis is placed on the
importance of understanding the interplay between
environmental chemistry and toxicology, thereby linking the
concepts of bioavailability, effective concentration in the

•

organisms or at the target sites, and the mechanism of
ecotoxicity.
Evaluation of the adverse effects of pollutants in aquatic
ecosystems requires discrimination between the total
concentration of a chemical, the bioavailable fraction, and the
final concentration at the target site(s) (Fig. 1, left). Environmental chemistry plays a major role in assessing the influence of
environmental processes on the fate of a substance in the
environment (Wehrli & Schwarzenbach, 1997). The fate of a
chemical is affected by its physico-chemical properties, the
characteristics of the environment and by biological processes.
As a result, only a fraction of the total input into the ecosystem
will be available for uptake by organisms.
Properties of a compound that affect its fate include its
speciation and the hydrophobicity of the different chemical
species. Speciation is important for metals (see section “Uptake
and effects of metals in algae”), organometallic compounds
(Fent, 1996; Arnold et al., 1997) and hydrophobic ionizable
organic compounds (HIOC) (see section “Inhibiton of energy
metabolism”). In case of organotin compounds, charged species
usually show a lower but still significant bioaccumulation as
compared to the corresponding neutral species (Fent & Looser,
1995). The freely dissolved fraction of a compound is primarily
available for uptake by organisms. Sorption to minerals and
organic matter reduces the bioavailable concentration. Even the
presence of dissolved organic carbon reduces the bioavailability
of organic compounds (Fent & Looser, 1995).
The uptake and effect of chemicals is not solely determined
by the bioavailable concentration of a chemical, but is also
influenced by biological factors, particularly differences in lipid
content and sensitivity of organisms. Differences in sensitivity
among species or populations of the same species are related to
differences in morphology, developmental stage, sex, genotype,
metabolic activity and individual history. Moreover, organisms
can evolve protection mechanisms in response to continuous
exposure to elevated concentrations of a chemical. This results in
an increased tolerance to the chemical, which further obscures
concentration-effect relationships. The link between total, bioavailable, and effective concentrations is further illustrated in the

Escher, B. I., Behra, R., Eggen, R. I. L., Fent, K. (1997), "Molecular mechanisms in ecotoxicology: an interplay between environmental
chemistry and biology", Chimia, 51, 915-921.
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Section 1 Mechanistic concepts in ecotoxicology

toxicity and response

bioavailability and uptake
dissolved
organic matter

fish
lethality
narcosis
reproduction

particulate
organic matter

freely
dissolved
pollutant

Daphnia
membrane toxicity

growth
impairment

minerals and
sediments

algae

disturbance of
cell homeostasis

defense

etc.
environmental
fate

bioavailable
concentration

effective
concentration
in organism

effects at
molecular
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Figure 1 The effective concentration of a pollutant in an organism (e.g. fish, daphnia, algae) or at the target site inside the organism is the
link between the environmental fate of a pollutant and its toxic effect.

following section using the example of uptake and effects of
metals in algae.
Once inside the organism, the pollutant may initiate a variety
of effects, ranging from cellular impairment to lethality. Any
observable effect ultimately has a molecular cause (Fig. 1, right).
This paradigm is supposed to be valid not only for effects on
individual organisms, such as lethality or behavioral changes,
but also for the reproductive capability of populations and the
functioning of ecosystems. To gain insight into the toxic effects
of environmental chemicals, we look at the mode(s) of toxic
action of a given chemical or mixture of chemicals and correlate
the responses to effective concentrations at the target site(s).
Particularly for compounds that are present in several chemical
forms and/or act concomitantly according to different modes of
action, the understanding of the overall toxic effect requires
methods for distinguishing and quantifying the different modes
of action. This approach is illustrated in section “Inhibition of
energy metabolism”.
Understanding the mode of action of pollutants is relevant in
the development of sensitive ecotoxicological endpoints. In vitro
assays can, to a certain extent, replace toxicity tests on whole
organisms and can be used for the assessment of the toxic
potential of chemicals and environmental samples. Since they
are simplified model systems, in vitro systems offer the
opportunity to focus in detail on specific modes of actions (Fent,
1996). From an ethical point of view, they are less problematic
than animal testing. However, a major problem of in vitro
systems is the difficulty to extrapolate the results to whole
organisms. Another disadvantage is shared with animal testing
on single species in that they typically cannot account for
species-specific differences in sensitivity. Therefore, speciesspecific systems have to be developed. In the section “Fish
specific in vitro systems”, different applications of a fish-specific
in vitro system are shown, employing apermanent fish hepatoma
cell line (PLHC-1).
Further processes whose importance cannot be unraveled by
looking only at lethality or other observable effect endpoints
include defense and repair mechanisms. Organisms have
developed protective mechanisms (such as mobilization of
various cellular constituents and enzymes that in a highly
coordinated way minimize disturbances of cellular homeostasis)

that allow them, within certain limits, to resist adverse
conditions, including the negative effects of anthropogenic
chemicals. If the disturbances become too large or are chronic,
however, organisms react with stress responses, which are
accompanied by an increased production of enzymes that
dampen the deleterious effects of the stressors, or by repairing
damaged cellular components. When protective mechanisms are
overridden, toxic effects can follow, resulting in deleterious
effects on individual organisms and eventually on populations.
Examples of these effects are detailed in section on oxidative
stress.
In the final section of this paper, the focus is on how the
results of fundamental research on the impact of pollutants from
a molecular to organism level can be used to develop tools and
methods for environmental regulation and risk management. The
majority of the assays presented here can be used as biomarkers
and biosensors. A biomarker is defined as a measurable response
at any level of biological organization that can be related to an
impact of contaminants (Bucheli & Fent, 1995). Biomarkers
serve as screening tools for environmental contamination of
mixtures of unknown composition and are used as an early
warning system of exposure and effects. Just as biomarkers are
an important tool for assessing biochemical effects, biosensors
are used to examine the stress response of an organism. In the
biosensor approach, the expression of affected genes can be
linked to artificially introduced marker genes whose products
can easily be measured (e.g.luciferase, beta-galactosidase, green
fluorescence protein or arylsulfatase) (Power et al., 1998).
Biosensors work in both prokaryotic and eukaryotic organisms
and may be used for on-line monitoring of the environment.

Uptake and Effects of Metals in Algae
Most studies on the ecotoxicology of metals in the aquatic
environment try to relate biological responses to nominal
concentrations (Behra et al., 1993). In aquatic systems, metals
occur in various chemical forms, the formation of which is
influenced by the locally prevailing physico-chemical
conditions, e.g. acidity, salinity, inorganic and organic ligands
and the presence of particles (Sigg & Xue, 1994). Chemical
speciation is an important determinant of metal uptake and

Chapter 1 Interplay between chemistry and biology
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toxicity although its characterization is not trivial considering the
diversity of chemical constituents of aquatic ecosystems.
Moreover, in many cases, the concentrations of the free and
other bioavailable forms cannot be directly measured but have to
be calculated. Studies of metal-algae interactions in chemically
defined culture media, in combination with thermodynamic
calculations of the equilibrium speciation, are an approach to
gain insights into the influence of the speciation of a metal on its
biological availability (Anderson et al., 1978).
At the EAWAG, evaluation of the effects of chemical
speciation on growth, metal uptake and accumulation in algae is
carried out at metal concentrations relevant for freshwater
phytoplankton. Consideration of the kinetic properties of a
copper uptake system indicates that Scenedesmus subspicatus
has a high ability to accumulate copper, reflecting its adaptation
to the bioavailable copper concentration (Knauer et al., 1997a).
According to the free-ion activity model for metal-organism
interactions (Morel & Hering, 1993), copper and zinc uptake in
S. subspicatus is related to the free and not to the total
concentration in the culture medium (Knauer et al., 1997b). This
was indicated by experiments carried out in the presence of two
different concentrations of the synthetic ligand EDTA. Because
EDTA acts as a metal buffer, manipulations of the total metal
concentration allow regulation of the free metal concentration.
As shown in Fig. 2 for copper, when plotted against the free
Cu2+ concentration in the media containing 10-4 und 10- 5 M
EDTA, the copper contents in the cells are comparable. Under
environmental conditions, the influence of metal speciation on
biological availability may, however, be more complicated. A
comparison of the cellular copper contents of S. subspicatus
grown in a synthetic culture medium or in lake water indicated
that although grown at the same free Cu2+ concentration, the
metal content was higher in cells grown in lake water. This
observation was substantiated by the isolation of algae from the
field, which showed a higher copper content than algae grown in
a synthetic culture medium with similar free Cu 2 +
concentrations. Possible explanations include the release of
ligands by the algae, which may bind and therefore reduce the
free ion concentration in the medium. It is also possible that
other copper species, such as lipophilic metal-organic complexes
are available for uptake. To what extent some of the copperorganic complexes are bioavailable is not yet fully understood.
The role of biological variables in the control of metal
availability is evidenced by comparative studies in which the
growth rate of various species, including field isolates, was
related to the free copper concentration. With regard to the range
of free metal concentration in which growth was optimal, each
species had a distinct tolerance range for metals (Knauer et al.,
1997b). Tolerance to metals may result from intracellular
immobilization through metal-binding proteins and peptides,
reduced metal uptake and enhanced exclusion, extracellular
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Figure 2 The uptake of copper by the green alga, Scenedesmus
subspicatus, after 5 days of growth as a function of the free Cu2+
concentration.
Two different EDTA concentrations were used:
–
10 4 M ({), and 10 -5 M (U).

binding through organic chelators released by algae, or metal
transformations (Reed & Gadd, 1990). Our current research is
directed towards an understanding of the tolerance mechanisms.
Intracellular regulation of metals was indicated by the fact
that S. subspicatus retained an optimal growth rate over a broad
range of intracellular metal contents. Interspecific difference in
sensitivity to metals was also indicated by experiments in which
natural algal communities were subjected to a long-term
exposure to copper in river water (Soldo & Behra, 2000). At
high copper concentrations, the community was reduced to a few
species. This reduced community showed a remarkably high
tolerance to copper, but also a co-tolerance to other metals such
as zinc, nickel and silver. These results again raise the question
of the strategies employed by organisms for controlling the
cellular speciation of a metal. We are currently examining this
question. Preliminary results are indicative of a reduction of
bioavailable metal by extracellular complexation, and of cellular
immobilization. In similar cases where metals are accumulated
in organisms, the most effective approach for predicting toxicity
may be to relate it to the concentration of toxicant taken up.
Studies on the molecular mechanisms of protection and on the
toxic action of metals may allow tests of this hypothesis.

Inhibition of Energy Metabolism
A variety of environmental pollutants interfere with energy
metabolism through different modes of action, particularly,
inhibiton, uncoupling, and narcosis. In fact, the targets of certain
pesticides are energy transducing membranes, which are a
common feature in unicellular organisms, mitochondria, and
chloroplasts. Here, energy in the form of redox equivalents in
oxidative phosphorylation or light in photosynthesis is
transformed into an electrochemical proton gradient. This proton
gradient drives ATPase, an enzyme that synthesizes ATP from
ADP and inorganic phosphate. Pesticides and a variety of other
environmental pollutants can directly inhibit membrane
energetization by blocking the electron transfer chain.
Hydrophobic ionizable organic compounds such as weak organic
acids (e.g., the phenolic pesticides dinoseb or pentachlorophenol) can in addition destroy the electrochemical proton
gradient thereby short-circuiting the energy cycle. Finally, any
hydrophobic compound can disturb membrane energetization by
non-specific membrane perturbation, the so-called narcotic effect
or baseline toxicity.
In our work, we apply time-resolved spectroscopy to
distinguish and quantify these different modes of membrane
toxicities, using the simple cyclic photosynthetic system of the
purple bacterium Rhodobacter sphaeroides. Biomembrane
vesicles isolated from this bacterium contain the complete
functioning photosynthetic system. The decay kinetics of the
membrane potential that is induced by a short flash of light are
used to evaluate the uncoupling activity and the narcotic effect,
whereas the redox kinetics of several components of the electron
transfer chain are used as indicators of specific inhibition
(Escher et al., 1997b).
Besides their use for assessing toxic effects and modes of
action, the membrane vesicles of R. sphaeroides may also serve
as a model membrane for uptake studies of pollutants. This
allows one to correlate uptake and speciation at the target site
with the actual toxic effect. It is generally assumed that charged
organic molecules cannot penetrate biological membranes and
are consequently not biologically active. This assumption is
based on the partitioning of charged organic molecules into the
organic bulk solvent octanol, which is more than three orders of
magnitude smaller than that of the corresponding neutral
compound (Jafvert et al., 1990). Sorption studies of substituted
phenols and substituted anilines to the membrane vesicles of R.
sphaeroides or to pure phospholipid model membrane vesicles
have shown, however, that a significant amount of charged
organic molecules is incorporated into the membrane (Escher et

al., 1996). Only the uptake of neutral molecules into membranes
can be satisfactorily modeled by octanol-water partitioning,
whereas the uptake of charged molecules is underestimated by
several orders of magnitude. In the membrane-water systems, the
distribution ratio of the neutral species is at most only one order
of magnitude higher than that of the corresponding anionic or
cationic species.
By comparing the effective concentrations of substituted
phenols in the membrane with the inhibitory effect on the
electron transport, we have shown that the dissociated phenolate
species is a more potent inhibitor of electron transport than the
corresponding neutral phenol species (Escher et al., 1997b).
The effective concentration and speciation in the membrane
play an even more important role for the uncoupling effect of
substituted phenols (Escher et al., 1996). The mechanism
underlying the uncoupling is a protonophoric shuttle: a proton is
taken up by a phenolate from the aqueous side with the higher
proton concentration. The neutral phenol thus produced diffuses
across the membrane, discharges the proton in the aqueous phase
of the opposite side, and the residual phenolate diffuses back
across the membrane to close the cycle. Experimental findings
show that both species are required to cause the uncoupling
effect. If the hydroxy-function is blocked by methylation, or if
only one species is present at physiological pH, then only nonspecific narcotic effects are observed. The results obtained so far
suggest that substituted phenols with acidity constants in the
range of 4 to 8 act according to the uncoupling mechanism and
exert their maximum activity at a pH at which there is an
approximately equal ratio of neutral and charged species the
membrane (Fig. 3). Although there are differences in the
intrinsic activity of the various substituted phenols, due to
differences in the substitution pattern on the phenol ring, the
major determinant of the overall effect is the membrane burden
of the chemical together with its speciation.
It is well accepted that the narcotic effect of environmental
pollutants is directly related to the membrane burden of the
chemical (van Wezel & Opperhuizen, 1995). The results
obtained from the uncoupling study of substituted phenols show
that this concept of membrane burdens can be extended to
specifically acting compounds if speciation is taken into
consideration. This is a promising starting point for developing
predictive methods for toxic effects of specifically acting
compounds and for assessing the toxicity of mixtures.

Fish-specific in vitro Systems: Interactions
with Enzymes and Proteins
As most environmental chemicals act species-specifically,
toxicity towards fish can only be assessed in fish-specific
systems. With the use of a permanent fish hepatoma cell-line
such as PLHC-1 we want (i) to develop novel in vitro assays for
the assessment of environmental toxicity to fish and to reduce
and replace animal testing, and (ii) to demonstrate and validate
the usefulness of such concepts in basic and applied
ecotoxicological research and practice. Our studies show that
fish cell culture systems are suited for assessing the cytotoxicity
of chemicals, for studying interactions of pollutants with cells,
and for deriving structure-activity relationships. The in vitro
cytotoxicity on fish cell lines of more than 50 environmental
chemicals with different modes of toxic action, including
organotins, chloro- and nitrophenols, sulfonic acids, and
alkylphenols have been shown to correlate with the in vivo acute
toxicity to fish (Fent & Hunn, 1996).
One well established and important biomarker in the
exposure assessment of aquatic systems is the induction of
cytochrome P450-dependent monooxygenases (CYP) (Bucheli
& Fent, 1995). These enzymes are important in the metabolism
and detoxification of pollutants but may also cause toxicity via
bioactivation of xenobiotics or by alteration of steroid hormone
balance. At least 50 different genes are known in mammals, and
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Figure 3 Uncoupling activity of some substituted phenols (
dinoseb, pKa = 4.62; z 3,4-dinitrophenol, pKa = 5.48; X 2,3,4,5tetrachlorophenol, pKa = 6.35) as a function of pH (left) and as a
function of the chemical speciation (right), expressed as ratio of
neutral phenol [HA] to charged phenolate [A-] in the biological
membrane (m). The relative activity corresponds to the effect that
is elicited by a certain total concentration of phenols in the
membrane (0.0015 mol.kg-1) (adapted from (Escher et al., 1996),
see for details).

they are also present in lower animals and plants (Stegeman &
Hahn, 1994). In vertebrates including fish, they are localized
mainly in the endoplasmatic reticulum of the liver and several
other organs. The monooxygenase system consists of two
enzymes, CYP and NADPH-cytochrome P450 reductase, which
are interrelated via the transfer of electrons resulting in the
oxidation of a variety of substrates.
Two distinctly different reactions are elicited in the fish cellline after exposure to environmental chemicals: induction and
inhibition of CYP. In our studies we have addressed both aspects
by focusing on the isoform CYP1A, which is important in
ecotoxicology. We use an enzyme-linked immunosorbent assay
(ELISA) technique that has been established in the permanent
fish cell line PLHC-1 for the quantification of CYP1A protein
with a fish-specific monoclonal antibody (Brüschweiler et al.,
1996a) as well as measurements of the enzyme activity with an
ethoxyresorufin-O-deethylase (EROD) assay.
Polychlorinated biphenyls (PCBs), polychlorinated
dibenzodioxins and furans, and polycyclic aromatic
hydrocarbons (PAHs) are potent inducers of CYP1A in fish
(Stegeman & Hahn, 1994), in fish cell lines (Brüschweiler et al.,
1996a), and in other aquatic animals. The induction of CYP1A
can be regarded as a process resulting in an altered metabolism
and in disturbances of hormone balance, but also as an
adaptative process to chronic exposure to such pollutants. The
induction of CYP1A can be used as a biomarker for the
ecotoxicological assessment of environmental samples. This is
illustrated in Fig. 4, where a landfill leachate contaminated by
PAHs and additional compounds is analyzed for its CYP1A
induction potential. Comparison with known model compounds
such as chrysene allows the development of toxic equivalency
factors, and thus the employment in ecotoxicological risk
assessment.
On the other side, we focus on chemicals such as organotin
compounds and heavy metals that cause an inhibition and
destruction of CYP1A (Fent & Bucheli, 1994), and on mixtures
of both inducing and inhibiting compounds (Brüschweiler et al.,
1996b). Tributyltin (TBT) and triphenyltin (TPT) chloride, both
of which predominated as the hydroxide species at the
experimental pH, strongly inhibited the hepatic CYP system both
in vivo and in vitro (Fent, 1996). The CYP protein, its activity,
and the reductases were affected. Of the P450 system, the
isoform CYP1A was selectively affected in various fish species
by TBT and TPT in vivo (Fent, 1996). At high concentrations,
however, additional CYP forms were affected as well. The
mechanisms responsible for the loss and inactivation of
cytochrome P450 forms in vivo are based on the direct
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culture systems are missing. Before using fish cell cultures for
estrogenicity assays, these cells have to be adapted to hormonefree medium (Ackermann & Fent, 1997). We are presently
focusing on the induction of vitellogenin and are searching for
other markers for estrogenicity. Vitellogenin is one of the most
important biomarkers of estrogenicity, as it is the precursor of
the yolk protein in the eggs of fish, amphibians, reptiles and
birds, and is specifically synthesized in females under the control
of estradiol (Jobling & Sumpter, 1993). Hence, estrogenic
chemicals that act via binding to the estrogenic receptor may be
detected with this biomarker (Jobling & Sumpter, 1993).
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Figure 4 Assessment of the CYP1A induction potential of different
landfill leachates (a,b,c are different samples, ref refers to
uncontaminated reference sample) that are contaminated by
PAHs and other compounds. PLHC-1 cells were exposed to
extracts of the leachates in DMSO in minimal essential medium
(containing ≤1% DMSO) for 24 h. P450 enzyme activity was
determined by its EROD activity. At low concentration of leachate
extracts (given as landfill leachate equivalents) CYP1A induction
occurs, whereas at higher concentrations, enzyme activity is
inhibited.

destruction of P450 and formation of P420 with subsequent rapid
degradation and breakdown of the apoprotein by proteases (Fent,
1996).
The in vitro studies have shown that in fish microsomes
(Fent & Bucheli, 1994) and in a fish cell line (Brüschweiler et
al., 1996b). TBT and TPT strongly interact with microsomal
monooxygenase systems, resulting in the inhibition of CYP1A
activity, inhibition of NAD(P)H cytochrome c reductase activity,
and thus the loss of an enzyme system responsible for the
detoxification of environmental pollutants and the metabolism of
endogenous substances. It was shown that the activity of
organotins was due to the parent compound and not to
metabolites. CYP1A activity is inhibited by a non-competitive
mechanism, which means that the inhibitor does not compete
with the substrate on the binding site of the enzyme. These
findings gave evidence that organotins do not interfere with the
binding of an inducer with the arylhydrocarbon receptor (Ah
receptor) of the cell, and do not interfere with CYP1A protein
synthesis. However, they act at the level of the CYP protein
(destruction of apoprotein) and inhibit the catalytic activity.
Heavy metals including Cd(II), Co(II), Cu(II), Ni(II), Pb(II) and
Zn(II) have been shown to act similarly (Brüschweiler et al.,
1996b). Organotins seem to inhibit the catalytic activity by
binding to amino acids such as cysteine and histidine at the
active site, or on other sites of the enzyme (Fent, 1996). The
lipophilic TBT and TPT most likely penetrate hydrophobic
membranes, in which cytochromes P450 are embedded, thereby
gaining access to these enzymes. The action is directed to CYP,
as cytochrome b5 is unaffected and the reductases are affected
differently by TBT and TPT pointing to a specific mode of
action.
Presently, we are adapting the permanent fish hepatoma cell
line PLHC-1 to be able to assess chemicals with estrogenic
activity. Environmental chemicals that negatively affect the
endocrine system of organisms are of particular importance in
ecotoxicology, as they limit the fitness of populations to a
significant degree by inhibiting reproductive success (Colburn et
al., 1996). An increasing number of widely used industrial and
agricultural chemicals mimic the effects of natural estrogens
(Fent, 1995). These estrogenic chemicals often exert their action
by binding to the estrogen receptor or byregulating the activity
of estrogen responsive genes. In recent years, various systems
have been developed for detecting the estrogenic potential of
such compounds. However, established permanent fish cell

Oxidative stress has been recognized to be associated with
the toxicity of numerous chemicals and with the pathogenesis of
many diseases, e . g . carcinogenesis, Altzheimer’s disease or
atherosclerosis. It has been defined as a situation in which an
overabundance of oxidants or free radicals damage or destroy a
cell. In aerobic organisms a major threat is caused by the partial
reduction of oxygen, leading to the production of highly toxic
reactive oxygen species (ROS) such as superoxide radicals,
hydrogen peroxide or hydroxyl radicals (Halliwell & Gutteridge,
1985). These are produced during normal enzymatic or
metabolic processes, and they can also be produced upon
transfer of electrons from organic radicals to oxygen., Transition
metals play a key role in ROS formation since they may catalyze
the formation of organic radicals, but also catalyze the Fenton
reaction in which the most reactive hydroxyl radical is produced
from hydrogen peroxide (Wardman & Candeias, 1995). This
metal ion-catalyzed reaction is most damaging when it occurs
site-specifically with metals in proteins, DNA or lipids. As a
consequence, in cells that are exposed to single environmental
pollutants like nitroaromatics, azo compounds, halogenated
compounds, pyridinyl compounds, quinones, metalloids and
metals (Ahmad, 1995), or to mixtures of pollutants and transition
metals (Schweigert et al., 1999), an increased production of ROS
is observed and an increased oxidative threat is created.
Fortunately, cells maintain a variety of defenses to protect
against these ROS (Yu, 1994). Essentially, three general
antioxidant defense systems exist, water soluble reductants (e.g.
glutathione, ascorbate), lipophilic reductants (e.g. α-tocopherol,
or β -carotene) and enzymes (e.g. catalases, peroxidases or
superoxide dismutases). In addition, cells have the capacity to
remove or repair damaged molecules, e.g. by DNA repair
systems, nucleases, or proteases.
The major goal of our research is to understand the
protective systems of organisms using the oxidative stress
response as a model system by answering the following
questions: (i) by what chemicals and at what concentration is the
oxidative stress response activated, (ii) which individual
components are involved in the oxidative stress response and
what is their function, (iii) how is the stress response regulated,
(iv) what are the limits of the adaptive response, and (v) which
of the components could be used as sensitive and specific
monitors for the detection of oxidative stress or oxidative stress
inducing compounds?
Oxidative stress can be assessed through the detection of
ROS themselves. As a result of the high reactivities and as a
consequence of the short half-lives of radicals, however,
determination of organic radicals and reactive oxygen has been
and still is a major challenge for analytical chemists. Detection is
difficult, particularly in biological systems, since, once
produced, the radicals may react instantaneously. However, such
measurements are required to unequivocally link biological
effects with a specific toxic molecule. Analytical methods to
quantify radical production include infra-red phosphorescence,
pulse radiolysis, ESR spin trapping or the use of quenchers.
Alternatively, biological measurements are used to indirectly
assess oxidative stress. This approach takes advantage of the fact

12
that damaged biomolecules are more stable and more easily
detectable than the radicals that caused them. It should however
be kept in mind that as a result of defense and repair
mechanisms, the magnitude of oxidative stress is
underestimated. This points to the importance of knowledge
about the components, genes and enzymatic activities that are
involved in these defense and repair mechanisms.
Upon oxidative stress in prokaryotes, the expression of about
60 genes is induced; some of the regulatory genes have been
identified (Feige et al., 1996). The current knowledge of the
oxidative stress response in the bacterium Escherichia coli has
been successfully applied in a biosensor approach in which DNA
damage could be specifically measured using luciferase as the
marker gene. In the eukaryotic organism Saccharomyces
cerevisiae, the number of reacting genes has been determined to
be at least 16 (Krems et al., 1995). The regulation of the
response is, however, complex as a result of
compartmentalization and the higher structural organization of
eukaryotic organisms. In our research, we focus on the
antioxidant response in the green algae Chlamydomonas
reinhardtii . Recently, we have isolated a glutathione peroxidase
homologous gene (gpxh) whose expression is strongly induced
upon exposure to pollutants that cause an oxidative stress, as
shown by Northern blot (Fig. 5) and RNAse protection assays.
We are currently investigating the specificity, the sensitivity and
the limits of the induction of the gpxh gene by studying its
expression after exposure to various stressors. The regulatory
sequences of the gpxh gene have been coupled with an
arylsulfatase gene, a marker gene that can be easily measured in
C. reinhardtii. Arylsulfatase activity will be measured under
various growth conditions and in the presence of various
pollutants. These experiments will give insights about the
physiological function of gpxh and about its potential use as
biosensor for oxidative stress.

Concluding remarks and Outlook
Prediction of the toxicity of chemicals and assessment of
their impact in the environment are major goals of
ecotoxicological research. The number of modifying factors that
determine ecotoxicological effects are almost countless and
requires a systematic organization and stepwise deduction of
principles for a holistic understanding. The fate and effect of a
pollutant is influenced both by the physicochemical properties of
the chemical and the properties of the abiotic and biotic
environment. Consequently, chemical, physical, and biological
analytical tools need to be developed and combined.
Since ecotoxicological evaluations are based on
concentration-effect relationships, the significance of measures
of concentration and of the choice of the effects to be
investigated is evident. Many factors influence the availability of
chemicals to organisms. One way to deal with these complexities
is to relate biological responses to the concentration of a
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Figure 5 Northern blot analysis of total RNA (10 µg) from
Chlamydomonas reinhardtii cells that were exposed to 2 mM H2O2
for 0, 30 and 180 minutes. Using the gpxh gene as a probe, its
mRNA levels were determined.

chemical taken up by organisms. It can be anticipated that
observed differences in the interspecific sensitivity to chemicals
will be less pronounced when effective concentrations are
expressed as body residue or tissue-specific residues instead of
in terms of the exposure concentration. For specifically acting
compounds, the dynamics of the chemicals in different tissue
and compartments should be considered in addition to wholebody concentration (physiologically based toxicokinetic
modeling). The in vitro systems presented here are useful for
reducing the complexity of this approach without loosing
relevance. More research work is still required to apply the
information obtained from in vitro systems to model processes in
organisms.
The classical approach to quantifying the risk associated
with a pollutant is to estimate the exposure concentration and to
compare it with the predicted no-effect level extrapolated from
acute and chronic toxicity studies. This empirical approach has
many limitations, particularly for chemicals that exhibit specific
modes of action [47]. For this group of chemicals, lethality and
other physiological endpoints should be supplemented by modeof-action endpoints. The biomarkers and biosensors discussed in
this article focus on such types of endpoints.
Besides their use in risk assessment, mechanism-based
biomarkers and biosensors can furthermore be applied to set up
quantitative structure-activity relationships and other predictive
tools. After validation, these biomarkers and biosensors can also
be applied as early warning systems. Environmental samples
contain a mostly unknown mixture of various chemicals. The use
of mode-of-action based bioanalytical tools in combination with
chemical analytical tools gives the opportunity to assess the
integral of the effects of mixtures and to perform fast, sensitive,
and specific screening of environmental samples.
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Chapter 2
Modes of action in ecotoxicology: a
crucial aspect in predicting the toxicity via
QSAR and in the analysis of body
burdens, species sensitivity, and mixture
effects
Beate I. Escher• and Joop L. M. Hermens
In contrast to the general research attitude in the basic sciences, environmental sciences are often goal-driven and should provide the
scientific basis for risk assessment procedures, clean-up and precautionary measures and finally provide a decision support for policy
and management. Hence, the prominent role of mechanistic studies in ecotoxicology is not only to understand the impact of pollutants
on living organisms but also to deduce general principles for the categorization and assessment of effects. The goal of this review is,
therefore, not to provide an exhaustive coverage of modes of toxic action and their underlying biochemical mechanisms,, but rather
discuss critically the application of this knowledge in ecotoxicological risk assessment. Knowing the mechanism or, at least, the mode
of toxic action is an indispensable prerequisite for developing descriptive and predictive models in ecotoxicology. This review wants to
show the crucial role of target sites, interactions with the target site(s), and mechanisms for an adequate and efficient ecotoxicological
risk assessment. Emphasis in the discussion is on target effect concentrations (or target occupancy), species selectivity and species
sensitivity, time perspective of effect studies, Quantitative Structure-Activity Relationships (QSAR) and mixture toxicity. A particular
focus of this review is on multiple mechanisms. Although the illustrative examples were mainly taken from studies in aquatic
ecotoxicology, the proposed conceptual approach is also principally applicable and even particularly useful for soil and sediment
systems. Recommendations for further research and developments include the use of internal effect concentrations and target site
concentrations in site-specific risk assessment and as a mixture toxicity parameter as well as general considerations for the derivation of
mechanistically meaningful QSAR models.

Introduction
Environmental risk assessment: a complex effort
The objective of environmental risk assessment is to protect
the environment from adverse effects. Society is faced with the
enormous task to assess numerous chemicals and complex
chemical mixtures while protecting many different species in,
and the diversity of, ecosystems.
Because the large number of existing chemicals
(European Commission, 2001) does not allow an in depth risk
assessment at the level of disturbance of an ecosystem, the
generic risk assessment scheme has developed into a system, in
which a predicted no-effect concentration (PNEC) is derived
from a limited set of acute and semi-chronic data for only a few
representative species (European Commission, 1996; van
Leeuwen et al., 1996). Methods were developed to extrapolate
the available experimental data for a few species to many species
(Kooijman, 1987; Van Straalen & Denneman, 1989; Aldenberg
& Slob, 1993). These methods attempt to account for uncertainty
stemming from factors that can influence the sensitivity of an
organism, including the life-history strategy (Kammenga &
Riksen, 1996) and the test conditions, which are usually better
controlled in laboratory tests than under field conditions
(Heugens et al., 2001). Factors that may be neglected during
these extrapolations are differences in bioavailability and
•
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speciation of chemicals between laboratory tests and real
ecosystems.
Another factor, which is subject to extrapolation, is time.
Since for most chemicals only data from acute tests are
available, acute-to-chronic ratios (ACRs) are applied in
environmental risk assessment to estimate a chronic or semichronic no-observed effect concentration (NOEC) for sublethal
effects based on acute effect data, mostly with survival (LC50) as
endpoint. Species sensitivities and ACRs are often analyzed
chemical by chemical for a class of structurally similar
compounds and much less attention is paid to toxicological and
organism-specific criteria to classify chemicals. Knowledge on
the abundance of target sites as well as on metabolic activity and
defense mechanisms is of particular relevance for understanding
species selectivity and sensitivity. Though all of this overlying
variability is the rule, it is hypothesized that behavior at the
target site is relatively constant across different biological
systems.
It is not only the many species, which complicates the risk
assessment process, but also the sheer number of chemicals,
which hampers the progress and requires methods that enable the
prediction of fate and effect parameters based on a chemical's
structure or its physico-chemical parameters via Quantitative
Structure-Activity Relationships (QSARs). This explains the
interest of regulatory agencies in QSAR (Feijtel, 1995; Karcher,
1995; Zeeman et al., 1995; n.n., 2000; European Commission,
2001). For practical applications of QSARs, several computer
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programs have been developed that supply predictions of fate
and effect parameters (Russom et al., 1991; Howard & Meylan,
1997; Klopman et al., 2000). Several reviews discuss these
toxicology prediction systems in more detail (Benfenati & Gini,
1997; Richard, 1998; n.n., 2000).
Most QSARs that are used in risk assessment are for effects
at the whole organism level. A clear insight into what the actual
target site is, the concentration at this target site, the mode of
action and the interaction at the target are essential in developing
the models and in guiding the selection of relevant physicochemical parameters (Nendza & Müller, 2000).
Field oriented risk assessment of actual polluted sites does
not deal with individual compounds only, but has to evaluate the
potential effects of complex mixtures present in the environment.
Much experimental work has been focused on evaluating the
combined effects of mixtures of pollutants with the objective to
derive general principles that can then be applied in the risk
assessment process (Grimme et al., 1996). In addition, group or
sum parameters are often applied to measure “total
concentrations” of particular classes of chemicals (Van Loon &
Hermens, 1995). Information on the mode of action is not only
crucial in understanding joint toxic effects and potential
interactions between chemicals in mixtures, but also for the
development of, both, sound mixture toxicity parameters and
other (bio- and in vitro-) assays for the evaluation of complex
mixtures in the field. Site-specific risk assessment is often based
on external effect concentrations (for example in water, soil, or
sediment) and these heavily depend on the biological species, the
specific test and exposure conditions and on differences in a
chemical's bioavailability and speciation. Internal effect
concentrations more directly reflect the intrinsic activity of a
chemical (McCarty & Mackay, 1993).

The scope of this review
For an effective use of information concerning differences in
effect concentrations between different chemicals, species
sensitivity, acute-to-chronic ratios, and mixture effects it is
essential to gain insight into underlying toxicological
mechanisms. In our opinion, crucial aspects in this
understanding are the target site and the type of interaction of a
chemical with the target. In this review paper, we address these
topics with respect to two groups of modes of action: baseline
toxicity and specific modes of action, i.e., reactive and receptormediated mechanisms. The fact that a chemical may have
multiple modes of action, an issue, which is often overlooked, is
addressed as well.

Modes of toxic action: Target sites and
mechanisms
There is a long tradition in toxicological research to
investigate the mechanistic principles underlying a toxic effect.
A mode of action is defined as a common set of physiological
and behavioral signs that characterize a type of adverse
biological response, while toxic mechanism refers to the
biochemical process underlying a given mode of action (Rand et
al., 1995).
Basal cellular structures and functions are highly conserved
biological entities. Therefore, a large number of toxic effects that
target these basal functions are universal in all organisms and
target tissues. On the other hand, there are toxic mechanisms that
are specific for particular groups of organisms, e.g., disturbance
of photosynthesis. Categorization of effects according to their
associated target site is therefore a first step for setting up
predictive models across different organisms. Xenobiotics may
interact specifically with certain receptors but they may also be
non-specifically toxic. For instance, persistent hydrophobic
compounds tend to accumulate in the membranes of cells,
leading to non-specific disturbance of the membrane integrity
and functioning. Reactive and multifunctional compounds
usually cannot be assigned to a single mode of action, but they
often exhibit multiple toxic mechanisms. This is a difficulty for
the effect assessment that hitherto has received very little
attention in the literature.
As a beginning, internal concentrations in an organism

interactions
target sites
membranes
(lipids)
proteins and
peptides

class of effect
partitioning
(v.d. Waals and
H-donor/acceptor)

+

specific Hdonor/acceptor
and ionic
interactions,
„steric fit“

+

DNA

formation
of covalent
bonds

non-specific
effects
receptor binding
and enzyme
inhibition
•membrane
peroxidation
•protein damage
and depletion
•DNA damage

Figure 2 Rationale behind the classification of chemicals
according to mechanism: target sites and type of interaction.
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Table 1 Classification according to targets, interaction with targets and mechanisms relevant for ecotoxicology.
Site of action

Domain
a

biological
membrane

energytransducing
membranes

m

Interactionb

Mode of action

Mechanism(s)

Selective test system

ns

baseline toxicity

non-specific disturbance of
membrane structure and
functioning

neutral red assayc
Kinspecd

m

s

electrophilic reactivity

peroxidation of membrane
lipids and proteins

reaction of reaction product
(malondialdehyd) with
thiobarbituric acide

m

ns, s

uncoupling

ionophoric shuttle
mechanisms

O2-consumption in mitochondriac

inhibition of the
electron transport
chain

blocking of quinone binding
sites etc.

O2-consumption in
submitochondrial particlesc

m

s

Kinspecf

Kinspecf

m

s

inhibition of ATP
synthesis/ depletion of
ATP

blocking of proton
channels etc.

ATP assay, e.g. with
luciferin/luciferaseg

photosynthetic
membrane

m

s

photosynthesis
inhibition

blocking of photosynthetic
electron transport

O2-production in chloroplastsc

proteins and
peptides

m,c

electrophilic reactivity
and oxidative stress

alkylation and oxidation of
enzymes and glutathione
(GSH)

enzyme activity

inhibition or
competition; e.g.,:

non-covalent or covalent
binding to enzymes and
receptors

examples:

ns, s

-SH groups
specific enzymes
and receptors

m,c

s

1. acetylcholine
esterase
2. estrogen receptor
3. AH receptor, etc.
DNA

chlorophyll fluorescenceh
GSH depletioni

1.

enzyme activityc

2.

yeast estrogen screenj

3.

CYP1A inductionk

c

ns

frameshift mutation
and many more

intercalation of molecules
between base pairs of
DNA

induction of SOS repair and
adaptive response, e.g. SOS
chromotest, or bacterial

c

s

electrophilic reactivity
leading to genotoxicity

alkylation and oxidation of
DNA

revertants, e.g., Ames testl

oxidative stress
Cellular environment: m = membrane, c = cytosol and other aqueous compartments in the cell. b Selectivity: ns = non-selective, s =
selective. c(Wenzel et al., 1997). d(Escher et al., 2002). e(New, 1990). f(Escher et al., 1997). g(Stanley et al., 1989). h(Schreiber et al.,
1994). i(van Welie et al., 1992). j(Andersen et al., 1999). k(Richter et al., 1997). l(de Maagd & Tonkes, 2000).
a

provide a better basis for assessing the intrinsic toxicity of a
given compound than external concentrations (for reviews see
(Friant & Henry, 1985; McCarty et al., 1993; Sijm & Hermens,
2000; Barron et al., 2001)). Aqueous effect concentrations are
related to the concentration at the site of toxic action through
several, partially independent processes: on the one hand
bioavailability and on the other hand uptake, metabolism, and
excretion (toxicokinetic phase), as is depicted in Figure 1. The
concentration at the site of toxic action or target site and the
strength of the interactions determine the toxic effect
(toxicodynamics). Target site concentrations are therefore more
suitable in comparisons of the toxicity of chemicals as well as
comparisons of species sensitivity.
The three main target domains in biological organisms are
membranes, proteins, and genetic material. The toxic effect is
directly related to the type and degree of interaction of the
chemical with the target (Figure 2). Partitioning processes lead
to mostly non-specific effects, e.g., partitioning into membranes
leads to baseline toxicity or narcosis. Sterically favorable vander-Waals and hydrogen bond donor/ acceptor interactions are
the adhesive for the binding to specialized receptors and specific
enzyme inhibition, which is the molecular basis of receptormediated toxicity.
Formation of covalent bonds of reactive chemicals with the
target site leads often to irreversible processes. Here, we

consider electrophiles as reactive chemicals, that can form
covalent bonds with nucleophilic entities in biological molecules
(peptides and proteins, DNA), and, in particular, we will address
alkylating agents. The reaction of allylchloride with glutathione
is an example of such an alkylation reaction. Examples of
electrophiles are aldehydes, epoxides, and unsaturated aliphatic
chlorinated hydrocarbons. Overviews of structures with
electrophilic properties are given in a few review articles
(Hermens, 1990; Lipnick, 1991; Verhaar et al., 1992).
Depending on the actual target site, the dose level and duration
of exposure, the effects of exposure to such reactive chemicals
may vary from protein damage to DNA damage, causing
carcinogenicity and mutagenicity. Indirectly, such effects can
also be caused through the production of reactive oxygen
species, which will not be addressed in detail.
Refinement of the concept of interaction with target sites for
specific targets, e.g., differentiation of biological membranes
from generic membranes over energy-transducing membranes to
photosynthetic membranes, allows a classification of compounds
into ten classes of modes of action. Each mode of action can be
explained by one or more mechanisms (Table 1).
This general scheme can be stepwise further refined to very
specific receptor-mediated mechanisms, e.g., the inhibition of
specific enzymes like acetylcholine esterase (AChE) or the
interaction with specific receptors like the estrogen receptor.
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Each of these mechanisms can be separately investigated with a
selective in-vitro test system. Examples of such test systems are
also listed in Table 1. In the proposed classification scheme no
explicit distinction is made between acute and chronic effects
because in principle, there is no difference in the fundamental
interactions with biomolecules between acute and chronic
effects, even though the resulting secondary effects may well be
dramatically different between acute and chronic exposure. Note
that indirect effects like effects on the energy status or defense
mechanisms may also play an important role but are not
considered explicitly here.
The approach to classification given in Table 1 is an
extension of earlier proposed classification schemes. It builds up
on an approach that is based on the assessment of behavioral
(Drummond & Russom, 1990) and physiological responses of
fish (McKim et al., 1987a; McKim et al., 1987b; Bradbury et al.,
1989; Bradbury et al., 1991). Responsiveness to stimulants,
locomotive activities, body color, etc. as behavioral responses
and ventilatory pattern, cough rate, heart rate, etc. as
physiological responses were attributed to eight modes of toxic
action using discriminant function analysis. These proposed
modes of action include three types of baseline toxicity (nonpolar and polar narcosis and ester narcosis), uncoupling,
respiratory inhibition, electrophile/proelectrophile reactivity,
acetylcholine esterase (AChE) inhibition, and several
mechanisms of central nervous system seizure.
Russom et al. developed an expert system to predict these
eight modes of toxic action from chemical structures on the basis
of the acute toxicity syndromes in combination with joint
toxicity studies and QSARs (Russom et al., 1997). Out of a
database of 225 industrial organic chemicals with known
behavioral syndromes, 71 % were classified as baseline
toxicants, 3 % as uncouplers, 4 % as central nervous system
seizure agents, 2 % as respiratory inhibitors, and 20 % as
reactive chemicals (Russom et al., 1997). As expected, mode-ofaction classification did not agree with chemical class as defined
by structural similarity.
Nendza, Wenzel, and coworkers introduced a similar
classification scheme (Nendza et al., 1995; Wenzel et al., 1997;
Nendza & Müller, 2000). They proposed a test battery of in-vitro
tests, which are selective for each one out of nine modes of
action, including the above mentioned, but without ester narcosis
and additionally with the class of photosynthesis inhibition and
mutagenicity and/or endocrine disruption. Within a set of
representative model compounds, each compound yielded a
characteristic toxicity profile. An unknown compound can
consequently be classified by comparison to the reference
toxicity profiles. These authors also emphasized that a chemical
could fall into multiple categories. Nevertheless it was possible
to set up predictive models based upon this classification and to
correctly classify almost 90 % of a test set of 115 chemicals to
the appropriate mode of action class using stepwise discriminant
analysis with ten physicochemical descriptors (Nendza &
Müller, 2000). Each class of mode of action could be defined by
a characteristic set of descriptors.
The following two sections demonstrate for baseline toxicity
and specific/reactive mechanisms how the approach introduced
here can be further developed and discusses future research that
needs to be conducted in light of the conclusions reached in this
review.

Section 1 Mechanistic concepts in ecotoxicology

Baseline toxicity
Internal effect concentration and target site concentration
The idea of baseline toxicity originates from the pioneering
work of Könemann (Könemann, 1981b) and Veith et al. (Veith
et al., 1983). Concentrations or volumes of different baseline
toxicants in a given membrane are virtually constant for a
defined endpoint effect such as lethality (Abernethy et al., 1988;
van Wezel & Opperhuizen, 1995). In other words, the intrinsic
potency for baseline toxicity is equivalent for each chemical.
Target site concentrations are difficult to obtain directly. As a
surrogate, total concentrations in an organism that elicit a critical
effect, termed critical body residues (CBR) or internal effect
concentrations (IEC), have been used. McCarty defined CBR as
the molar concentration per body weight of the organism that
elicits a defined toxic endpoint (McCarty, 1986). If this endpoint
is lethality, one often refers to the lethal body residue (LBR),
internal lethal concentration (ILC) or lethal body burden (LBB).
In the following, we use the term IEC and its variations because
it is less ambiguous than any other terminology since it is clearly
defined as a concentration and refers to a specific endpoint, e.g.
ILC50 refers to lethality for 50 % of the test animals.
The rationale behind the use of ILC was the observation that
the QSARs of bioconcentration factors (BCF) and of lethality
(LC50) for baseline toxicants in aquatic organisms were inversely
related to each other, resulting in a more or less constant internal
effect concentration, e.g. ILC50,, for compounds with an octanolwater partition constant logKow >2.
ILC50 = BCF * LC50 = constant.

(1)

The ILC50 of baseline toxicants were predicted to be on the
order of 2.5 mmol/kgbody weight for acute toxicity (McCarty,
1986), and measurements later confirmed the prediction giving
an average range of 2-8 mmol/kgbody weight (van Hoogen &
Opperhuizen, 1988; McCarty et al., 1991; Sijm et al., 1993; van
Wezel et al., 1995; van Wezel et al., 1996b; Chaisuksant et al.,
1997). For juvenile fish, whose average lipid content is about
5 %, the ILC50,lip normalized to the overall fish lipid is then 50
mmol/kgfish lipid. This value is consistent with earlier studies with
erythrocyte ghost membranes, where a constant concentration in
the lipid phase of 30 to 60 mmol/kglipid in membranes was
measured for the endpoint of 25 % reduction in osmotic
hemolysis (Seeman et al., 1971; Seeman, 1972). For compounds
of low hydrophobicity (logKow < 2), the partitioning into the
lipid phases is not dominating the overall partitioning, and
therefore the contribution of the toxicant concentration in the
aqueous compartments of the organism has to be considered in
calculating the overall IEC (McCarty et al., 1991).
Compounds that may undergo strong H-donor/H-acceptor
interactions (often simply refered to polar molecules) exhibit
distinctly lower IEC values than apolar molecules in various
organisms. ILC50 found for polar narcotics range from 0.6 to
2 mmol/kgbody weight (de Wolf et al., 1992; McCarty et al., 1993;
Urrestarazu-Ramos et al., 1998). However, the effective
membrane concentrations were indistinguishable between the
non-polar and polar compounds in an in-vitro test system that
contains only energy-transducing membranes, which represent a
target lipid membrane with intercalated proteins (Escher et al.,
2002). This observation shows that there is no real difference
between the IECmembrane lipid (based on membrane lipid
concentration) of non-polar and polar chemicals and that the
observed difference in whole-body concentrations can be related
to differences in the distribution between target and non-target
compartments.
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effect concentration
in storage lipids
IECstorage lipid

aqueous phase, fw=0.95
mass balance:
IEC = fw ⋅ IECw + fmembranelipid ⋅ IECmembranelipid + fstoragelipid ⋅ IECstoragelipid

IECstoragelipid =

IEC ⋅ K hw
fw + fmembrane lipid ⋅ K mw + fstorage lipid ⋅ K hw

IECmembranelipid =

IEC ⋅ K lipw
fw + fmembrane lipid ⋅ K mw + fstorage lipid ⋅ K hw

Figure 3 Three-phase equilibrium partitioning model for fish used
to derive effective membrane concentrations from measured
internal effect concentrations (IEC). Partitioning to storage lipids is
described by the hexane-water partitioning coefficient K h w,
partitioning to membrane lipids by the membrane-water
partitioning coefficient Kmw.

Van Wezel et al. proposed a simple three-compartment
equilibrium partitioning model to relate the ILC50 of fish to the
concentration in the target lipids (van Wezel et al., 1995; Vaes et
al., 1998b). The model compartments consist of 95 % aqueous
phase and 5 % lipoid phase. Partitioning to protein and other
hydrophobic macromolecules is neglected. 75 % of the lipids
were assumed to be neutral storage lipids and 25 % were polar
lipids, i.e., mainly the lipid bilayers of membranes. When
reevaluating the simple partitioning model with liposome-water
partition coefficients Kmw as descriptors for membrane-water
partitioning and hexane-water partition coefficients Kh w as
descriptors for storage lipid-water partitioning (Figure 3) and
when extending it to other aquatic organisms, using the
appropriate lipid contents of the respective organisms (Escher &
Schwarzenbach, 2002), it can be clearly seen that the lethal
membrane concentration is within the same order of magnitude
for all baseline toxicants (non-polar and polar chemicals) in
algae, daphnids, and fish (Figure 4A), while the concentration in
the storage lipids varies over several orders of magnitude (Figure
4B).

Time dependence of toxicity
Since baseline toxicity is a reversible mechanism, in which
the response is directly related to the concentration in the
membrane, the influence of time on the effect concentration is
determined by the time it takes for the organism to reach
equilibrium with the surrounding aqueous phase, i.e., by the
bioaccumulation kinetics (Figure 5). Because the time to reach
equilibrium increases with the hydrophobicity of a chemical, the
relatively short exposure of 4 days in most acute tests may not be
sufficient to reach a time independent EC50 value and longer test
durations have been recommended (Verhaar et al., 1999a).
A detailed discussion of bioaccumulation kinetics is beyond
the focus of this review and is reviewed in detail elsewhere
(Connell, 1990; McKim & Schmieder, 1991; Geyer et al., 2000;
Sijm & Hermens, 2000). Traditionally, empirically based kinetic
models have been used to relate toxic effects to absorbed
chemicals. An alternative approach involves the use of
physiologically based toxicokinetic models, which account for
the organism’s anatomy, physiology and biochemistry (Barron et
al., 1990; Nichols et al., 1991a). Such models account not only
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Barron et al. (Barron et al., 2001) evaluated a large
compilation of IEC and ILC data of various species from a
database compiled by Jarvinen and Ankley from a wide variety
of different literature sources (Jarvinen & Ankley, 1999). They
observed that, even for baseline toxicants, IECs affecting
survival varied by five orders of magnitude, concluding that
species sensitivity, life stage, biotransformation, and
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Khw
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nonpolar

effect concentration
in membrane lipids
IECmembrane lipid

physicochemical parameters like pH and salinity might influence
the IECs. Despite this apparent variability, some general
conclusions related to species sensitivity can be drawn.
Differences in sensitivity for baseline toxicants are generally
smaller than for specifically acting compounds, which is not
surprising because of the non-specific character of baseline
toxicity. Every organism may suffer from the baseline effect and
physiological differences in target sites (the membrane) are
probably minor, which is corroborated by the modeling depicted
in Figure 4.
The variability of the IECs for a given endpoint within one
study with one species at an acute exposure time (24 to 96 h)
varies typically only within one order of magnitude and is
reduced by 50 % if the IECs are not expressed per wet weight of
the organism but in units of mol per mass or volume of lipid in
the organism (van Wezel et al., 1995). Organisms with a higher
storage lipid content survive higher total internal effect
concentrations (Lassiter & Hallam, 1990). Hence variation in
tolerance of a subpopulation of fish is accounted for partially by
the variation in lipid content (Lassiter & Hallam, 1990), but
there remain susceptibility differences in different fish species
and within a population (Sijm et al., 1993; van Wezel et al.,
1995; Chaisuksant et al., 1997).
In particular, in non-equilibrium situations, differences in
aqueous effect concentrations may occur, because smaller
organisms will reach equilibrium faster that an organism with a
smaller surface-volume ratio. In addition, uptake routes may also
be variable. For example, cutaneous uptake is important for
small fish while uptake via the gills dominates for larger fish
(Nichols et al., 1991b; Lien et al., 1994).

storage lipid
(non-target)
fstorage lipid= 0.0375

polar

membrane lipid
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fmembrane lipid= 0.0125
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Figure 4 Comparison of internal lethal effect concentration ILC50 (A) in the membrane and (B) in the storage lipids for algae, daphnids and
fish. Note that no storage lipids were assumed for algae. Raw data and calculations are given in (Escher & Schwarzenbach, 2002).
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Section 1 Mechanistic concepts in ecotoxicology

Baseline toxicity model

Table 2 QSARs of baseline toxicity based on the membrane-water
partition coefficient Kmw as descriptor.

•reversible
•target site: membrane
•IECmembrane lipid = constant

QSAR for general baseline toxicitya

Based on

membrane
concentration

reference
Poecilia

(Könemann,

reticulata

1981b)

Vibrio fischeri (Zhao et al.,

log LC50 (M) = - 0.83 log Kmw - 1.46

log LC50 (M) = - 0.79 log Kmw - 1.54

1998)

time

•at steady state:
IEC
= constant = EC(∞)
BCF

Chlorella

(Verhaar et al., log LC50 (M) = - 0.91 log Kmw - 0.63

vulgaris

1999b)

Daphnia

(Zhao et al.,

• time dependence of EC:
1
EC(t) = EC(∞) ⋅
1− e− k2t

magna

1998)
log LC50 (M) = - 0.68 log Kmw - 1.42

Tetrahymena (Schultz &
pyriformis

Figure 5 Baseline toxicity model; EC= effect concentration
(refering to external aqueous phase), IEC = internal effect
concentration, BCF = bioconcentration factor, k2 = elimination rate
(adapted from Legierse et al., 1999; Verhaar et al., 1999a).

for the time-dependence of toxicity but also provide information
regarding distribution of chemicals within an organism, as well
as species sensitivity, size and age of the organism and exposure
conditions.
QSARs
Since the effect concentrations in the membrane are virtually
constant for baseline toxicants, a QSAR with a membrane
vesicle-water partition coefficient, Kmw, as single descriptor can
be used to describe the external effect concentration LC50 /EC50
(Figure 6A and equation 2) (Vaes et al., 1998b; Schultz &
Seward, 2000; Escher et al., 2002).
log EC = a . log Kmw + c

(2)

Historically a distinction has been made between non-polar
and polar compounds because if Kow was used as descriptor, two
separate QSARs were obtained for the two groups of chemicals
(Figure 6B) (Schultz et al., 1986; Veith & Broderius, 1987;
Veith & Broderius, 1990).
This difference is a consequence of the difference in
molecular interactions of non-polar and polar chemicals with
water, octanol, and membrane vesicles. Following the work from
Kamlet and Abraham (Kamlet et al., 1988), Gunatilleka and

log LC50 (M) = - 0.77 log Kmw - 1.89

Seward, 2000)

a

Transformation of QSAR for non-polar narcosis based on Kow as
descriptor from literature into QSAR for general baseline toxicity
(encompassing non-polar and polar compounds) by replacing Kow
by Kmw using the equation: log Kmw = 1.05 log Kow - 0.32 (Vaes et
al., 1997).

Poole applied linear free energy relationships using solute
characteristics such as volume, excess molar refraction,
dipolarity/dipolarizability and the solute's effective hydrogenbond acidity and basicity to explain partitioning processes as
well as toxicity data (Gunatilleka & Poole, 1999a; Gunatilleka &
Poole, 1999b). In fact, there was a significant influence of the
dipolarity/dipolarizability-factor for octanol-water partitioning
but no contribution to membrane-water partitioning and toxicity,
confirming that octanol is not an optimal surrogate for biological
membranes.
With some restrictions, for practical applications, Kow-based
QSARs for baseline toxicity, which are available for many
endpoints and species are useful in establishing quality criteria
for aqueous systems as well as for sediments (Van Leeuwen et
al., 1992; Di Toro & McGrath, 2000; Di Toro et al., 2000).
However, in future work, conventional physicochemical
descriptors should be replaced with toxicologically relevant
parameters.
QSARs from the past, that would bring together non-polar
and polar narcosis type chemicals, included additional
parameters for describing the difference in polarizability/dipolarity and for hydrogen bond donor/acceptor interactions
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Figure 6 LC50 data for guppy of baseline toxicants (Urrestarazu Ramos et al., 1998) plotted versus (A) logKmw (Gobas et al., 1988; van
Wezel et al., 1996a; Vaes et al., 1998a); (B) logKow (Schwarzenbach et al., 1993; Abraham et al., 1994; Escher & Schwarzenbach, 1996;
Vaes et al., 1998a); non-polar chemicals, polar chemicals.
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between octanol as surrogate and the properties of the real target
site, the lipid bilayer membrane (Gunatilleka & Poole, 1999a). A
few examples are mentioned in the following. Karabunarliev et
al. (Karabunarliev et al., 1996) applied the ”maximal acceptor
superdelocalizability” as parameter in modeling acute toxicity of
substituted benzenes. In a series of articles, Mekenyan and Veith
(Mekenyan & Veith, 1993; Veith & Mekenyan, 1993; Mekenyan
& Veith, 1994) have applied the “accepter superdelocalizability”
and the energy of the lowest unoccupied molecular orbital
(ELUMO) as parameters in QSARs for what they call soft
electrophiles, which include many of the polar baseline
toxicants. Cronin and Schultz (Cronin & Schultz, 1997) and
Bearden and Schultz (Bearden & Schultz, 1997) used ELUMO as
parameter in modelling acute toxicity data of polar narcosis
chemicals. Urrestarazu Ramos et al. (Urrestarazu-Ramos et al.,
1998) included parameters for hydrogen bonding acceptor and donor properties in QSARs for polar narcosis type compounds in
three aquatic species. Dearden et al. (Dearden et al., 2000)
applied polarizability and free hydrogen acceptor factors in an
analysis of toxicity data for non-polar and polar narcosis.
It is also possible to merge Ko w-based QSARs from nonpolar and polar compounds into a common Kmw-based QSAR by
applying the correlations between Ko w and Kmw that were
derived separately for non-polar and polar compounds (equations
3 and 4) (Vaes et al., 1997).
non-polar compounds: log Kmw = 1.05 log Kow - 0.32

(3)

polar compounds: log Kmw = 0.90 log Kow + 0.52

(4)

A selection of resulting general baseline toxicity QSARs is
listed in Table 2 and details of the derivation are given in
(Escher & Schwarzenbach, 2002). Though it is possible to reuse
these methods, as pointed out above, the use of toxicologically
relevant parameters should have an increasing priority in
ecotoxicology.
Mixtures
In numerous studies, it was confirmed that the effects of
mixtures of baseline toxicants can be explained with
concentration addition, i.e., a component of a mixture can be
replaced by an equipotent concentration of another compound
without affecting the overall effect. In 1981, Könemann
performed a classical study on the acute toxicity of mixtures of 3
to 50 nonspecifically acting chemicals towards guppy fish
(Poecilia reticulata) (Könemann, 1981a). These early
experimental results suggested concentration addition. In a
number of similar studies on the acute and sublethal effects of

19
mixtures of large numbers of compounds, concentration addition
was generally confirmed (Hermens et al., 1984; Broderius &
Kahl, 1985; De Wolf et al., 1988; Nirmalakhandan et al., 1994;
Niederlehner et al., 1998). A study on the immobilization of
Daphnia magna, showed that very small fractions of a toxic
concentration of the single compound (down to 0.0025 of the
inhibitory concentration IC50 ) still contributed to the overall
toxicity (Deneer et al., 1988b).
Hermens and Leeuwangh put forward a hypothesis, which is
very relevant with regard to the balance of baseline toxicity and
specific mechanisms (Hermens & Leeuwangh, 1982). For
mixtures of large numbers of chemicals with diverse specific
modes of action, where the individual concentrations are well
below the threshold of effect, the underlying baseline toxicity
may add up to a significant effect. However, the experimental
data of this study was not fully supportive of this hypothesis. In a
field survey on fish communities, Dyer et al. showed by
analyzing fish tissue residues that concentration addition of the
specific effects of the components overpredicted the mixture
effect, while adding up the baseline toxicity was a good indictor
of the overall effect as long as the single concentration levels
were below some threshold level for the specific effect (Dyer et
al., 2000). More experience regarding the balance of cumulative
baseline and mixture effects of specifically acting compounds
are needed before any general conclusions for risk assessment
can be drawn.

Reactive and specific modes of toxic action
From various studies it is evident that reactive compounds
(e.g., electrophiles) (Figure 7A) and specifically acting
compounds (Figure 7B) are usually more toxic than baseline
toxicity models will predict (Hermens, 1989; Lipnick, 1991;
Nendza & Russom, 1991; Verhaar et al., 1992; Russom et al.,
1997; Marchini et al., 1999). Furthermore, it can be observed
that LC50 -values for more hydrophobic electrophiles tend to
deviate less from baseline models than the hydrophilic
electrophiles do (Lipnick et al., 1987; Deneer et al., 1988a;
Deneer et al., 1988c; Veith et al., 1989) (Figure 7A).
Target concentration and target occupation
While for baseline toxicants, the whole-body internal effect
concentrations are a reasonable first approximation of the
amount of chemicals present at the target site (the membrane),
reactive and specifically acting compounds may act through
binding to receptors or enzymes. Hence, the toxic effect is not
only determined by the concentration of the toxicant at the
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Figure 7 LC50 data of (A) reactive chemicals and (B) for specifically acting compounds for fathead minnow plotted against Kow (data from
the EPA ERL-D fathead minnow data base (Russom et al., 1991), the lines correspond to QSAR for baseline toxicity (LC50) towards
fathead minnow (Pimephales promelas) described by (Verhaar et al., 1999b) from data by (Veith et al., 1983) and (B) for specifically acting
compounds towards guppy (Poecilia reticulata) (Verhaar et al., 1992), QSAR for baseline toxicity from (Könemann, 1981b).

receptor in the membrane or in the cytosol, but also by the
intrinsic activity. The intrinsic potency of specifically acting
compounds may additionally be dependent on their affinity to, or
type of interaction with, a receptor (e.g., aryl hydrocarbonreceptor for dioxin-like compounds) or the internal speciation
(e.g., uncoupling of weak organic acids). Therefore, IECs of
specifically acting compounds are not only lower than those of
baseline toxicants but also cover a wider concentration range for
each mode of action. A compilation of data from literature is
presented in several reviews (McCarty et al., 1993; Chaisuksant
et al., 1999; Sijm & Hermens, 2000; Barron et al., 2001) and can
be found in databases (Jarvinen & Ankley, 1999; n.n., 2001).
Within a category of modes of action, the assessment of
internal and target site concentrations, i.e., concentrations in the
membrane for membrane bound receptors or cytosolic
concentrations for soluble enzymes as targets, is crucial for
understanding the potency differences. For example, Escher et
al. developed an in-vitro test system for the assessment of
baseline toxicity and uncoupling in isolated energy-transducing
membranes (Escher et al., 1997; Escher et al., 2002). This test
system is basically a model for the pertinent internal
concentration because it contains only the target site (energytransducing membrane) in an aqueous suspension. The
concentration in the membrane can be easily estimated with
membrane-water partition coefficients (Escher et al., 2000).
Comparison of the IEC based on membrane concentrations with
the critical membrane concentration of baseline toxicants in this
test system (Escher et al., 2002) allowed a clear assignment of a
diverse set of substituted phenols to the appropriate mode-ofaction category (Escher & Schwarzenbach, 2002). While
chlorophenols are often classified as polar narcotics because
their LC50 –values lie within the range predicted by typical
QSAR equations for polar narcosis based on log Ko w, the
comparisons based on the membrane concentrations gave clear
evidence that trichloro- and higher substituted phenols act as
uncouplers. Whereas IECmembrane lipid are constant for all baseline
toxicants, there is a specific IECmembrane lipid for each uncoupler,
which represents their intrinsic activity as an uncoupler at the
internal pH. ILC5 0 -values based on membrane-lipid
concentrations were modeled for various organisms with the
three-compartment model described in the section on baseline
toxicity and resulting ILC50-values were similar in the in-vitro
test and in aquatic organisms (Escher & Schwarzenbach, 2002).
In addition, the modeling showed that the dependence of the
LC 50 -values of substituted phenols from the external pH is in
fact an artifact due to the pH-dependence of bioaccumulation.
Internal membrane concentrations were usually constant for a
given compound and independent of pH (Escher &
Schwarzenbach, 2002).
For reactive chemicals and chemicals that bind irreversibly
to a receptor, the extent of reaction with some target molecule or
receptor at the target site, i.e., the target occupation, is a potential
measure of the effect. For example, Freidig et al. have used the
depletion rate constant of glutathione as parameter for describing
the activity of a series of acrylic acid esters (Freidig et al., 1999).
Glutathione reacts with these compounds in a Michael addition.
The depletion of glutathione was directly correlated with an
adverse effect. A critical depletion rate constant of 1.5 d-1 was
defined as the critical effect parameter related to 50 % lethality.
Parameters such as critical membrane concentrations and
other critical effect parameters can be used to classify chemicals
and to judge the relative intrinsic potency as compared to other
compounds and to other mechanisms.
Time dependence of toxicity
For the reversible mechanism of baseline toxicity, the
internal effect concentration is virtually constant and the time
dependence of EC-values is caused by the bioconcentration
kinetics (see Figure 5). If the mode of action is related to an
irreversible chemical reaction, the influence of time on effect
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Critical target occupation model
•irreversible
•target site: receptor, enzyme, etc. in
cytosol or membrane
•CTO = constant
target occupation
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time integral
=critical target
occupation (CTO)
time

• time dependence of EC:
CTO
EC(t) = EC(∞) + BCF− k2t
1− e
t−
k2
Figure 8 Critical target occupation model. EC= effect
concentration (refering to external aqueous phase), IEC = internal
effect concentration, BCF = bioconcentration factor, k2 =
elimination rate, CTO = measure of the critical target occupation
(fit parameter of the model representing the time integral of
binding to the target (adapted from Legierse et al., 1999; Verhaar
et al., 1999a).

concentrations is much more pronounced and can follow the socalled Haber’s law: the product of concentration and time is
constant for a given response (Rozman, 2000; Rozman & Doull,
2001). This rule was established initially for gaseous reactive
compounds.
The validity of this distinction of irreversible and reversible
processes and its influence of LC50 -time relations has been
shown in an analysis of experimental data for a few reactive and
receptor-mediated active compounds (Legierse et al., 1999;
Verhaar et al., 1999a). Verhaar, Legierse and co-workers
proposed a critical target occupation (CTO) model, in which it is
assumed that a given effect endpoint is elicited at a constant
target occupation or constant depletion rate (Legierse et al.,
1999; Verhaar et al., 1999a). If the interaction of the toxicant
with the target is instantaneous and completely irreversible, then
the integral of the target occupation over time is a means to
quantify the effect (Figure 8). Consequently, the corresponding
(I)EC-values show a strong time-dependence, while the time
dependence of baseline toxicity is only determined by the
bioconcentration kinetics and a constant (I)EC. In cases, where
the reaction with the target receptor is not completely
irreversible or some replenishment mechanism is active, the
observed effect will occur somewhere between the model of
constant internal concentration (Figure 5) and the CTO-model
(Figure 9). The results of the two models are illustrated in Figure
9A for the example of a time-series of LC50 –values of the
reactive chemical benzyl alcohol towards guppy (Verhaar et al.,
1999a).
Legierse et al. further extended the CTO-model for
organophosphates, which are acetyl choline esterase (AChE)
inhibitors after metabolic activation from the thio- to the oxoester (Legierse et al., 1999). In the model, the active oxoanalogue is formed in a pseudo first order reaction, and it binds
to AChE with a second-order rate constant. Both back reactions
are assumed to be negligible. The endpoint effect is observed
when a critical amount of AChE is inhibited, which is
proportional to the time-integral of the whole-body or aqueous
internal concentration. The time-dependence up to 14 days of
exposure of the LC50 of five organophosphate pesticides was in
excellent agreement with the CTO model, both, in the guppy
Poecilia reticulata (see the example of malathion depicted in
Figure 9B) and in the pond snail Lymnaea stagnalis (Legierse et
al., 1999).
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Figure 9 Comparison between baseline toxicity model and critical target occupation model for (A) a reactive chemical (benzyl alcohol) and
(B) a specifically acting compound (malathion). For model equations see Figures 5 and 8, data and model parameters from (Legierse et
al., 1999; Verhaar et al., 1999a).

In addition, physiologically-based toxicokinetic/toxicodynamic models (PB-TK/TD) are a means to fully account for
the complexity of pathways and mechanisms of receptormediated toxicants, as is illustrated, e.g., by the PB-TK/TD
model for paraoxon in rainbow trout developed by Abas and
Hayton (Abbas & Hayton, 1997).
The time-dependence of toxicity is also related to acute to
chronic ratios (ACR). The upper 90th percentile of ACR in a
large compilation of literature data was around 70 (Lange et al.,
1998) but the ACR vary strongly depending on the mode of toxic
action. The ACR are typically lower for pure baseline toxicants
and can be much higher if reactive metabolites cause the effect
(Russom et al., 1997) or if the mode of action in the chronic test
is different from the acute test (Roex et al., 2001). Therefore
inclusion of mechanistic information in the derivation of ACR
will improve precision of prediction, as has also been shown by
Roex et al. (Roex et al., 2000).

baseline toxicants
9

reactive chemicals

uncouplers
carbamates
organophosphates
neurotoxic
insecticides

Species sensitivity distributions
-2

Vaal et al. carried out a systematic study evaluating the
differences in sensitivities of species in relation to the
mechanism of action (Vaal et al., 1997; Vaal et al., 2000). The
following mechanisms were included in the analysis: baseline
toxicity, reactive toxicity and a few specific mechanisms
(inhibition of AChE, uncoupling of the oxidative
phosphorylation). The sensitivity distributions were expressed as
toxic ratio (TR), the ratio of the EC for baseline toxicity to the
experimental EC and are plotted in Figure 10.
It is obvious from these plots that species differences of
baseline toxicants are small (in this study EC for baseline
toxicity were still estimated with QSAR using Kow as descriptor,
therefore polar compounds have distributions slightly shifted to
the right). In contrast, differences in sensitivities for reactive
chemicals and in particular for specific mechanisms are much
higher (Figure 10). This is not surprising because the modes of
action of specifically acting compounds are complex and involve
many more intermediate steps. In addition, the intrinsic activity
of chemicals does not only depend on the structure of the
chemical but may be different in different species and sometimes
the target for a particular mode of action is specific for certain
organisms (e.g., photosynthesis in plants, neurosystem only in
higher organisms). The large variation in effect concentrations
for organophosphates is certainly due to differences between
organisms in their capacity to biotransform the parent compound
into inactive or active metabolites and the sensitivity of
acetylcholine esterase.
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Figure 10 Distribution of toxicities to different species according to
classes of mode of action (Vaal et al., 1997).

QSARs for reactive chemicals
It is obvious that any hydrophobicity descriptor like Kow is
not sufficient for describing effect data in QSAR models for
reactive toxicants and many attempts have been made to describe
effect concentrations (EC) via equations of the form,
log EC = a . log Kow + b . R + c

(5)

in which Kow models the uptake into the organism and R
represents a parameter reflecting the differences in reactivity in a
certain reaction with a biologically relevant target.
Early QSAR studies with reactive chemicals have used
experimentally measured reactivities (Hermens et al., 1985;
Deneer et al., 1988a; Deneer et al., 1988c). Using the chemical
structure of a compound as the sole input, quantum chemical
calculations provide the opportunity to calculate parameters that
define the (relative) reactivity of the compound (Karelson et al.,
1996). An overview of quantum chemical parameters was given
recently (Soffers et al., 2001). Quantum chemical descriptors
have shortcomings because they largely neglect solvation effects
and the absolute values may not always be meaningful, but they
may be useful as a relative scale within structurally related series
of compounds (Karelson et al., 1996).
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Several reviews discuss the application of quantum chemical
descriptors in QSAR studies (Mekenyan & Veith, 1994;
Karelson et al., 1996; Schüürmann, 1998; Soffers et al., 2001).
QSAR models with quantum chemical descriptors have been
derived for fish acute toxicity data of, for example, epoxides
(Purdy, 1991; Eriksson et al., 1994) and reactive carbonylcontaining aliphatic chemicals (Schultz & Cronin, 1999).
Karabunarliev et al. (Karabunarliev et al., 1996) developed
QSAR models for acute toxicity data to fathead minnow of
electrophiles based on molecular mechanisms. They developed
separate models for electrophiles reacting via nucleophilic
substitution reactions, Michael type additions, and Schiff-base
formation, and descriptors were selected based on these reaction
mechanisms. These two steps, the recognition of the reaction
mechanism and the selection of a specific descriptor for this
mechanism, are relevant for getting meaningful and successful
models. Of course, this is easier in studies of a single process
(for example a certain biotransformation reaction) than in
integral effect studies, in which several processes are involved
(Soffers et al., 2001).
QSARs for receptor mediated toxicity
Receptor mediated processes are complex, because receptor
interactions are often very specific and the strength of such
interaction highly depends on the three-dimensional structure of
molecules. Modeling these interactions usually demands
sophisticated approaches. Approaches such as COMFA (Cramer
et al., 1988) and GRID (Goodford, 1985) implicitly represent the
lowest-energy, gas-phase, shape of the pharmacophore (e.g.,
steric and electrostatic energies derived from the interaction with
“probe” atoms). If the 3-D structure of the receptor is known, the
interactions of ligands with the receptor can be modeled using a
“docking” procedure, based on the energy minimization of steric
(van der Waals) and electrostatic interactions (Balbes et al.,
1994). The conformation of the ligand may, however, change as
a consequence of binding to a receptor and this has led to the
development of the COmmon REactivity PAttern (COREPA)
approach by Mekenyan et al. (Mekenyan et al., 1994). The
approach has been used to model binding to estrogen and
androgen receptors (Bradbury et al., 1998).
Modelling the activity of receptor-mediated processes is a
relevant issue for the development of predictive models for
estrogenic effects of environmental pollutants. It is a specialized
field and we have chosen not to discuss this topic in detail.
Several reviews are available which discuss QSARs for
endocrine disruption (see, e.g., (Ankley et al., 1997)).
Modeling of integral (overall) effects of chemicals with
specific (receptor mediated) effects is even more complex than
modeling receptor interactions. The final effect is preceded by
several steps, including uptake, distribution within the organism,
biotransformation to active or inactive metabolites, excretion,
and interaction with the actual target. Organophosphates are a
good example to illustrate this complexity. In these complex
situations, or also if information on mechanisms is simply
unknown, multivariate techniques such as principal component
analyses (PCA) and partial least square analyses (PLS) can be a
good starting point for analyzing experimental data (Tysklind et
al., 1993; Eriksson et al., 1995; Eriksson et al., 1997). Fish LC50
data, but also data on biotransformation and enzyme inhibition
for a series of organophosphates have been analysed via QSAR
using linear regression techniques and PLS analysis with
quantum chemical parameters (Schüürmann, 1990; de Bruijn &
Hermens, 1993; Mekenyan & Veith, 1994; Verhaar et al., 1994).
Although modeling the individual processes was in some cases
successful, the QSARs for the in vivo LC 50 data in general were
of lower statistical quality than models for baseline toxicants and
reactive chemicals.
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Mixtures
How chemicals behave in mixtures is strongly influenced by
their mode of toxic action. If two or more chemicals have
different target sites, their effect can usually be treated
independently, even if an integral response of the organism (e.g.,
lethality) is investigated. Mixtures of chemicals with a common
target site and the same mode of action act according to
concentration or dose additivity. If the mixture components
interact with each other, they might cause antagonistic or
synergistic effects. The term “synergism” is used with respect to
concentration addition, i.e. stronger effect than expected from
concentration addition, and the term “antagonism” refers to an
activity, which is lower than independent action predicts. This
classification of mixture effects stems originally from Plackett
and Hewlett (Plackett & Hewlett, 1952) and is based on
pharmacological studies, but has found wide acceptance in the
ecotoxicological community and has been applied also for
integrative endpoints like lethality (Calamari & Alabaster, 1980;
Könemann, 1981a; Altenburger et al., 1993). Many alternative
terminologies have been used as well. The concepts of mixture
toxicity and related mathematical formulations have been
extensively reviewed in refs. (Calamari & Alabaster, 1980;
Greco et al., 1992; Altenburger et al., 1993; Könemann &
Pieters, 1996; Pöch et al., 1996; Groten et al., 2001; Tallarida,
2001). In this review, we are focusing on the role of the
mechanism of toxicity for mixture effects. An extensive
compilation of mixture toxicity studies is presented elsewhere
(ECETOC, 2001).
While the mixture effects of baseline toxicants have been
thoroughly investigated, there is very little accomplished in this
area for specifically acting compounds. Examples of specifically
acting compounds, which share a common mode of toxic action
and do not interact, therefore acting according to concentration
additivity, include triazines (Backhaus et al., 2000), dioxine-like
compounds (Birnbaum & DeVito, 1995), and polycyclic
aromatic hydrocarbons (Fent & Bätscher, 2000). If
concentration-effect curves of additive compounds are parallel
and have the same maximum, the relative potency of a given
compound can be expressed in toxic equivalent concentrations.
The toxic equivalent concentration of a compound is defined by
its concentration times its relative potency, i.e., the ratio of the
ECx-values of the reference compound of high potency to the
ECx-value of the compound in question. This concept of toxic
equivalency has been initially developed for aryl hydrocarbon
receptor binding of polychlorinated dibenzodioxins,
dibenzofurans and planar polychlorinated biphenyls (Birnbaum
& DeVito, 1995). This concept is appealing due to its simplicity
and attempts have been made to extend this concept to integral
effects and other modes of action, e.g., endocrine disruption
(Safe, 1998), but great caution should be applied when extending
a concept that is strictly valid only for receptor binding assays to
integral effects and to other modes of toxic action.
Mixtures of four xenoestrogens, including DDT and 4nonylphenol, showed concentration-additive effects in the
recombinant yeast estrogen screen assay (Payne et al., 2000).
Xenoestrogens are by a factor of 10’000 to 100’000 less potent
than the natural hormone 17-ß estradiol and therefore there was
doubt expressed that xenoestrogens would affect the estrogen
receptor at all if estradiol was present. However, equipotent
mixtures of estradiol with DDT or with bisphenol A did show
additive effects (Rajapakse et al., 2001). Note that the yeast
estrogen screen assay just represents binding to the estrogen
receptor. For more integral endpoints, such as the vitellogenin
induction in rainbow trouts, toxicokinetic interactions may have
to be considered. While 4-nonlyphenol and 17-ß estradiol are
concentration additive, methoxychlor and 17-ß estradiol acted
less than additive in this assay, presumably due to the need for
activation of methoxychlor through metabolism in the liver
(Thorpe et al., 2001).
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Since specifically acting compounds usually contain specific
or reactive functional groups, they are also prone to interactive
effects in mixtures. For example, in mixtures of substituted
phenols, which act as uncouplers of oxidative and photophosphorylation, the phenoxide species of a stronger phenolic
acid may interact with the neutral species of a weaker acid or a
H-donor molecule thus forming a mixed dimer, which is a more
efficient uncoupler species (Escher et al., 2001). As a result,
such mixtures exhibit a synergistic effect. However, if the
formation of the mixed dimer is not particularly favorable or the
mixed dimer is not an intrinsically better uncoupler than the
dimers of the single components, the overall mixture effect can
still be described by concentration addition (Escher et al., 2001).
A prominent and environmentally relevant example of
dependent action is the synergistic effect of atrazine in
combination with organophosphate insecticides. The
organophosphates have to be activated from the thio-ester to the
oxo-ester before becoming inhibitors of the acetylcholineesterase. Stronger effects than concentration addition were not
only reported for acute toxicity (Pape-Lindstrom & Lydy, 1997;
Howe et al., 1998) but also when investigating directly the
activity of the AChE (Belden & Lydy, 2001). Nevertheless, the
role of synergistic and antagonistic effects in mixture studies
should not be overemphasized. For a variety of pesticides the
joint effect in aquatic animals could be predicted satisfactorily
by concentration addition in 90 % of over 200 mixtures (Deneer,
2000). The good agreement was interpreted as a result of the
small difference between the prediction of concentration addition
and independent action, which are often within one order of
magnitude.
Very few studies have been conducted with mixtures of
reactive chemicals. This is an important research gap because
further complexity is added to the problem due to the possibility
of chemical-chemical interactions and other indirect effects. One
recent study has dealt with the effect of phototoxic polycyclic
aromatic hydrocarbons (PAH) that induce oxidative stress.
Binary mixtures of phototoxic PAHs acted according to
concentration addition (Erickson et al., 1999). The same holds
true for glutathione depletion by acrylates, which was doseadditive (Freidig et al., 2001). Chen and Yeh showed that
reactive electrophilic chemicals acting via the same mode of
action are likely to show antagonism (Chen & Yeh, 1996). In
addition some severely synergistic combinations of reactive
chemicals with dissimilar mode of action could be identified,
e.g. malonitrile in combination with formaldehyde (Chen & Yeh,
1996). These observations open up a route to more systematic
investigations of the mixture effects of reactive compounds.
Earlier studies comparing concentration addition and
independent action suffered very often from the fact that the
effects were assessed only at one effect level and cumulative low
dose effects were not considered. The group around Grimme
performed a series of studies where the full concentration effect
curves of a large number of single compounds and mixtures of
compounds, with similar and dissimilar mode of action, at fixed
concentration ratios corresponding to ratios of effective
concentrations at different effect levels, were analyzed
(Altenburger et al., 2000; Backhaus et al., 2000; Faust et al.,
2000; Grimme et al., 2000). The toxicity of a mixture of 14
strictly dissimilarly acting compounds towards the luminescent
marine bacteria Vibrio fischeri showed very good agreement
with the prediction according to independent action (Backhaus et
al., 2000). Analogously, the toxic effect of 16 triazines
(inhibitors of photosystem II) in a 24-h synchronized algal
growth test on Scenedesmus vacuolatus and 16 substituted
phenols (uncouplers of oxidative phosphorylation) and other
uncouplers were consistent with prediction for concentration
addition (Altenburger et al., 2000; Grimme et al., 2000). The
main conclusion from these experiments is that concentrations of
toxicants below a measurable effect can contribute to the overall
toxicity. The effect elicited by the EC01 is indistinguishable from
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the control but the effect from the 14 to 16 compounds, each
present at its EC01 , is measurable (Altenburger et al., 2000;
Grimme et al., 2000). This conclusion confirms that
concentration addition has to be considered in the risk
assessment of chemicals, also at very low effect levels.

Multiple mechanisms
Within the proposed framework of relating effects to target
sites and the interaction with the target, it is possible to
rationalize the role of multiple mechanisms fairly easily. For
example, an electrophilic compound will be able to react with
any biological nucleophile. The extend of an effect to the
organism will on the one hand be related to the abundance at the
target site. If an electrophile is also very hydrophobic, it will
primarily accumulate in membranes and exert its reactivity on
the lipid molecules, and will not react with a soluble enzyme or
other molecules that are floating in the cytosol. On the other
hand, any electrophile will have a preference for a specific
nucleophile. For example, a soft electrophile, like acrylate is
more prone to react with thiol groups in proteins than a hard
electrophile like an epoxide, which is prone to attack the DNA
bases (van Welie et al., 1992).
Chemicals that have a high affinity to ligands, which are
common in biological molecules, are likely to exhibit multiple
mechanisms. For example, triorganotin compounds may
interfere with energy-transduction through several different
mechanisms, including inhibition of the electron-transfer chain,
inhibition of the adenosine triphosphate (ATP) synthase, and
destruction of the electrochemical proton gradient through
chloride/hydroxide antiport or through hydroxide uniport.
Tributyltin partitions well into biological membranes and
consequently appears to exert its dominant effect on the
electrochemical proton gradient, while triphenyltin, which is too
bulky for easy membrane permeation, but has a higher affinity to
oxy-ligands, appears to be a direct inhibitor of the ATP synthase
(Hunziker et al., 2001). In addition to these multiple mechanisms
on energy transduction, triorganotin compounds interfere with
many other receptor-mediated processed, leading also to chronic
effects such as neurotoxicity, carcinogenicity, immunotoxicity,
teratogenicity, and mutagenicity (Markert, 1998).
Concomitant baseline toxicity and specific mechanisms
Any specific effect will compete with baseline toxicity. The
more hydrophobic a specifically acting molecule is, the more
likely it is that its toxicity can be described through baseline
toxicity (see also Figure 7). Benzylhalides may act as reactive
electrophiles or as narcotics depending on their substitution
pattern (Marchini et al., 1999). The mode of action of
chlorophenols and chlorocatechols changes with increasing
number of chloro substituents, i.e. with increasing
hydrophobicity and acidity, from baseline toxicity to uncoupling
(Escher et al., 1996; Schweigert et al., 2001).
Another example are acrylic and methacrylic acid esters,
which are soft electrophiles and react with glutathione, which is
an important metabolic conjugant and redox buffer in the cell.
The stronger electrophilic acrylates will mainly act because of
their reactivity (Figure 11, group 1), the more hydrophobic
methacrylates may act mainly via narcosis (Figure 11, group 2)
and some of the (meth)acrylic acid esters will act via both
mechanisms.
QSARs
Chemicals having multiple modes of action can obscure
QSAR analyses. A good example is the study of fish toxicity
with acrylates mentioned above. Some of the acrylates will
mainly act because of their reactivity (Figure 11, group 1), some
of them may act mainly via narcosis (Figure 11, group 2) and
some of them will act via both mechanisms. Freidig et al.
(Freidig et al., 1999) suggested that the target site for reactive
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acrylates is in the cytosol (see Figure 12). Because the
concentration in the cytosol will be similar to the external
aqueous concentration at equilibrium, the effect concentration
will probably only be influenced by differences in reactivity (R).
In a QSAR of the type given in equation 5, the EC value will be
proportional to 1/R in which R represents the reactivity of a
chemical in a certain reaction with the target. Chemicals within
the second group will predominantly act via narcosis and the EC
will be proportional to 1/Kmw (figure 12). Based on these
arguments, Freidig and Hermens (Freidig & Hermens, 2001)
have suggested to separate a series of chemicals into groups, in
which chemicals act by one single mechanism, and then to
establish a QSAR model for each group separately. Analogous
comparisons were made for organophosphates, which inhibit
acetylcholine esterase, and for nitrobenzenes that are reactive
chemicals (Freidig & Hermens, 2001).
Establishing QSARs for chemicals having multiple modes of
action may in principle be possible if models can be derived for
both modes of action separately and, at the same time, if the joint
effect of the two modes of action is included in the model
formulation. In QSARs for reactive compounds, the coefficient
for the influence of log Kow (the parameter a in equation 5) is
often in the order of 0.3-0.4. This low coefficient is very likely a
mean value of the coefficient for narcosis (around 0.9) and for
purely reactive toxicity (around 0) and reflects the fact that two
modes of action are combined with one equation.
These examples show the importance of information about
the target site and distribution of a chemical between non-target
and target compartments. This distribution between the cell
membrane and the cytosol, which of course is more in favor of
the membrane compartment for hydrophobic chemicals, also
explains the observations that LC50-values for more hydrophobic
electrophiles usually deviate much less from baseline models
than the hydrophilic electrophiles do (Lipnick et al., 1987;
Deneer et al., 1988a; Deneer et al., 1988c; Veith et al., 1989)
(Figure 7A). The concentrations in the target compartment is
just getting too low for the reactive compound to express its
effects in the cytosol and narcosis starts to be the predominant
mode of action.
Mekenyan et al. (Mekenyan & Veith, 1994) also addressed
the change in the influence of Kow by calculating QSARs for sets
of chemicals with a similar electrophilicity (an isoelectrophilic
window). They observed a decrease in the influence of Kow for
the more electrophilic chemicals and explain these observations
by an influence of interaction of the chemical with non-target
nucleophiles in the transport of the chemical to the target site.
The lack of a positive hydrophobicity term in QSAR was
recently discussed by Hansch et al., and several explanations
were suggested (Hansch et al., 2001).
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Figure 11 LC 50 towards fathead minnow (Pimephales promelas)
for reactive acrylates plotted against K ow ;  data from (Freidig et
al., 1999); line corresponds to QSAR equation for baseline toxicity
described in ref. (Verhaar et al., 1999b) with data from (Veith et
al., 1983). Group 1 refers to chemicals, which act according to
their reactive mode of action and group 2 includes all pure
baseline toxicants. The remaining modecules exhibit features of
both modes of action.

Time scales of multiple mechanisms
Multiple mechanisms may also occur at different time scales,
which is particularly relevant for the comparison of acute and
chronic effects. For example, chlorocatechols in combination
with copper may produce reactive oxygen species (Schweigert et
al., 1999), which may be of relevance for chronic effects, but the
acute toxicity is caused by membrane toxicity, either baseline
toxicity or uncoupling (Schweigert et al., 2001).
Information on the toxicodynamic phase, i.e. the interaction
with the target site, the mechanism of toxicity and the intrinsic
activity (e.g., the reactivity in case of reactive chemicals), needs
to be complemented by information of the preceding
toxicokinetic phase, when predictive models for effects on whole
organisms are to be developed and time-dependence of effects
are to be investigated. The toxicokinetic phase encompasses the
processes of uptake, distribution within an organism and its
compartments, biotransformation, and excretion. It is beyond the
scope to discuss the toxicokinetics in detail in this review but
their role for the overall effect should not be underestimated. In
particular, the role of the metabolites for the toxic effect has
rarely been investigated. In many cases, metabolites act
according to a different mechanism. In principle, the toxic
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IC = C.Kmw
Effect ~ IC

IC = C
Effect ~ R.C
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External aqueous concentration: C

Figure 12 Two modes of action of reactive chemicals in relation to their target site: baseline toxicity and toxicity related to the reactivity. IC
= internal concentration; C = external aqueous concentration; R = a reactivity parameter, e.g., a rate constant; Kmw = membrane-water
partition coefficient.
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effects of metabolites have to be assessed iteratively and parent
compound and metabolites have to be looked at as mixtures.

Conclusion and Outlook
Internal effect concentrations
The advantages of mechanistic information in
ecotoxicological studies are obvious. If the target site(s) and the
affinity to the target sites are known, the inherent hazard
potential of a given compound can be better estimated and
further research work can be directed to the appropriate
questions. Replacing exposure-based (external aqueous) effect
concentrations by internal effect concentrations is a first step
towards a measure for inherent toxicity (McCarty & Mackay,
1993; Gobas, 2001; Gobas et al., 2001). Further refinement from
total internal concentration to target site concentration will
greatly extend the applicability of this concept. Consideration of
the internal concentrations also allows a better comparison of
variable exposure conditions, e.g. in sediments, soils and other
complex matrices (van Wezel et al., 1996b; van Wezel & Jonker,
1998). Remaining research gaps include the necessity for
developing strategies on how to deal with multiple mechanisms
and with metabolites.
By defining the intrinsic potency as the ratio of internal
effect concentration IEC to an internal reference concentration,
e.g. the IECbaseline of baseline toxicants, an intensive measure of
toxicity can be introduced. This measure of intrinsic potency is
independent of concentration or dose and is therefore better
applicable in a categorization of persistence–bioaccumulation–
toxicity (PBT) (n.n., 2000) than any presently used classification
& labeling criteria (OECD, 2001) that are usually derived as a
cut-off aqueous effect concentration and therefore implicitly
include both bioaccumulation and toxic effect.
Internal effect concentrations values are useful for the risk
assessment of chemicals. Not only can they be applied in the
classical risk assessment of single compounds as proposed by
McCarty et al. (McCarty et al., 1993) and Connell and coworkers (Connell et al., 1999) but they also pose particular
advantages for assessing the risk of pulsed exposure (Hickie et
al., 1995), of mixtures of chemicals (van Wezel et al., 1996b; Di
Toro et al., 2000), and effects in sediments (McCarty, 1997; van
Wezel & Jonker, 1998; Di Toro & McGrath, 2000).
Pulse exposure, which involves one or more isolated
exposure periods, or fluctuating exposure, are observable in the
event of accidents or during normal application of pesticides.
Hickie et al. developed a simple one-compartment, first-order
toxicokinetic model, which allows prediction of internal
concentration in fish during pulsed exposure (Hickie et al.,
1995). If the internal concentration accumulated rises above the
IEC value, the given endpoint effect is likely to be observable.
Mixtures
Mixture toxicity assessment and site-specific risk assessment
can also be greatly facilitated by working with internal
concentrations. Summation of external effect concentrations is of
limited use, while the summation of IEC, in the case of baseline
toxicity, offers a sensible mixture toxicity parameter. Procedures
for estimating total internal concentrations have been proposed
by several groups (Verhaar et al., 1995; Parkerton et al., 2000;
van Loon et al., 2000; Verbruggen et al., 2000). A similar
rationale is also underlying the concept of risk assessment of
chemical mixtures of baseline toxicants proposed by van Wezel
and coworkers (van Wezel et al., 1996b). In this study, a fish
with an unknown burden of environmental pollutants was
exposed to an increasing concentration of 1,2- or 1,4dichlorobenzene until a defined endpoint, e.g., lethality, was
observed. From the additional internal concentration of the
dichlorobenzene and the ILC50 of the given endpoint, the initial
pollutant burden from exposure in the field could be back
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calculated. This method is very simple and appealing, although
limited to compounds with similar mode of action that exhibit
concentration addition and do not exhibit multiple mechanisms.
Therefore this approach might be very suitable for sites with
diffuse sources of pollutants, while not appropriate for industrial
sites with a high load of specifically acting groups of
contaminants.
Bioaccumulation and biomagnification models can be
applied to calculate effective concentrations in the compartment
of interest based on the IEC (van Wezel & Jonker, 1998; van
Wezel et al., 2000). In such a way, the risk assessment becomes
more general and less dependent of specific environmental
conditions. The same holds true for differences in species.
Nevertheless the concept of adding up internal concentrations is
strictly true only for baseline toxicants. It needs further
development for specifically acting compounds. In particular, the
question needs to be addressed in which cases the underlying
cumulative baseline toxicity dominates the effect in a mixture
and in which cases the concentration or response addition of the
fraction of specifically acting compounds are dominating the
overall toxicity in an complex environmental sample.
Development of mixture toxicity parameters or other (in-vitro)
assays for specifically acting chemicals should be based on
insights into both the target site and the critical effect. In
addition, the problems of bioavailability in in-vitro assays
(Gülden & Seibert, 1997; Gülden et al., 2001) and dosing
(Brown et al., 2001), which are often overlooked, should be
addressed in the development of such assays.
QSARs and predictive models
We believe that a mechanistic perspective improves any
attempt to set up predictive models. Only a profound
understanding of the underlying mechanism and appropriate
assignment of chemicals to a mode of action, or even to a
mechanism, makes it possible to chose the right descriptors for
QSAR and to define the chemical domain appropriately (Schultz,
1987; Bradbury, 1994; Hermens et al., 1995; Richard, 1995;
Russom et al., 1997; McKinney et al., 2000; Trapp & Schwartz,
2000). The choice of chemical parameters and the mathematical
form of a QSAR should represent, and be coherent with, the
crucial molecular processes leading from external concentration
to effects.
The decision on the chemical domain of applicability of a
QSAR depends strongly on the mode of action concerned.
Chemical similarity does not necessarily imply toxicological
similarity. Also, the development of test (training) sets and a
thorough validation of models are crucial aspects (Tysklind et
al., 1993; Eriksson et al., 1995; Eriksson et al., 1997). QSARs
for groups of chemicals, which exhibit various or multiple
modes of action will always be less robust than for a single
mechanism. Making the uncertainty in predictive models more
explicit will save us from surprises and will make the decision
process more transparent.
In addition, species sensitivity distributions and acute-tochronic ratios heavily rely upon the correct assignment of mode
of toxic action. ACRs are usually smaller if both acute and
chronic effects have the same mode of action than if they differ
in the mechanistic basis. Information on the distribution of
sensitivities of species is nowadays often used in extrapolation
methods (Kooijman, 1987; Van Straalen & Denneman, 1989;
Aldenberg & Slob, 1993) such as in the calculation of the HC5
(hazardous concentration for 5 % of the species). A log normal
distribution of species sensitivities is then often assumed,
although there have been studies that show that this assumption
may not always be valid (Newman et al., 2000). Species
sensitivity distributions are influenced by factors related to the
uptake, distribution, biotransformation (toxicokinetics) and
interaction of a chemical in the organism (toxicodynamics).
Therefore, informations on target sites, biotransformation and
mode or mechanism of action are of particular relevance for
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understanding and predicting the toxicological aspects of species
selectivity and sensitivity.
A step beyond QSARs in setting up predictive models would
be to combine the toxicodynamic information with toxicokinetic
modeling. Physiologically based toxicokinetic (PB-TK)
modeling represents an excellent tool to analyze and predict
concentrations in target tissue and target sites. If combined with
dynamic aspects via physiologically based toxicodynamic (PBTD) modeling, a more or less complete picture is obtained. We
believe that the use of PB-TK and TD modeling will finally give
insights into rate-limiting steps in, and theoretically based
mathematical model of, the whole chain of events from external
dose to observable effect. Such a mathematical model will then
feed back into the development of QSARs but will also help to
understand better the influence of biotransformation on target
and whole-body residues. Such models were already shown to be
useful for human health risk assessment of single compounds
and mixtures (Simmons, 1995; Yang et al., 1995; van Vliet & de
Jongh, 1996; Cassee et al., 1998; Yang et al., 1998) and have
potential for application in environmental risk assessment

Section 1 Mechanistic concepts in ecotoxicology
(McCarty et al., 1992). Toxicokinetic models for fish have
already been introduced in aquatic sciences (Barron et al., 1990;
Landrum et al., 1992; McKim & Nichols, 1994). Scaling these
models to other species, maybe even to invertebrates, would be a
first step in generalizing these models for application in
predictive models. Then information on the physiology of the
organism could be combined with toxicodynamic information of
the chemical from in-vitro test systems to perform a full risk
assessment of a new chemical.
In conclusion, considering modes of action in ecotoxicology
will not only improve our understanding on the effects of
pollutants on ecosystems, but will also be useful in setting up
models and avoiding pitfalls in applied environmental risk
assessment of chemicals and of polluted sites.
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Chapter 3
Membrane-water partitioning of
hydrophobic ionogenic compounds
Beate I. Escher•
The objective of this chapter is to discuss the role of speciation of hydrophobic ionogenic organic compounds (HIOC) for interactions
and uptake at biological interphases. Models and surrogates for biological membranes are reviewed. Traditionally octanol has been
widely used as a surrogate of biological material but more recently it has been increasingly replaced by membrane vesicles, in
particular liposomes. For HIOCs, the true uptake of the charged chemical species into a biological membranes is underestimated by
several orders of magnitude if Kow is used as descriptor. Membrane-water partition coefficients Kmw of the neutral and charged species
of HIOCs only differ by approximately one order of magnitude as compared to more than three orders of magnitude difference for Kow.
Kmw of the neutral and charged species is much less dependent on ionic strength as compared to the corresponding Kow because there
are no ion pairs formed in the membrane as compared to significant ion pair formation in octanol. Partition models for membrane water
partitioning are reviewed and discussed in relation to applications for bioaccumulation and toxicity.

Introduction
Historically, organic environmental pollutants were hydrophobic, often persistent, neutral compounds. As a consequence,
these substances were readily sorbed by particles and soluble in
lipids. In modern times, efforts have been made to make xenobiotics more hydrophilic- often by including ionizable
substituents. Presumably, these functional groups would render
the compound less bioavailable. In particular, many pesticides
and pharmaceuticals contain acidic or basic functions. However,
studies on the fate and effect of organic environmental pollutants
focus mainly on the neutral species (Schwarzenbach et al.,
1993). In the past, uptake into cells and sorption to biological
membranes were often assumed to be only dependent on the
neutral species. More recent studies show that the ionic organic
species play a role both for toxic effects and sorption of
compounds to membranes.
Speciation of hydrophobic ionogenic organic compounds
(HIOC) may influence their bioavalaibility and bioaccumulation,
as well as sorption to organic matter and particles. For the
charged species, specific sorption processes may play a role,
while neutral organic compounds only undergo hydrophobic
partitioning via van-der-Waals plus hydrogen donor/acceptor
interactions. Finally, the toxic effect of HIOCs, in particular their
specific uncoupling effect, is strongly influenced by their
speciation (Escher et al., 1999).
To date, there have been only very few studies on the
sorption of environmentally relevant HIOCs to membranes. In
contrast, there exists a large body of literature on ionogenic drug
partitioning (see, e.g., (Ottiger & Wunderli-Allenspach, 1997;
Krämer et al., 1998)) and the partitioning of hydrophobic ions
(Flewelling & Hubbell, 1986a) and the use of fluorescent
membrane probes (McLaughlin & Harary, 1976). This literature
review attempts to relate the findings from these other scientific
fields to environmental chemistry.
Speciation of hydrophobic ionogenic organic compounds
HIOC is a term that refers to compounds that can be ionized
in the environment and are present in two or more speciation
forms. Basically, the group of HIOCs includes weak organic
•
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acids and bases and organometallic compounds, e.g., organotins.
This latter group will be treated separately.
Organic acids dissociate according to
HAw ' Hw + A-w

(1)
-

where HA w and A w are the acid and the conjugate base in the
aqueous phase and Hw represents the proton. The corresponding
equilibrium constant, i.e., the acidity constant Kaw, is defined by

K aw =

aAw ⋅ aHw
aHAw

(2)

where aHAw and aAw are the activities of species HA and A- in the
aqueous phase and aHw is the hydrogen ion activity (pH = –log
aHw).
For low solute concentrations and at low ionic strength, the
activity can be approximated by the concentration of the species.
Since pH-measurements are usually proton activity
measurements, most published acidity constants are so-called
mixed acidity constant with proton activity and species
concentration, cHAw and cAw.

K aw ≈ K *aw =

cAw ⋅ aHw
cHAw

(3)

A basicity constant can be defined in an analogous way to
the acidity constant. To simplify matters, one can also speak of
the acidity constant of the conjugate acid of a base, HB+.
Acids are in the protonated form (HA or HB+) when pH <<
pKaw. Above their pKaw, they are present in their basic form (Aor B). Compounds with an acidity constant in the range of 4 to
10, i.e., weak organic acids or bases, are present in two species
forms at ambient pH. This pKaw range includes aromatic
alcohols and thiols, carboxylic acids, aromatic amines and
heterocyclic amines (Schwarzenbach et al., 1993). Conversely,
alkyl-H and saturated alcohols do not undergo
protonation/deprotonation in water (pKaw >> 14).
The degree of dissociation is defined by the HendersonHasselbalch equation. From this equation, the fraction of acidic
species αaw can be calculated by
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α aw =
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1
1 + 10

(4)

pH− pK aw

Accordingly, the fraction of the basic species α bw equals to
(1-αaw). It is important to know the speciation of a given HIOC
because it strongly influences the compound’s fate and effect in
the environment. Until recently, it was believed that charged
molecules are unable to penetrate lipid bilayers but, as this
review demonstrates, charged hydrophobic complexes can be
taken up in biological membranes, and may even penetrate the
membrane under specific conditions.
Examples of environmentally relevant hydrophobic
ionogenic organic Ccompounds
Many pesticides are moderate to weak acids. Strong acid
pollutants are fully ionized at ambient pH. Examples include
trifluoroacetic and chloroacetic acids, whose use as herbicide has
been banned but which still occur as solvent degradation
products (Berg et al., 2000), or the pesticide 2,4,5–trichlorophenoxyacetic acid ( pKaw 2.83).
Then there are a number of pesticides, e.g., the phenolic
herbicide dinoseb and the fungicide pentachlorophenol, whose
speciation varies strongly in the environmental pH-range, and
one has to consider the pKaw , when estimating their
environmental fate. Structures of the compounds discussed in
this section are depicted in Table 1, together with a listing of
their pKaw and octanol-water partition coefficients, Kow, of the
neutral species (unless otherwise indicated). Typical basic
pollutants include the industrial chemicals aniline and
Table 1 Examples of environmentally relevant HIOCs
Compoun
d Name

Structure

Application

pKa

logKow

Redox speciation of organic compounds

4.63

2.35 a

Redox speciation of organic compounds plays a minor role
as compared to metals. Most organic chemicals that pose a
toxicological hazard due to their chemical reactivity are not
hydrophobic enough to pose this problem in a membrane
surrounding. Exceptions include quinones, some of which can be
reduced to hydroquinone through enzymatic and non-enzymatic
redox cycling with their corresponding semiquinone radicals
(Bolton et al., 2000). Redox cycling may also produce reactive
oxygen species that– apart from reaction with other biomolecules– may damage the membrane lipids and membranebound proteins. Finally, quinones can act as electrophiles.

a

pentachlorophenol

OH
Cl

fungicide

OH

4.75

5.24

b

b

Cl

Cl
Cl

OH

dinoseb

NO2

pesticide

4.62 b

3.56 b

herbicide

3.78 c

1.26 c
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pH7

pharmaceutical
blood lipid
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antiinflammatory drug
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5.7 e
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antiseptic
used in
personal care
products
antibiotic in
human
medicine

8.05 f
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ibuprofen

H3C

triclosan

COOH

OH

Cl
O

Cl

ciprofloxazin
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N H
H

oxalinic
acid

CH3
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Membranes and surrogates or membrane
models
Octanol

COOH
O

a

(Schwarzenbach et al., 1993).b(Escher & Schwarzenbach, 1996).
pesticide manual dBeilstein data base. e (Stuer-Laudridson et al.,
2000). f Own measurements (unpublished). g (Takacs-Novak et
al., 1992), i (Holten Lützhøft et al., 2000a)
c

N,N–dimethylaniline. Aniline is listed in the first priority lists
for risk assessment of High Production Volume Chemicals
(http://ecb.ei.jrc.it/existing-chemicals/, accessed on April 26,
2000).
Recently, attention has turned to drugs and personal care
products, many of which are acids and bases. More than 30’000
ionizable compounds are listed in the 1999 world drug index,
which corresponds to 63 % of all drugs (Comer & Tam, 2000).
Interestingly, some of the pharmaceuticals are structurally very
similar to known environmental pollutants: e.g., the pesticide
mecoprop and the hydrolysis product of the lipid regulator
clofibrate, clofibric acid, are isomeric molecules that exhibit
similar behavior in the environment (Buser et al., 1998). Drugs
and personal care products are increasingly detected in the
effluents of wastewater treatment plants, rivers, lakes, and the
sea (Halling-Sørensen et al., 1998; Ternes, 1998; Daughton &
Ternes, 1999; Stuer-Laudridson et al., 2000; Öllers et al., 2001).
Prominent examples are the anti-inflammatory drug ibuprofen
(Buser et al., 1999) and disinfectant agents such as triclosan or
tetrabromocresol (Daughton & Ternes, 1999). Ciprofloxazin, a
zwitterionic antibiotic (at pH 7) was identified to be the agent
responsible for mutagenicity in hospital wastewater (Hartmann
et al., 1998) is. Another example is oxalinic acid, a highly used
antibiotic in fish farming (Holten Lützhøft et al., 2000a)
Since the membrane-water partition coefficient is a relevant
parameter for the pharmacokinetic behavior, i.e., drug
absorption, many more studies on the speciation of drugs at
membrane interphases can be found in the literature than
reported for environmental pollutants. Since most of the
conclusions are generally valid and since drugs have been
identified as emerging environmental pollutants, this review also
covers work from the pharmaceutical sector.

The octanol-water partition coefficient Kow is the most
widely used descriptor of hydrophobicity in Quantitative
Structure-Activity Relationships (QSAR) are used to describe
sorption to organic matter, soil, and sediments (Schwarzenbach
et al., 1993), bioaccumulation (Nendza, 1991), and toxicity
(Hansch, 1969; Hermens, 1989; Hermens & Verhaar, 1996).
Octanol is an amphiphilic bulk solvent with a molar volume of
0.12 L.mol-1 when saturated with water. In the octanol-water
system, octanol contains 2.3 M of water (1 molecule water per 4
molecule octanol) and water is saturated with 4.5.10–3 M octanol.
Octanol is more suitable than any other solvent system in
mimicking biological membranes and organic matter properties
because it contains an aliphatic alkyl chain for pure van-derWaals interactions plus the alcohol group which can act as a
hydrogen donor and acceptor.
Other solvent-water systems
The octanol-water partition coefficient appears to correlate
better with biological activity than partition coefficients in other
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solvent-water mixtures as, e.g., hexane-water, because the
amphiphilic nature of octanol can accommodate a greater variety
of more or less hydrophobic molecules.
In pharmaceutical science, the notion was taken up that no
single solvent system can mimick the complex properties of a
biological membrane. Leahy et al. proposed the so-called
“critical quartet” of organic solvent systems (Leahy et al., 1992).
The original quartet was composed of an alkane, representing a
solvent, which can merely interaction via van-der-Waals forces,
octanol as amphiprotic solvent, chloroform as a hydrogen donor,
and dibutylether or propylen glycol dipelargonate as a hydrogen
acceptor. The idea behind this choice was that uptake in
biological membranes is a composite process influenced by the
different types of interactions listed above.
Chiou chose gyceryl trioleate as model lipid because of its
similarity to triglycerides which are abundant in organisms
(Chiou, 1985). Triolein is also a bulk lipid and the good
correlation with the bioconcentration factor is restricted to
neutral compounds of moderate hydrophobicity. No attempts
were made to measure ionogenic compounds with gyceryl
trioleate in this partition system.
Liposomes
Octanol and the other model systems mentioned above have
the disadvantage of being bulk phases. The simplest model
system that mimics the anisotropic properties and ordered
structure of biological membranes are liposomes. Liposomes are
artificial lipid bilayer vesicles of known lipid composition and of
controlled size (Ostro, 1983; New, 1990). They can be prepared
either in the gel state or in the liquid crystalline state (as in
biological membranes) dependent upon temperature and the
phospholipid composition. Alternatively, planar black lipid
bilayers have been used for partition studies. A black lipid film
is usually formed across a small hole in a Teflon sheet. Due to its
high solvent content (mostly decane), it is not the best system for
partitioning studies but offers the advantage of the directly
measuring the permeability of the membrane (Kansy et al.,
1998).
Principle differences between bulk media-water and
membrane-water partition coefficients are listed in Table 2.
These differences are essentially based on the several orders of
magnitude difference in surface-to-volume ratio. In the
liposomal system, charges built up due to sorption of charged
species can be electrically “neutralized” by counterions from the
electrolyte (diffuse double layer). Hence, the properties of the
membrane-water interphase, as opposed to those of the
membrane core, become important.
There are a variety of experimental methods available to
determine liposome-water partition constants. The most
established is equilibrium dialysis (Miyoshi et al., 1987a;
Pauletti & Wunderli-Allenspach, 1994; Escher & Schwarzenbach, 1996). Alternatively, ultracentrifugation or ultrafiltration

Table 2 Examples of environmentally relevant HIOCs
Bulk media
small equilibrium surface-tovolume ratios
bulk media have to maintain
electrical neutrality

Membrane
very high surface-to-volume
ratios because membranes are
only 5-10 nm thick
sorbed charged species build
up surface potential ->
shielded by the electrolyte

can be used to separate the liposomes from the aqueous phase.
The pH-metric method is specifically designed to measure
partition constants of ionogenic compounds (Avdeef et al.,
1998). Other methods initially developed for neutral compounds,
e.g., lipid bilayers immobilized covalently (Pidgeon & Ong,
1995) or non-covalently (Loidl-Stahlhofen et al., 2000) to a solid
support material have been evaluated recently for their
applicability for HIOCs (Escher et al., 2000a). Liposomes can
also be immobilized in agarose-dextran gel beads and packed in
chromatography columns (Beigi et al., 1998). This method has
already been applied to investigate the partitioning behavior of
lipophilic cations (Yang et al., 1999). Methods specific for
charged molecules include electrophoretic measurements of the
zeta-potential (Smejtek et al., 1987a) and conductance
measurements (McLaughlin & Harary, 1976). Practical aspects
of liposome-water partitioning have been reviewed most recently
by Krämer (Krämer, 2001)
Biological membranes
While most model lipid membranes are composed of only
one or a limited number of components, biological membranes
contain a wide variety of phospholipids and other lipids. In
addition, integral membrane proteins can make up the majority
of components in a membrane. At this point, it is only important
to mention that for organic compounds and HIOCs pure
phospholipid bilayers appear to be a good surrogate for
biological membranes because organic compounds are mainly
localized in the lipid domain of the membranes, although they
can still interact and interfere with functional proteins. A
comparison of membrane-water distribution ratios of various
substituted phenols at pH 7, some of which were neutral, others
partially or fully ionized, measured with phosphatidyl choline
liposomes and chromatophores (photosynthetically active
membranes that contain up to 85 % proteins) revealed equal
distribution ratios if the values were normalized to lipid content
(Escher & Schwarzenbach, 1996).
Conversely, metal ions cannot directly interact with or cross
membranes and must rely upon specific transport systems or the
formation of hydrophobic complexes. This topic has been
extensively reviewed (for reviews see, e.g., (Simkiss & Taylor,
1995)).

Partitioning and sorption models
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Figure 1 Lipophilicity profiles of (a) dinitro-o-cresol and (b) 3,4dimethylaniline. Dow -values were calculated with the data and
model described by Jafvert et al. (Jafvert, 1990) and Johnson and
Westall (Johnson & Westall, 1990). Dmw -values were calculated
with the data and model described by Escher et al. (Escher et al.,
2000b).

Octanol-water partitioning
Kow is the most successful descriptor for hydrophobicity of
neutral organic compounds (Hansch & Leo, 1995). Early
attempts to extent the simple concept of K ow from neutral
organic compounds to HIOCs have either neglected the
partitioning of the charged species (Fujita, 1966) or have
determined apparent octanol-water distribution ratios Dow(pH,I)
at a given pH and with a given ionic strength (Scherrer, 1984;
Manners et al., 1988). Dow(pH,I) is defined as the ratio of the
sum of all organic species i in the octanol phase to the sum of all
organic species in the aqueous phase.

D ow (pH,I) =

∑ cio
j

∑ ciw
j

(5)
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Figure 2 Model for octanol-water partitioning of organic acids (a)
and organic bases (b). The figure has been prepared according to
the model decribed by Jafvert et al. (Jafvert, 1990), the electrolyte
partitioning is omitted for brevity.

The distribution ratio is strongly dependent on pH and the
ionic strength as is depicted in Figure 1 for the organic acid
dinitro-o-cresol (DNOC) and for the organic base 3,4dimethylaniline (34DMA). Despite are large decrease of the Dow
at pH values where the charged species predominates,
partitioning of the charged species cannot fully be neglected.
Depending on the ionic strength, the partitioning of the neutral
species is three or more orders of magnitude higher than that of
the ionic species. Westall and co-workers (Westall et al., 1985;
Jafvert et al., 1990; Johnson & Westall, 1990) proposed a
detailed model of octanol-water partitioning of HIOCs whose
essential equations are depicted in Figure 2a for acids and 2b for
bases. For simplicity, all equations for electrolyte partitioning of
monovalent and divalent salts (Westall et al., 1990) have been
omitted. Nevertheless, in most cases, in particular in experiments
with monovalent salts, pure electrolyte partitioning accounted
for less than 10 % of the overall partitioning. The lines in Fig. 1,
which shows lipophilicity profiles in the octanol, have been
calculated with the full model and the equilibrium constants
given in Jafvert et al., and Johnsen and Westall (Jafvert et al.,
1990; Johnson & Westall, 1990).
Ion pair formation is the dominant process for controlling the
partitioning of charged species. Typically, ion pair partitioning is
about 10’000 times higher as compared to ion partitioning. Ion
pair formation in octanol is also dependent upon the type of
counterion present. The ion pair of pentachlorophenoxide (PCP-)
with Li+ partitions about half a log-unit better into octanol than
the ion pair with Na+ or K+, both of which form about equally
strong ion pairs (Jafvert et al., 1990). Moreover, the acidic drug
proxicromil exhibited ion pair partitioning that was threefold
higher with Li+ than with Na+ (Austin et al., 1998). Experiments
of ion pair formation of PCP- with divalent counterions Mg2+
and Ca2+ suggest that a 2:1 complex of PCP- and M+ is formed,
most likely in the form of MPCP+ with PCP - as a counterion
(Jafvert et al., 1990). For bases, so far only chloride has been
used as counterion (Johnson & Westall, 1990). Again, a greater
than two orders of magnitude difference between the partitioning
of the neutral and charged species was observed with the ion pair
as the dominant complex for all charged species. Only the
unsubstituted aniline does not appear to form an ion pair with
chloride (Johnson & Westall, 1990).
Particularly interesting examples are also the lipophilicity
profiles of ampholytes. Depending on the ratio between the
neutral tautomer and the zwitterionic tautomer, the log Dowversus-pH profile may be bell-shaped or u-shaped (Pagliara et
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Figure 3 Scheme of lipophilicity profile of zwitterionic compounds.
The drawn line represents the case where the neutral tautomer
predominates or the zwitterion is rather hydrophobic resulting in a
bel-shaped profile. The dashed line represents the case where the
the zwitterion predominates and intramolecular interactions are
not possible resulting in a U-shaped profile (adapted from
(Pagliara et al., 1997)).

al., 1997) (Figure 3). For zwitterions, the shape of the
lipophilicity profile depends upon the structure and conformation
of the molecule. If the charged groups are situated in proximity
and can interact with each other, the zwitterion might be more
hydrophobic than the anionic and the cationic species resulting
in a bell-shaped lipophilicity profile. If, however, intramolecular
interactions are not possible for steric reasons, the lipophilicity
profile is u-shaped (Pagliara et al., 1997).
Membrane-water partitioning: general derivation of
membrane-water partition coefficients of a charged or
neutral compound or species
The chemical potential µiw of a compound i in the aqueous
phase, indicated by subscript w, is defined according to

µ iw = µ 0iw + RT ln aiw

(6)

where µ 0iw is the standard chemical potential and a iw is the
activity of compound i in the aqueous phase.
In the membrane phase (indicated by subscript m), a surface
potential can exist if charged lipids are incorporated or if
charged species are sorbed:

µ im = µ 0im + RT ln aim + z i FΨ

(7)

where z i FΨ corresponds to the (electro-) chemical potential in
the charged membrane bilayer.
At equilibrium, the chemical potentials in both phases are
equal ( µ iw = µ im ), and eqs. 6 and 7 can be combined to give

∆ mw G i0 = µ i0m − µ i0w = − RT

ln aim
− z i FΨ
ln aiw

(8)

where the standard free energy change for the phase transfer
reaction, ∆m wGi0, is related to the dimensionless partition
coefficient Ki’ by a Boltzmann-type expression:

K i' =

aim
e
aiw

− z i FΨ
RT

(9)

The activity ai of a given compound or species i is a function
of its activity coefficient γi and the mole fraction xi:

ai = γ i x i

(10)

Activity coefficients in the aqueous phase, γiw , of neutral
molecules are set equal to one because of the zero charge and
under the assumption that the activity coefficient of the infinitely
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diluted solution equals the actual activity coefficient. The
activity coefficients of the charged species can be approximated
with the Davies equation,



I
logγ wi = z i ⋅ A
− B⋅I

1+ I

(11)

where zi is the charge, I is the ionic strength (mol.L -1), A =
0.509, and B = 0.3 at 298 K.
The activity coefficients in the membrane phase are set to
one. This assumption is justified at low concentrations of ions in
the membrane especially when considering their location at the
interface of hydrophobic to hydrophilic domain (Bäuerle &
Seelig, 1991) but might be inappropriate at concentrations near
saturation.
The dimensionless partition coefficient Ki’ is based on mole
fraction. In the literature, partition coefficients are more often
defined as concentration ratios. At low solute concentration, the
activity coefficients approach zero and the surface potential also
becomes insignificant ( zi FΨ –> 0).

K i' ≈

x im n im
=
x iw n iw

(12)

Under these conditions, Ki’ can be converted to the
concentration-based partition coefficient K *imw (in units of
Lw.Lm-1) with the following equation:

K i*mw =

cim
= φ ⋅ K i'
ciw

(13)

where φ is the phase ratio, i.e., the ratio of the molar volume
of the aqueous phase, Vw , and the molar volume of the
membrane lipids, Vm.

φ=

Vm
Vw

(14)

Often, the concentration of compound or species i in the
membrane is given in molality (mol.kg –1 ), which yields the
membrane-water partition coefficient Kimw (in units of Lw.kgm–1)

K imw =

m im
= φ ⋅ ρm ⋅ K i'
ciw

∑ z i m im
sPL ⋅ N A ⋅ F

(16)

where NA is the Avagadro constant, s PL is the surface area
occupied by a single membrane lipid molecule ( approximately
s P L = 0.7 nm2 / molecule for phospholipids (Casadio et al.,
1988)).
The Gouy-Chapman diffuse layer model has been shown to
describe adequately the electrostatic potential produced by
charges at the surface of the membrane (McLaughlin, 1989). For
a symmetrical background electrolyte, σ and ψ are related by

(17)

where I refers to the ionic strength in units of mol.cm-3, εr is
the relative permittivity or dielectric constant, and ε0 is the
permittivity of the free space.
Alternatively, in the literature, the constant capacitance
model and the Stern model were used to describe the dependence
of the surface charge density from the surface potential. In the
constant capacitance model

σ =C ⋅ψ

(18)

where C is the specific capacitance, which varies typically
between 0.2 and 1 F.m -2 in biological membranes (Packham et
al., 1978). The Stern model is effectively a serial combination of
the constant capacitance and Gouy-Chapman model. All three
models yielded similar quality of fits of the experimental data to
the respective model (Escher et al., 2000b).
There are several underlying assumptions for using the
combination of the Boltzmann equation and the Gouy-Chapman
theory of diffuse double layer or other electrostatic models used
to describe the partitioning of charged species into membranes.
First, the charged species must not be uniformly distributed
throughout the membrane but rather be sorbed at or just below
the surface of the membrane. This is a realistic assumption as
will be demonstrated below. This suggests that in the case of
membranes we consider an adsorption mechanism rather than
absorption or partitioning. Second, it has to be assumed that the
charges are distributed uniformly across the surface and that
neither standard chemical potential nor the activity coefficient
varies with distance from the membrane. This assumption is
more difficult to justify even if lateral diffusion of bilayer
components is quite fast. The good agreement of experimental
data with model predictions demonstrates that this assumption is
reasonable.
Several investigators (McLaughlin & Harary, 1976; Smejtek
et al., 1987b) suggested the use of a Langmuir-type saturation
model in addition to the electrostatic model to account for
saturation effects. The Langmuir model implies that there is a
finite number of localized sorption sites (Schwarzenbach et al.,
1993)

(15)

where ρm is the mass concentration or density of the membrane
lipids. The values of K *imw and Kimw are approximately equal
because the density of phospholipids, ρ PL (1.015 kgPL .L PL-1
(Huang, 1969)) is close to the density of water.
The description of the sorption of charged molecules at a
charged interface includes an electrostatic term, which is
dependent upon the interfacial potential difference, ψ (V). This
term is in turn related to the surface charge density, σ (C m-2),
through an electric double layer model. The surface charge
density is calculated from the concentrations of charged
molecules at the interface under the assumption that the
membrane itself has a net zero charge as is the case, e.g., for
membranes constructed from the zwitterionic lecithin. Moreover,
one can assume that the sorption of i does not lead to an
expansion of the membrane surface.

σ=F

 Fψ 
σ = 8ε r ε 0 RT I ⋅ sinh
 2RT 

m im =

m im (max) K L ciw
m im
or K L ciw =
m im (max) − m im
1 + K L ciw

(19)

where mim (max) is the maximum mass concentration of
molecules adsorbed and K L is the Langmuir sorption constant,
which is equivalent to Kimw.
If the adsorption sites are not localized in space as is the case
for sorption to a fluid lipid membrane, the Langmuir equation
could be transformed to the Volmer isotherm (McLaughlin &
Harary, 1976).
mim

m im
m max − m
K V ciw =
⋅ e im ( ) im
m im (max) − m im

(20)

where K V is the Volmer association coefficient. If mim <<
mim (max), then the Volmer equation reduces back to the
Langmuir equation. The combined Langmuir-Stern equation was
quite insensitive to changes in the number of molecules
maximally adsorbed to the surface (McLaughlin & Harary,
1976). For TNS, McLaughlin and Harary found a saturation at
one molecule of negatively charged 2,6-toluidinyl
naphtalenesulfonate (TNS) per one to three phosphatidyl choline
(PC) molecules (McLaughlin & Harary, 1976). A study on the
sorption of pentachlorophenoxide to PC vesicles based on
electrophoretic mobility measurements found sorption sites in
the size of 4.3 PC molecules (Smejtek et al., 1987b). A later
study considered both neutral and charged PCP and found
sorption sites in the size of 1 and 7 PC molecules, respectively
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(Smejtek & Wang, 1993). Such high membrane coverage would
lead, however, to a significant membrane expansion (PCP, 50 %
saturated, 25 % membrane expansion, PCP-, 50 % saturated,
3.6% membrane expansion). Thus, later studies proposed that
Langmuir-type sorption cannot be reasonably obtained without
membrane expansion, and that experimentally data should be
fitted with an electrostatic model alone (Escher et al., 2000b).
Neutral compounds show saturation only at membrane burdens,
which begin to affect membrane structures. Very hydrophobic
and well-shielded anions and cations such as tetraphenylborate
or tetraphenylphosphonium show saturation at a binding density
of 1 per 100 lipids already (Flewelling & Hubbell, 1986a).
Anyway, these disputes over number of sorption sites are
purely academic. Such high concentrations are not likely to be
encountered in the environment and are likely to be lethal for all
biological organisms.

pH-Dependence of membrane-water partitioning

Thermodynamics of membrane-water partitioning

D mw ( pH ) = α aw K HAmw + (1 − α aw )K Amw

The partition coefficient Kmw is directly related to the free
energy of transfer between the aqueous and the membrane phase.
The enthalpy and entropy contributions to the partitioning
process can be deducted from a van’t Hoff plot of ln Kmw versus
the inverse temperature (Schwarzenbach et al., 1993). Although
the thermodynamic behavior depends not only on the nature of
the solvent but also of the solute, some general findings can be
summarized. The Kow and Kmw usually increase with increasing
temperature (Katz & Diamond, 1974; Betageri & Rogers, 1988).
The thermodynamics of Kow and K mw are similar in those cases
where non-polar interactions are dominant (Rogers & Davis,
1980) but the partitioning process is more complex for Kmw than
for Kow because it is influenced by structural changes in the lipid
bilayer. For a series of linear aliphatic alcohols, the enthalpy is
positive for shorter alcohols (chain length ≤ 6) but becomes large
and more negative for the longer alcohols (chain length ≥ 7)
(Rowe et al., 1998). In addition, if cholesterol is incorporated in
the membrane making the membrane more rigid, the enthalpy
becomes large and positive but decreases linearly with
increasing chain length (Rowe et al., 1998). The strong effect of
the lipid type indicates that lipid-lipid- interactions play a
significant role for the thermodynamics in addition to lipidsolute- interactions.
The large difference in the hydrophobic binding of the
cationic tetraphenylphosphonium and anionic tetraphenylborate
is caused by the large changes in the enthalpy of the phase
transfer. Whereas the entropic contribution is similar for both
ions, the enthalpy is slightly positive (+3.5 kcal.mol–1 ) for
tetraphenylphosphonium (TPP+ ) whereas it is negative (up to
–3.6 kcal.mol– 1 ) for tetraphenylborate (TPB-) (Flewelling &
Hubbell, 1986a).
It is also interesting to note that variations in the structure of
TPB- by the introduction of F, Cl, or CF3 on the phenyl rings or
replacement of a phenyl group by a cyano-group do not have a
large influence on the thermodynamics of sorption but strongly
influences the movement across the membrane. The central
energy barrier in the membrane is the lower the better the charge
is delocalized over the entire molecule (Benz, 1988).
The thermodynamics of partitioning strongly depend on the
physical state of the membrane. ∆H and ∆S of substituted
phenols were negative above and positive below the transition
temperature from gel to liquid crystalline state (Rogers & Davis,
1980). Both for neutral phenols and chlorobenzenes, liposomewater partitioning is entropy dominated below and enthalpy
dominated above the transition temperature (Rogers & Davis,
1980; Anderson et al., 1983; van Wezel et al., 1996a) but under
both conditions large entropy changes were observed, similar to
what is observed in fish-water partitioning (Opperhuizen et al.,
1988).

In general, the membrane-water distribution ration D mw is
defined by the ratio of the sum of all species in the membrane
phase to the sum of all species in the aqueous phase.

D mw ( pH ) =

∑ m im
i

(21)

∑ ciw
i

Dmw can be derived from the partition coefficients of the
single species if the fractions of the species under given
conditions are known (Henderson-Hasselbalch equation).

D mw ( pH ) = ∑α iw K imw

(22)

i

For organic acid, eq 22 has the following form:
(23)

where the fraction of acidic species, αaw can be derived from
the pH and the acidity constant in the aqueous phase, Kaw.
The model for the membrane-water partitioning is depicted
in Figure 4a. PH-profiles of the liposome-water distribution
ratios of a representative acid, DNOC (Figure 1a) and a base, 34
DMA (Figure 1b) reveal a much smaller dependence of D mw
from the pH than it is the case for octanol-water partitioning.
The Kow of the neutral species and the apparent Dow of the
charged species at an ionic strength of 10-100 mM differ by
more than three orders of magnitude while the difference is only
one order of magnitude or smaller for the membrane-water
system. In addition, there is very little ionic strength dependence
of the partitioning of the charged species due to the lack of ionpair formation in the membrane. Conversely, in octanol, where
ion-pairing or co-partitioning of the counterion is a prerequisite
for partitioning of a charged species, the concentration of the
counterion strongly influences the apparent distribution ratio of
the charged species. This general trend is important with respect

(a)
HA m

HA m
HA m
A-m
A-m

HA m
A-m
A-m

KHA mw
HA w

(b)

KA- mw,
Ka

A-w + H+ w

(c)

AMm
DAM mw
A -w + M+ w

HBX m
DHBX mw
HB + w + X-w

Figure 4 (a) Model for membrane-water partitioning of organic
acids (Escher et al., 2000b). (b) Ion pair formation of the
conjugate base of organic acids with alkali ions or metal ions, and
(c) of the conjugate acid of organic bases with anionic
counterions. Inclusion of ion pair formation in the partitioning
model is only necessary under the specific conditions described in
the text.
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to bioaccumulation and toxicity of ionogenic compounds.
In principle, hydrophobic anions bind more strongly to
membranes than structurally similar cations. Tetraphenylphosphonium (TPP+ ) and tetraphenylborate (TPB - ) have
approximately the same molecular volume and geometry but
TPB- binds 5000 times more strongly to lipids bilayers than
TPP+ (Flewelling & Hubbell, 1986a). The difference is caused
by the internal dipole moment of a lipid bilayer, which is caused
primarily by the ester groups in the phospholipids that link the
fatty acids to the glycerol backbone (Flewelling & Hubbell,
1986b). The resulting dipole moment is positive inside and
favors both absorption and translocation of negatively charged
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ions (Flewelling & Hubbell, 1986a).
However, this general finding for hydrophobic anions and
cations does not necessarily apply for ionogenic pollutants.
Many environmentally relevant HIOCs are amphiphilic or form
hydrophobic ions that are amphiphilic. Such compounds
intercalate into the membrane with their hydrophobic part in the
bilayer core and the hydrophilic or ionic domain interacting with
the polar and charged head groups of the membrane-building
lipids. Therefore the better the charge of a compound is accommodated in the polar head groups, the smaller will be the
difference between the log K mw of the neutral and the corresponding charged species, ∆mw.

Table 3 Membrane-water partition coefficients
Compound

Lipid

Vesicle Type

pKaw

log Kimw ∆mw

reference

DOPC

sonicated SUV

6.15

3.99

(Escher et al., 2000b)

Phenols
2,4,6-trichlorophenol

1.49

2,3,4,6-tetrachlorophenol

DOPC

sonicated SUV

5.4

4.46

1.00

(Escher et al., 2000b)

pentachlorophenol

DOPC

sonicated SUV

4.75

5.10

0.74

(Escher et al., 2000b)

pentachlorophenol

PC

MLV

4.75

0.70

(Smejtek et al., 1987a)

2,4-dinitrophenol

DOPC

sonicated SUV

3.94

2.64

0.74

(Escher et al., 2000b)

2-methyl-4,6-dinitrophenol

DOPC

sonicated SUV

4.31

2.76

0.42

(Escher et al., 2000b)

2-s -butyl-4,6-dinitrophenol

DOPC

sonicated SUV

4.62

3.96

0.61

(Escher et al., 2000b)

5-phenylvaleric acid

DMPC

sonicated SUV

4.88

2.94

1.44

salicylic acid

PC

extruded LUV

2.98

2.50

1.46

diclofenac

soy-PC

sonicated SUV

3.99

4.50

1.50

(Ottiger & WunderliAllenspach, 1997)
(Ottiger & WunderliAllenspach, 1997)
(Balon et al., 1999)

diclofenac

DOPC

LUV

3.99

4.50

1.90

(Balon et al., 1999)

ibuprofen

DOPC

LUV

4.45

3.80

1.99

(Avdeef et al., 1998)

PC

extruded LUV

5.00

3.39

1.99

(Ottiger & WunderliAllenspach, 1997)

FCCP

egg-yolk PC

sonicated SUV

6.2

4.12

0.00

(Benz & McLaughlin, 1983)

CCCP

egg-yolk PC

sonicated SUV

5.95

3.79

0.00

(Kasianowicz et al., 1984)

3,4-dimethylaniline

egg-yolk PC

extruded LUV

5.23

2.11

-0.12

(Escher et al., 2000b)

2,4,6- trimethylaniline

egg-yolk PC

extruded LUV

4.38

2.38

-0.26

(Escher et al., 2000b)

4-phenylbutylamine

DMPC

sonicated SUV

10.54

2.41

-0.29

(Austin et al., 1995)

amlodipine

DMPC

sonicated SUV

9.02

3.75

0.00

(Austin et al., 1995)

propranolol

PC

extruded LUV

9.24

3.24

-0.48

(p-methylbenzyl)methylamine

PC

extruded LUV

9.93

3.09

0.55

(Ottiger & WunderliAllenspach, 1997)
(Fruttero et al., 1998)

(p-methylbenzyl)propylamine

PC

extruded LUV

9.98

3.07

0.96

(Fruttero et al., 1998)

(p-methylbenzyl)pentylamine

PC

extruded LUV

10.08

3.50

1.66

(Fruttero et al., 1998)

(p-methylbenzyl)heptylamine

PC

extruded LUV

10.02

4.40

1.69

(Fruttero et al., 1998)

lidocaine

PC

extruded LUV

7.86

2.06

-1.15

tetracaine

DOPC

LUV

8.49

3.23

-1.12

(Ottiger & WunderliAllenspach, 1997)
(Avdeef et al., 1998)

Carboxy acids

other acids
warfarin
amino acids

Anilines

Aliphatic primary amine

Aliphatic secondary amine

Aliphatic tertiary amine

i= neutral species , SUV = small unilamellar liposomes, LUV = large unilamellar liposomes.
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∆mw = log Kamw - log Kbmw

(24)

where a and b are the acid and conjugate base.
Values of ∆mw are typically larger for the anion forming
acids than for the cation forming bases (Table 3) (Austin et al.,
1995; Ottiger & Wunderli-Allenspach, 1997; Avdeef et al.,
1998; Balon et al., 1999; Escher et al., 2000b). The conjugate
base of the phenols can better delocalize the charge over the
entire ring system, in particular, when there are electronwithdrawing substituents like nitro-groups. Hence, ∆mw is
smaller for the phenols than for the carboxy acids, whose charge
cannot be delocalized and lack any direct conjugation with the
aromatic ring system.
Furthermore, the ∆mw values increase in absolute values
from primary to tertiary amines (Table 3). This finding can be
rationalized in terms of a clearer amphiphilicity and better direct
interaction of the charged amino group of primary amines with,
e.g., phosphate groups of the phospholipid molecules of lipid
bilayers. Conversely, higher substituted amines have a better
shielded charged group that may intercalate deeper into the
membrane but that may have overall less favorable interactions
with the membrane.
In addition, the steric bulk of several substituents on an
amino group appears to disturb the structure of the membrane
more than a single substituent. ∆mw for a series of (pmethylbenzyl)alkylamines increase with increasing alkyl chain
length (Fruttero et al., 1998). This trend was not observed for the
corresponding octanol-water partition data, which is an
additional evidence that the increase in ∆mw is caused by an
unfavorable steric constraint. The positively charged amino
groups interact with the phosphate structures of the lipids and
both substituents have to intercalate between the fatty acid chain.
This becomes increasingly more difficult the longer or bulkier
the two substituents are.
∆mw of stronger uncouplers, e.g., carbonylcyanide-ptrifluoromethoxyphenylhydrazone (FCCP) ( B e n z
&
McLaughlin, 1983), carbonylcyanide-m-chlorophenylhydrazone
(FCCP) (Kasianowicz et al., 1984), and 5-chloro-3-t-butyl-2’chloro-4’-nitrosalicylanilide (S-13) (Kasianowicz et al., 1987),
are not significant, i.e., both neutral and charged species partition
equally well into the lipid bilayer.
Ion pair formation at the membrane interphase
Ion pairs are outer-sphere complexes, which have to be
clearly distinguished from the metal-organic complexes. Ion pair
formation appears to be much less important in biological
membranes as compared to octanol because the charge of the
ions at the membrane interphase can be neutralized by the
electrolyte in the aqueous phase. The reactions involved in ion
pair formation are depicted in Figures 4b and 4c and the
equilibrium constants is defined as follows:

a
Kix ' = ixm
aiw ⋅ axw

(25)

K+ -concentration was rather small (Escher & Schwarzenbach,
1996). Earlier models of membrane-water partitioning of
substituted phenols directly applied the model set up for octanolwater partitioning (Jafvert et al., 1990) but ion pair formation
appeared to be not very prominent (Escher & Schwarzenbach,
1996). A similar set of experimental data was later successfully
evaluated with the membrane-water partitioning model,
accounting for the ionic strength effect fully through its effect on
the activity coefficients and the membrane electrostatics (Escher
et al., 2000b).
Austin et al. (Austin et al., 1998) measured the ionic strength
dependence of the liposome-water distribution of several acidic
and basic drugs and modeled the data with a combination of
electrostatic and ion-pair models. They concluded that the
increased apparent Dmw-values at higher ionic strength were due
primarily to the reduction in surface potential and not to ion
pairing. Ion pairing was also excluded because the apparent Dmw
varied at fixed ionic strength with the concentration of drug. The
ion pair formation accounted for no more than 5 % of the overall
partitioning of the anionic drug proxicromil (Austin et al., 1998).
In addition, zeta-potential measurements on pentachlorophenoxide (PCP-) showed no significant effect of ionic strength
on adsorption characteristics (Smejtek, 1987). This finding
suggests that no ion pair is formed but also indicates that
screening of the membrane surface by ions has little effect on the
energetics of adsorption, i.e., PCP- is buried at some depth below
the membrane surface.
The reason for the insignificance of ion pair formation at the
membrane interphase lies in the relative permittivity (dielectric
constant) ε r at the sorption sites of HIOCs in the membrane. Ion
pair formation is generally high in solvents of low ε r (e.g.,
octanol ε r = 10), and decreases rapidly until in becomes
insignificant when εr > 40, e.g., in water (Quintanar-Guerrero et
al., 1997). In membranes ε r varies from 5 at the hydrophobic
core to about 70 at the membrane surface. Consequently, the
insignificance of ion pair formation is a further indication that
HIOCs are not deeply intercalated into the membrane but sorb to
the region of the polar head groups.
Ion pair formation appears to become relevant only for
stronger complexing agents. The partitioning of the protonated
form of 34DMA increases significantly in the presence of formic
acid/formate buffer at pH 3, and is most likely due to complex
formation between the anilinium ion and formate (Escher et al.,
2000b).
In addition, hydrophilic substances can be taken up into the
membrane when complexes with hydrophobic counterions are
formed. This property has been exploited for increasing the
uptake of peptidic drugs by, e.g. salicylate (Quintanar-Guerrero
et al., 1997).
Speciation in the membrane: interfacial acidity constant
The interfacial acidity constant or apparent acidity constant
in the membrane phase Kam refers to the relative ratio of acidic
and corresponding basic species in the membrane at a given
(aqueous) pH-value.

where a ixm refers to the activity of the ion pair in the
membrane phase. At a constant counterion activity axw and for
the ideal case that γiw and γix = 1, eq. 25 can be converted to the
commonly defined distribution ratio Dixmw.

mixm
= Kix ' ⋅axw ⋅ φ ⋅ ρ
ciw

(26)

The overall distribution ratio of the charged species is then a
combination of the partition coefficient of the charged species
and the distribution ratio of the ion pair.
Dmw-values of the drugs amlodipine and 4-phenylbutylamine
were not significant different in de-ionized water and a 0.02 M
phosphate/citrate buffer (pH around 7) (Austin et al., 1995). The
dependence of the overall D mw of phenols at high pH from the

log Dmw

Dixmw =

log Kamw
pKaw

log Kbmw

pKam

pH
Figure 5 Derivation of the pKam from a lipophilicity profile.
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Table 4 Phospholipids common in biological membranes and their acidity constants.
Lipid

charge at pH

pKa(PO4)

pKa (group)

reference

7
phosphatidyl choline

PC

zwitterionic

≤1

(March, 1990)

2.5

(Krämer et al., 1998)

3.2

(Krämer et al., 1998)

phosphatidyl inositol

PI

negative

phosphatidylethanolamine

PE

zwitterionic

1.7

phosphatidylglycerol

PG

negative

2.9-3.5

2.5-3.1

(March, 1990)
9.5-11.5 (-NH3+); 9.7

(March, 1990)
(Krämer et al., 1997)
(March, 1990)

+

phosphatidyl serine

PS

negative

< 3.6

9.5-11.5 (-NH3 )

phosphatidic acid

PA

negative

3.0-4.0

8.0-9.0 (PO4)

cardiolipin

CL

negative

2.5

oleic acid

OA

mixed

(March, 1990)

3.2-6.0 (-COOH)

Kam =

(March, 1990)
7.5-7.8

mAm ⋅ aHw
mHAm

(27)

Kam is therefore directly related to the aqueous acidity
constant.

K am =

(March, 1990)

K Amw
⋅ K aw
K HAmw

(28)

The pKam is consequently equal to the pKaw shifted by ∆mw
and can be directly deduced from the lipophilicity profile (Figure
5). Since ∆mw is generally smaller in the membrane-water
system as compared to the octanol-water system, the pKam of an
acid is shifted by about one unit to higher values and that of a
base is shifted by about one unit to lower values. The better the
charge of a molecule can be delocalized and accommodated in
the lipid bilayer, the smaller is the pKa-shift. Molecules like
CCCP or FCCP do not have a pKa shift at all (Benz &
McLaughlin, 1983; Kasianowicz et al., 1984).
The pK a-shift can be directly measured by the
solvatochromic shift of the ultraviolet absorption spectra. For
PCP, the pKam is 5.97 in phosphatidyl choline membranes and
increases up to 6.78 in the negatively charged phosphatidyl
glycerol membranes (Smejtek et al., 1987a). The addition of
cholesterol decreases the pKam again slightly in both types of
membranes.
There exists an inverse relationship between the pKa and the
dielectric constant of the medium (Smejtek et al., 1987a). This
relationship gives an indication that the dielectric constant at the
sorption site in the membrane is smaller than in the aqueous
phase.

(Krämer et al., 1997)

Sorption of HIOCs to charged membranes vesicles and
biological membranes
Most studies investigating the role of speciation in
membrane-water partitioning have been performed with
liposomes made up of phosphatidyl choline with varying types
and lengths of acyl chains because PC is a zwitterion over most
of the typical pH range of the partitioning experiments.
Biological membranes, however, contain a variety of charged or
ionizable lipids, e.g., phosphatidyl ethanolamine, phosphatidyl
inositol, phosphatidyl serine, phosphatidyl glycerol, or
phosphatidic acid (see Table 5 for a list of abbreviations and
pKa-values). Charged head groups have no influence on the
partition behavior of the neutral species but strongly influence
sorption of the charged species.
Miyoshi et al. measured the apparent Dmw-values at pH 7 of
35 substituted phenols in PC liposomes with 10 % cholesterol,
20 % negatively charged cardiolipin, and 20 % positively
charged stearylamine (Miyoshi et al., 1987a). Cholesterol
decreases the D mw because it makes the membrane more rigid.
The addition of positively charged stearylamine had no
systematic influence on Dmw but the Dmw was smaller in the
negatively charged liposome for those compounds that were
partly dissociated at pH 6 (Miyoshi et al., 1987a).
The interaction of the tertiary amine tetracaine is much
stronger with negatively charged lipid bilayers than with neutral
ones (Shibata et al., 1995).
Extensive studies have been performed with the secondary
amine propranolol (pKaw = 9.24) (Krämer & WunderliAllenspach, 1996; Krämer et al., 1997; Krämer et al., 1998;
Krämer, 2001). In PC liposomes, the D mw increases with

Table 5 Dependence of membrane-water distribution ratio from the composition of the lipid bilayer.
logDmw(pH6) (L/kg)

PC

cholesterol-PC

cardiolipin-PC

stearylamine-PC

(1:10, m:m)

(1:5, m:m)

(1:5, m:m)

2,4-dichlorophenol

3.54

3.22

3.45

3.21

2,4,6-trichlorophenol

3.61

3.5

3.7

3.67

2,4-dinitrophenol

2.7

2.63

2.6

2.24

2-methyl-4,6-dinitrophenol

2.66

2.6

2.59

2.67

2-s -butyl-4,6-dinitrophenol

3.5

2.98

3.34

3.15

Data were taken from (Miyoshi et al., 1987a)
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Site of interaction of hydrophobic ionogenic organic
compounds with membranes
The partition coefficient of a given compound- both in its
neutral and its charged form- is greater for the uptake into fluid
bilayers than into bilayers in the gel state. The local anesthetic
tetracaine, which is an aliphatic tertiary amine present
predominantly in its cationic form at pH 7, was found to be
deeper incorporated into the fluid membrane than into the gelphase membrane (Hutterer et al., 1997). In addition, the presence
of xenobiotics reduces the phase transition temperature from the
gel to the fluid state (Herbette et al., 1983; van Wezel et al.,
1996a). Such an effect may cause the coexistence of laterally
segregated fluid and gel domains with an uneven distribution of
solute, i.e., a higher concentration in the fluid domains, as was
shown for pentachlorophenoxide (Smejtek & Wang, 1991). In
addition it takes a higher concentration of solute in the fluid
phase before sorption isotherms become saturated (Hutterer et
al., 1997). High lateral membrane heterogeneity induced by
partitioning of xenobiotics with locally varying concentrations
was also found experimentally for local anesthetics and
insecticides like lindane and theoretically explained by computer
simulation studies (Jorgensen et al., 1991).
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increasing pH because the neutral form sorbs better to the
zwitterionic membrane than the positively charged species
(Figure 6). If the membrane is negatively charged over the entire
pH-range, Kmw of the neutral species is similar to the value in the
PC liposomes but the Kmw of the positively charged species with
the negatively charged membrane is twice as high as compared
to the K mw of the neutral species (Figure 6). If the liposomes
contain lipids that deprotonate in the pH-range where
propranolol is positively charged, a peak in the lipophilicity
profile can be observed at pH values where the lipids carry
negative and propranolol carries positive charge.
It is interesting to note that the pH-profiles for D mw with
membranes containing charged lipids do not show an inflection
at the exact pKaw but the inflection point is somewhat higher
than the pKaw. This is due to the build-up of an electrochemical
double layer, i.e., negative charges on the membrane surface lead
to accumulation of positively charged ions and therefore a
decreased local pH in the vicinity of the membrane. It is possible
to correct for this effect by calculating the local pH from the
surface potential of the membrane or from measured ζ-potential
of the liposome (Krämer et al., 1998).
The plots depicted in Figure 6 have been calculated with the
full model given by Krämer et al. (Krämer et al., 1997; Krämer
et al., 1998). The effect of the impurity of PI in the experimental
data has been neglected. Note that these plots are somewhat
simplified because they do not include a further inflection point
common for all types of phospholipids around and below pH 3
where the phosphate group becomes neutral.
The studies on phospholipid bilayers with defined amounts
of charged component are helpful to explain the partition
characteristics in biological membranes. Liposome-water
partition data of propranolol in lipids from kidney epithelial cells
(a common model system in pharmaceutical sciences for the
uptake into the gastrointestinal tract) has been successfully
described with partition models developed for pure bilayers or
defined mixtures (Krämer & Wunderli-Allenspach, 1996). Since
lipophilic cations and anions can be used as probes for the
membrane potential, their interaction with microbial and
mitochondrial membranes have been studied extensively
(Rottenberg, 1979). Only inactivated microbial cells but not
intact cells (neither gram-positive nor negative, nor yeast) are
able to bind the negatively charged phenyldicarbaundecaborane
and other lipophilic anions (Daugelavicius et al., 1997). Reasons
for the observed discrepancy may lie in the cell wall, the outer
membrane of the gram-negatives, and energy-dependent active
transport processes.
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Figure 6 Lipophilicity profile of propranolol in liposomes
composed of zwitterionic and charged lipids calculated with
models and data from Krämer et al. (Krämer et al., 1997; Krämer
et al., 1998). (a) PC alone and in combination with PE and OA. (b)
PC and PI alone and as mixture (the lines of a are shown
additionally to emphasize the change of scaling)

The exact location of a compound within a lipid bilayer can
be studied using X-ray diffraction (Mavromoustakos et al.,
1990), neutron diffraction (Herbette et al., 1983), fluorescence
quenching techniques (Hutterer et al., 1997), differential
scanning microcalometry (Herbette et al., 1983), or NMR
techniques (Ellena et al., 1987; Seelig et al., 1988).
There is not a unique binding site for all sorts of xenobiotics
but the compounds are intercalated in such a way into the
membrane to interact most favorably with the membrane
components and to perturb the least possible. Some compounds,
such as hydrophobic and neutral molecules, are actually
dissolved in the membrane interior whereas others exhibit more
specific interactions in the polar region of the membrane. In
general, interaction of the xenobiotics with the head groups leads
to a stronger perturbation of the bilayer than intercalation in the
membrane core (Shimooka et al., 1992).
Alkanes and short alcohols actually partition into the interior
of the membrane (Dubey et al., 1996). The well-shielded
tetraphenylphosphonium (TPP+ ) and tetraphenylborate (TPB-)
ions are also deeply intercalated into the lipid bilayer (Flewelling
& Hubbell, 1986a; Ellena et al., 1987). The binding site of TPBis located somewhere below the head group region in the vicinity
of the ester groups, while the cation TPP+ binds a few angstroms
further outwards (Flewelling & Hubbell, 1986a).
One would expect that deprotonated substituted phenols
interact with the positively charged choline group (Miyoshi et
al., 1986). However, 31 P-NMR studies on the interaction of
cholesterol with PC give clear evidence that the interaction of
the hydroxy group of cholesterol is more favorable with the
carboxy group of the fatty acid than with the phosphate group
(Yeagle et al., 1975). Based on this finding together with
consideration of steric constraint by di-ortho substituted phenols,
Miyoshi et al. concluded that phenols interact also with the
carboxy groups of the fatty acids (Miyoshi et al., 1987a).
In contrast, the positively charged tetracaine appears to
interact with the phosphate groups of negatively charged
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phospholipids in addition to the ester carbonyl groups (Shibata et
al., 1995).
The neutral species of a HIOC is usually deeper intercalated
into the membrane than its corresponding charged species, which
is also reflected in a higher Kmw value (Eftink et al., 1985)
Herbette et al. compared the sorption site of the structurally
similar tertiary amines propranolol and timolol (Herbette et al.,
1983). Propranolol has a naphthalene substituent on the aliphatic
chain, which is deeply incorporated into the hydrophobic core of
the membrane. In contrast, timolol carries a partially charged
morphine ring at the same place. This substituent, due to its
polarity and partial charge, does not interact favorably with the
membrane interior. Consequently, the Dmw at pH 7.5 is 20 times
higher for propranolol than for timolol, and timolol has less
influence on the phase transition.
If zwitterionic xenobiotics are introduced into the
membrane, their magnitude of partitioning is strongly dependent
on the position of the ionic groups as was shown by selfconsistent field modeling for a series of hypothetical model
compounds composed of a phenyl ring substituted with propyl
groups and one positively charged amino group and one
corresponding negatively charged group (Meijer et al., 1999).
The positive amino group is located at the outer side of the
hydrophobic core close to the phosphate groups. The partition
coefficient is highest for the isomers with the negatively charged
groups in vicinity to the amino group and then decreases
stepwise upon substitution in ortho–, meta–, and para–position.
Similar modeling exercises on DMPC bilayers with tetrahydroxy
naphthalenes revealed how much the position of substituents can
influence the orientation in the membrane. The 2,3,6,7tetrahydroxy naphthalene spans the membrane with the hydroxygroup almost in contact with the carboxy group of the fatty acid.
The opposite tendency can be expected for the evenly distributed
1,3,5,7-tetrahydroxy naphthalene, where the orientation is almost
parallel to the plane of membrane.
Another approach to characterize the site of absorption in the
lipid bilayer is to analyze the dielectric properties of this site.
The dielectric constant ε is very small in the hydrophobic core of
the membrane (ε of approx. 2 to 3), and rises outwards until it
reaches the aqueous phase (ε= 78) (Flewelling & Hubbell,
1986a). ε is about 30 at the height of the carboxy groups of the
fatty acid chain (Flewelling & Hubbell, 1986b). Other
measurements averaged to ε of 30 to 33 at the interface between
polar head groups and the hydrocarbon core (Lessard & Fragata,
1986). The ε of the absorption site of pentachlorophenoxide, the
deprotonated species of pentachlorophenol, is approximately 8.4
for PC membranes and 18 for the negatively charged PG
membranes (Smejtek et al., 1987a). This means that
pentachlorophenoxide is deeper intercalated into the membrane
than other ionogenic compounds probably due to the very bulky
and hydrophobic chloro substituents.
The intercalation of charged molecules causes additionally a
conformational change of the dipole of the head groups, which
depends on the sign and the size of the surface charge. The
choline group of PC and the phosphate group constitute a
membrane dipole, which is approximately parallel to the
membrane surface in undisturbed bilayers. Negatively charged
amphiphiles move the choline group of PC bilayers towards the
membrane interior, and positively charged ions move it towards
the water phase (Scherer & Seelig, 1989). This conformational
change appears to be sterically more favorable for cations than
for anions which explains the small ∆mw for acids as compared
to bases, unless the bases are highly substituted, like the tertiary
amines.
Prediction of Kmw values
From the few examples shown here, it is already evident
how difficult it is to predict K mw values, in particular, for the
charged species, unless the test set of compounds is very limited,
e.g., only one structural class like phenols.
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Within one structural class, a fragment constant method
similarly to the one introduced by Leo and Hansch (Leo et al.,
1971) for Kow was developed also for Kmw of neutral, surface
active compounds (Müller et al., 1999a). For a more diverse set
of albeit neutral organic compounds, Vaes et al. (Vaes et al.,
1997; Vaes et al., 1998a) set up Quantitative Structure Activity
Relationships based on calculated quantum chemical descriptors.
This approach stressed the need to include hydrogen bonding
parameters (Vaes et al., 1998a).
A generally very successful approach for the prediction of
partition coefficients are the linear free solvation energy
relationships (LSER) introduced by Abraham et al. (Abraham et
al., 1999; Goss & Schwarzenbach, 2001). They have been
successfully applied to organic solvents, water, and
chromatographic stationary phases, and attempts have also been
made to apply them to membrane-water partitioning. The
solvation parameter model implies that the energy of transfer of
a solute from one phase to another is composed of unfavorable
creation of a cavity in the acceptor phase with compensation by
loss of the cavity in the donor phase plus the formation and
destruction of solute-solvent interactions in the acceptor and
donor phase, respectively. Consequently, the partition coefficient
is a function of solute descriptors for molecular volume, for vander-Waals interactions, for dipolarizability, and for hydrogen
bond basicity and acidity, connected to a complementary set of
descriptors, which is characteristic for the partitioning system.
Such a LSER was set up for the 19 Kmw–values for neutral
organic chemicals with DMPC membranes from Vaes et al.
(Vaes et al., 1997). This equation was of much poorer quality
than most other LSERs (Gunatilleka & Poole, 1999a;
Gunatilleka & Poole, 1999b). It is very likely that this is not due
to limited quality of the experimental data but a principle
limitation of the approach. Since the sorption site and the depth
of intercalation in the membrane varies with the type, charge,
and conformation of the compound, it is principally not possible
to find a consistent set of descriptors for all compounds but only
for groups with a common sorption site.

Effects of speciation of HIOCs in biological
membranes
Ion trapping
If a HIOC can only permeate a biological membrane in its
neutral form, the relative concentration of charged species in the
inner compartment would only depend on the acid-base
equilibrium. Accordingly, if the inner compartment is more
acidic and the permeating solute is a base that is protonated in
the inner compartment, the concentration of the charged species
in the inner compartment is higher than in the outer
compartment. This mechanism is called ion-trapping because the
ions cannot diffuse or migrate directly back across the
membrane.
As was shown above, uptake into the membrane is
significant for hydrophobic ions. Permeability is a product of the
uptake of a species into the membrane and the energy required
for crossing the central energy barrier. The permeability of a
charged species is usually smaller than of the corresponding
neutral molecule but cannot be fully neglected. Consequently
ion-trapping is not a general paradigm but depends very much on
the type of compound investigated. The uptake of different
cationic amphiphilic drugs in tissues of different organs could be
explained by non-specific binding to the membrane and iontrapping but the contribution of the two uptake mechanisms
appeared to be compound-specific (Daniel et al., 1995). Trapp
modeled the uptake of weak organic acids and bases from soil
solutions into roots and concluded that ion trapping was indeed
the dominant uptake mechanism (Trapp, 2000).
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Bioaccumulation
The major route for bioaccumulation of hydrophobic organic
compounds in aquatic animals is passive diffusion over cell
membranes. In fish, the gill epithelia are the predominant port of
entry, with less than 40 % of uptake across the skin (Saarikoski
et al., 1986). Since permeability of the membrane is a direct
function of the membrane-water partition coefficient and the
diffusion coefficient across the membrane interior (Stein, 1986),
the bioconcentration factor (log BCF) can be directly correlated
with log Kow or log Kmw for compounds with intermediate
hydrophobicity (Connell, 1990; Nagel & Loskill, 1991).
There are only very few studies concerned with the pHdependence of the bioaccumulation of HIOCs. Most of these
studies deal with substituted phenols, some with other functional
acids and tinorganic compounds. Bioaccumulation of organotin
compounds will be treated below.
Saarikoski et al., and Kishino and Kobayashi studied the
uptake of substituted phenols in different species of fish and
obtained consistent results (Saarikoski et al., 1986; Kishino &
Kobayashi, 1995b). In these studies the bioconcentration factor
BCF or the uptake rate was constant for the predominantly
neutral speciation up to pH ≅ pKaw . Above the pKaw the BCF
started to decrease. The decrease did not follow the ionization
curve but was somewhat shifted to higher pH-values. This shift
was more pronounced for the more acidic phenols than for the
less acidic ones (Kishino & Kobayashi, 1995b). Analogous
results were obtained for gill uptake rates for phenols and
carboxylic acids (Saarikoski et al., 1986). Saarikoski et al.
proposed three different mechanisms for the observed effect.
First, the pH at the gill surface is slightly lower than in the
surrounding water. This effect alone cannot explain the relative
difference of the shift for different chemicals but could
contribute to the effect. Second, the membranes could be
permeable for the ionized form. It is not directly evident from
the experimental data if the charged species is taken up or if the
pH-dependent bioaccumulation curves level off to zero.
Saarikoski et al. estimated the permeability of the charged
species to be at least three orders of magnitude smaller than that
of the neutral species. Third, in addition to actual membrane
permeation, the diffusion across the unstirred water layers
adjacent to the membrane may become rate limiting for more
hydrophobic compounds. Since diffusion in the aqueous phase is
only dependent on size, not on the charge, the diffusion
resistance of the unstirred water layers is independent on pH.
This theory is consistent with the experimental finding of a
larger shift in the ionization curve for the more hydrophobic
compounds.
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al showed that the uncoupling activity of a large number of
substituted phenols correlated well with their potency to increase
the proton permeability across liposomal membranes (Miyoshi et
al., 1987b). Both proton permeability and uncoupling activity
could be described with a combination of two descriptors, the
apparent liposome-water distribution ratio at the pH of the
experiment together with the pKaw of the compound (Miyoshi et
al., 1987b; Miyoshi & Fujita, 1988). If Kow was used instead of
the apparent liposome-water distribution ratio, a steric parameter
had to be included into the QSAR-equation (Miyoshi et al.,
1990).
A kinetic model was developed to describe the pHdependent uncoupling activity of substituted phenols in bacterial
photosynthetic membranes (Escher et al., 1999). In this model,
the overall uncoupling activity is quantitatively separated into
the contribution of membrane concentration, which can be
estimated by the Kmw, and of intrinsic activity. The intrinsic
activity of an uncoupler is influenced not only by the
hydrophobicity and acidity but also by steric effects and by the
charge distribution within the molecule.

Organometallic compounds
Mercury
Accumulation of methylmercury in fish is a critical problem
in many aquatic systems. A detailed investigation of the octanolwater distribution ratios of neutral mercury complexes has
shown that HgCl20 and CH3HgCl0 exhibit the most hydrophobic
character, in comparison in particular to Hg(OH) 2 0 and
CH3HgOH0 (Mason et al., 1996). The concentrations of these
species depend on pH and on the chloride concentration. The
uptake rates of both inorganic Hg and of methylmercury in the
marine diatom Thalassiosira weissflogii were dependent on the
octanol-water distribution ratios, under various conditions of pH
and chloride (Mason et al., 1996). This dependence indicated
that Hg was taken up by passive diffusion of the uncharged
chloro complexes over the membranes.
Organotin compounds
Triorganotin compounds, in particular tributyltin (TBT) and
triphenyltin (TPT) have been introduced directly into the
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Uncoupling is a specific toxic effect that is taking place in
energy-transducing membranes (photosynthetically active
membranes, inner mitochondrial membranes, or bacterial
membranes), which is closely related to the permeability of
biological membranes to the different chemical species of
HIOCs. Weak organic acids can destroy the electrochemical
proton gradient, which otherwise drives the ATP synthetase, by
transporting protons back across the membrane (Terada, 1990).
In the protonophoric shuttle mechanism, the charged species
migrates across the membrane driven by the electrical
component of the proton gradient, picks up a proton from the
adjacent aqueous phase, and forms the neutral species, which
diffuses back across the membrane, and releases a proton into
the opposite aqueous phases in order to restore the equilibrium
of uncoupler species at both sides of the membrane. The ability
of a weak organic acid to uncouple is dependent on how well
both neutral and charged species can permeate biological
membranes. Good uncouplers contain -orbital systems often
with strong electron-withdrawing substituents that assure good
delocalization of the negative charge, thus enhancing the
membrane permeability of the deprotonated species. Miyoshi et
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Figure 7 pH-dependence of the octanol-water distribution ratio
with different complexing ions. Lines were calculated with the data
given in (Arnold et al., 1997).
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Table 6

TBT
TPT
a

pKaw

log Kow
R3SnOH)

6.25a
5.20 a

4.10 a
3.53 a

log BCFss

(apparent)

pH5
2.15 b
3.34 b

pH8
2.95 b
3.42 b

(Arnold et al., 1997); b (Looser et al., 2000); ss = steady state

environment as pesticides and antifouling agents in boat paint.
At higher pH, triorganotins are present at hydroxides R3SnOH.
At low pH, they become protonated to the cation R3Sn + with a
pKaw of 6.25 for TBT and 5.2 for TPT. The cation forms strong
complexes with Cl–, Br–, and NO3–, and more labile complexes
with ClO4–. The octanol-water partitioning is strongly dependent
on the speciation and the counterion type and concentration as is
shown for TBT in Figure 7 (Arnold et al., 1997).
Only very few studies have considered the role of speciation
in biological uptake and bioconcentration. Bioconcentration
factors of TBT in the midge larvae Chironomus riparius were
slightly higher at pH 8 than at pH 5 (Looser et al., 1998). This
difference was less pronounced than what would have been
expected from the octanol-water distribution ratios, which is
consistent with the general perception that ∆mw is smaller than
∆ow. The BCF values of TPT are not significantly different at
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pH 5 and 8 and are twice as high as compared to TBT, whose
apparent BCF is decreased due to metabolism 5 (Looser et al.,
1998). If the BCF-values are corrected for metabolic breakdown
of TBT (Table 6), the ratio of the BCF-values of the hydroxides
are in agreement with the hydrophobicity but the difference
between pH 5 and 8 becomes very pronounced for TBT while
being still negligible for TPT (Looser et al., 2000).
Conclusions and recommendations for further research
The interaction of HIOCs with biological membranes has
important implications for the toxic effect of these chemical
classes. There is an abundant research on the interactions of
HIOCs and metals with biological interphases, in which organic
chemicals and metals are treated independently. However, few
studies have considered the role of combinations of HIOCs with
metals and organometalic compounds. There is a particular lack
of mechanistic approaches. Considering additionally that the risk
assessment of mixtures is presently an urgent issue and that
again usually mixtures of exclusively organic chemicals or
exclusively metals are investigated, more emphasis should be put
in the future on the interactions of xenobiotic HIOCs with
metals. Major research questions will include how these
interactions influence bioavailability of HIOCs, metals and
organometalic compounds, interactions with biological
membranes, uptake and common toxic effects.
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Chapter 4
Liposome-water and octanol-water
partitioning of alcohol ethoxylates
Markus T. Müller, Alexander J.B. Zehnder, Beate I. Escher•
Liposome-water partitioning coefficients, Klipw, were determined for eight pure alcohol ethoxylates using equilibrium dialysis and
ultracentrifugation. Both methods yielded statistically indistinguishable results. The experimentally determined log Klipw were
compared with log Kow-values estimated with the fragment method using different literature sources for the fragment constants.
Fragments of log K lipw were calculated for the ethoxy-group (EO) and the CH2-units from the experimentally determined data. An
additional CH2-unit causes an average increase of log Klipw by 0.45, and an additional EO causes an average decrease of log Klipw by 0.12. With these fragments, the quality of log Klipw estimations can be improved significantly as compared to simple linear regression of
log Klipw versus log Kow. The K lipw-values calculated according to the new fragment method for pure compounds and for commercial
mixtures are shown to be adequate descriptors for QSARs of bioaccumulation, toxicity, and sorption to natural organic material.

Introduction
The octanol water partition coefficient, Kow, is the most
widely used physicochemical parameter for describing
hydrophobic partitioning in Quantitative Structure Activity and
Toxicity Relationships (QSAR and QSTR). Hydrophobicity is of
major importance for the uptake of a compound by biological
organisms and for the sorption to dissolved and particular natural
organic matter (NOM).
Octanol appears to be a better surrogate for NOM and
biological material than other solvents, e.g. hexane, because it is
an amphiphilic molecule just like NOM and membrane lipids,
and capable of accommodating a greater variety of more or less
hydrophobic molecules. However, no bulk solvent can
adequately describe the specific interactions of polar, charged, or
amphiphilic compounds with the ordered three dimensional
structure of NOM or biomembranes.
For example, as we have shown in earlier work, the uptake
of hydrophobic ions is underestimated by two or more orders of
magnitude by Kow as compared to the corresponding liposomewater partition coefficient Kl i p w (Escher & Schwarzenbach,
1996). Liposomes (Bangham et al., 1965) are artificial lipid
bilayer vesicles that take account of the ordered structure and
anisotropy of biological membranes. The liposome-water test
system has been proven to be particularly well suited for
describing the membrane-water partitioning behavior of
hydrophobic ionizable compounds (Escher & Schwarzenbach,
1996; Ottiger & Wunderli-Allenspach, 1997).
The situation is more complex for surface-active
compounds, not only for ionic but also for neutral surfactants
such as the linear alcohol ethoxylates (AEO) investigated in this
study. Surfactants strongly interact with each other and with
octanol even below their critical micelle concentration (CMC)
(Schwarzenbach et al., 1993). Surfactants enhance the mutual
solubilities of octanol and water by formation of co-micelles.
Consequently, the apparent Kow of surfactants is strongly
dependent on their concentration (Morall et al., 1996a), and
needs to be extrapolated to infinite dilution to obtain the true
thermodynamic partition coefficient (Roberts & Marshall, 1995).
Furthermore, surfactants accumulate at interfaces. Accumulation
at the octanol-water interface illustrates the inadequacy of a bulk
•

solvent as surrogate for biomembranes or NOM, which have a
high surface-to-volume ratio. In addition, emulsions are formed
when one attempts to measure Kow by the commonly used shakeflask method (OECD, 1995c). Emulsions, which pose severe
experimental problems, can be minimized with the slow stir
method (de Bruijn et al., 1989; Roberts & Marshall, 1995) but
not principally avoided.
An alternative method is the prediction of Kow from capacity
factors of reversed-phase High Pressure Liquid Chromatography
(HPLC) on octadecane-coated silica particles. However, for
AEO, the capacity factors predict a slight increase in K ow with
increasing ethoxy chain length (Leeke et al., 1996). This trend is
opposite to what is expected from Kow predictions, where Kow
decreases with increasing ethoxy chain length. Hence, the HPLC
method is not suitable for hydrophobicity estimations of the
surface active AEO.
Most authors use K ow-values estimated with the fragment
method (Hansch & Leo, 1979; Schwarzenbach et al., 1993) as
descriptors in QSARs for AEO and alkylphenol ethoxylates [e.g.
(Schüürmann, 1991; Roberts & Marshall, 1995)). Since it is
impossible to validate the estimation methods by comparison to
measured values, there is no consensus on the fragment values.
Values for the ethoxy fragment vary from -0.064 to -0.34
(Hansch & Leo, 1979; Ahel & Giger, 1993; Roberts & Marshall,
1995; Lindgren et al., 1996). In recent years, the fragment value
of -0.1 has been applied most often. This fragment value was
estimated by Schüürmann (Schüürmann, 1990b) indirectly from
the correlation of toxicity data to Kow for longer non-terminal EO
units assuming non-polar narcosis as mode of toxic action of
these compounds. Shortly thereafter, this value was confirmed
by Roberts (Roberts, 1991) by directly measured log Kow-data of
short ethoxylates.
AEO were chosen in this study because they represent the
most important class of nonionic surfactants with the highest
production volumes (Talmage, 1993). Due to their good aerobic
biodegradability they are usually removed in wastewater
treatment plants (McAvoy et al., 1998) but they may also reach
the anaerobic reactor adsorbed to primary sludge where
biodegradation is delayed (Steber & Wierich, 1987; Federle &
Schwab, 1992). AEO cover a wide range of hydrophobicity, and
most of them have a potential to bioaccumulate (log Kow > 3).
AEO are known to interact with biological membranes (Florence
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et al., 1984). At environmentally relevant concentrations they act
according to narcosis, the baseline toxicity common to all nonspecifically acting compounds (Roberts, 1991; Schüürmann,
1991). Toxicity towards aquatic organisms increases with
increasing length of the alkyl chain and decreasing degree of
branching (Kaluza & Taeger, 1996). Linear AEO are more toxic
than the corresponding branched AEO.
In this study, liposome-water partition coefficients Klipw of a
series of pure linear AEO were measured with egg yolk lecithin
as model lipid. Phosphatidylcholine was chosen as lipid head
group because it is a zwitterion throughout all experimental
conditions and because its electronic properties allow both
electron donor and electron acceptor interactions with the
sorbate. The fatty acids of egg yolk lecithin contain mainly longchain fatty acids (≥ 16 carbon units) and approximately half of
the fatty acids are unsaturated. Despite this complex composition
this mixture was preferred over single phospholipids that are
typically used in liposome-water partitioning work, such as
DMPC (dimyristoylphosphatidylcholine), because of its lower
transition temperature, larger hydrophobic domain of the
resulting bilayer, and because such a mixture resembles more
closely to biological membranes than single phospholipids.
The measured K lipw-values were compared to Kow obtained
with different fragment methods. A fragment method for the
calculation of K l i p w of AEO was developed from the
experimental data. The results clearly show that Klipw is superior
over Kow as descriptor in QSAR. We therefore propose to use
Klipw instead of Kow for QSARs, QSTRs, and risk assessment for
surfactants.

Materials and Methods
Chemicals
Pure linear alcohol ethoxylates with an alkyl chain length of
C8 to C16 and an ethoxylation degree of 1 to 9 mol EO per mol
alcohol were purchased from Fluka AG, Buchs, Switzerland.
Two higher ethoxylated alcohols (C14EO 11 and C14EO14) were
obtained from J. Tolls (RITOX, Utrecht University, Utrecht, The
Netherlands). The following chemicals were purchased from
Fluka AG, Buchs, Switzerland: 3-s n-phosphatidylcholine (>
99%; fatty acid composition: 16:0 ≈ 33%, 18:0 ≈ 14%, 18:1 ≈
30%, 18:2 ≈ 14%, 20:4 ≈ 4 %) from fresh egg yolk; 1naphthoylchloride (purum ≈ 97%); 1-methylimidazole; methanol
(HPLC grade); acetonitrile (HPLC grade); 3-(N-morpholino)
propane sulfonic acid (MOPS), pKa=7.2.
Preparation of liposomes
For the preparation of liposomes, 3-sn-phosphatidylcholine
dissolved in CHCl3 was dried down to a film on a round bottom
flask in a rotary evaporator. Residual traces of solvent were
removed under high vacuum. The film was hydrated by shaking
with aqueous buffer solution (0.01 mol⋅L-1 MOPS, pH 7.0, 1 %
(V/V) of a saturated AgClaq solution) to a final concentration of
about 10 g⋅L-1. The resulting suspension of multilamellar
vesicles (MLV) was then exposed to ultrasonic treatment to form
small unilamellar vesicles (SUV). A titanium probe (Branson
Ultrasonic Co., Sonifier 450) was immersed into the lipid
suspension, which was cooled in an ice bath to avoid heating.
The suspension was sonicated 4 to 6 times for 1 minute at 50 W.
To remove large lipid vesicles and titanium residues from the
probe, the suspension was centrifuged at 20’000 g for 45 minutes
(Escher & Schwarzenbach, 1996).
Characterization of liposomes
The phospholipid content of the liposome suspension, [lip],
was determined spectrophotometrically for each batch of
liposomes after mineralization to inorganic phosphate and
formation of a malachite green / molybdenum / phosphate
complex according to Petitou (Petitou et al., 1978). Between 5
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and 10 % of the liposomes were typically lost during
preparation. The radii of the membrane vesicles were determined
with a ZetaSizer (Malvern Instruments, Malvern, Worchester,
UK). The average radii of the liposomes were 120 ± 30 nm.
Determination of the liposome-water partition coefficient,
Klipw, by equilibrium dialysis
The dialysis cells were made of glass and consisted of two
half-cells, I and II, each of 1.2 mL volume (V(I) = V(II) = V),
separated by a dialysis membrane made of regenerated cellulose
with a cut-off of 10’000 to 20’000 Dalton (Thomapor, Reichelt
Chemie Technik, Heidelberg, Germany). A single experiment
required two dialysis cells, a reference cell and a test cell. One
half-cell of each cell (I) was filled with an AEO solution, the
other one (II) with buffer or a liposome suspension as reference
or test cell, respectively. After dialysis in a rotating tumbler
shaker for 40 hours at 20° C, the AEO in the half-cells without
liposome suspension were derivatised with 1-naphthoylchloride
and analyzed using reversed phase HPLC with UV detection (see
below).
Determination of the liposome-water partition coefficient,
Klipw, by ultracentrifugation
After equilibration of AEO solution with liposomes (sample)
or buffer (reference) for 2 h, the solution was separated from the
liposomes by ultracentrifugation. The ultracentrifugation was
performed in 13.5 mL ultracentrifugation tubes (Polyallomer
tubes, thick wall, 16 x 76 mm) at about 250’000 g (45’000 rpm)
for 90 minutes. The AEO concentration in the supernatant was
determined with reversed phase HPLC with UV detection after
derivatization with 1-naphthoylchloride.
Quantification of alcohol ethoxylates by HPLC
The derivatization of AEO with 1-naphthoylchloride leads to
esters that can be quantified with HPLC using UV or
fluorescence detection (Marcomini & Zanette, 1996). The
derivatization reaction is applicable to AEO varying in alkyl
chain length from C12-C18 and a degree of ethoxylation of up to
20 mol EO per mol alcohol (Lux & Schmitt, 1996).
1 mL samples were transferred into mini-vials and
evaporated to dryness on a heating block at a temperature of 80°
C for 90 minutes under a stream of nitrogen. After cooling to
room temperature, 920 µL acetonitrile, 20 µL methylimidazole
and 10 µL 1-naphthoylchloride were added subsequently to the
sample extract. The vials were thermostated in a heating block at
60° C for 15 minutes. After cooling again to room temperature,
50 µL methanol were added to the reaction mixture to quench
the reaction. Aliquots of the reaction mixture were directly
subjected to HPLC/UV-detection. UV absorption was
determined at wavelengths of 228 and 300 nm. The stationary
phase was a 150 x 4.6 mm column filled with ultracarb 5 µm
ODS (Phenomex, Torrance, CA, USA), the isocratic mobile
phase was a mixture of methanol and water from 9:1 (v:v) to
pure methanol.
Calibrations were performed with external standards for the
quantification of the different alcohol ethoxylates within the
concentration range of 10-6 to 10-4 mol⋅L-1. The correlation
between peak area and alcohol ethoxylate concentration was
determined by linear regression, typically with R2 ≥ 0.95. The
detection limit was 10-6 mol⋅L-1 (signal to noise ratio of 3). The
overall error of the derivatization and the analytical step was
between 5 and 10 % relative standard deviation. Experiments at
one surfactant- and liposome concentration were performed in
triplicates. Each sample was measured twice. The experimental
and analytical error was below 5 %. For each sorption isotherm,
5 to 19 different experiments with varying surfactant
concentration and/or liposome concentration were performed.
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Calculation of Klipw
In the linear range of the sorption isotherms, liposome-water
partition ratios Klipw were calculated according to equation 1 or
derived from the slope of the sorption isotherm Clip versus Cw.

K lipw =

C lip
Cw

=

C ref − C w
C w [ lip]

(1)

Cref is the molar concentration of AEO in the reference halfcell after the equilibrium was reached (equilibrium dialysis
method) or in the supernatant of the reference vial
(ultracentrifugation method), Cw is the concentration of AEO in
the liposome-free compartment of the measurement half-cell
(equilibrium dialysis method) or in the supernatant of the
measurement vial (ultracentrifugation method), and [lip] =
mlip /(2 . V) is the concentration of the liposomes in kg⋅L-1,
calculated from the amount of liposomes, mlip, per total volume
of both half-cells. In most cases, [lip] accounted for less than 1%
of the total volume. Consequently, changes of volume were not
considered. Hence, Klipw is expressed in units of L·kg-1. This is
approximately equal to the dimensionless partition constant
because the density of small unilamellar vesicles from egg
phosphatidylcholine is 1.015 kg⋅L-1 (Huang, 1969).
Calculation of K lipw -values from the slopes of the linear
isotherms was preferred over calculation of K lipw-values for
single concentrations (eq 1) followed by averaging because the
isotherm method yields more precise values. The 95 %
confidence intervals (CI 95%) of the K lipw-values derived from
the slope of the isotherms were calculated by dividing the

standard error of the slope by the square root of the number of
measurements followed by multiplying by two.
Imperfect mass balance due to sorption of AEO to surfaces
(glass, dialysis membrane) was accounted for by the reference
cell (equilibrium dialysis method) or the reference vial
(ultracentrifugation method). Micelle formation did not need to
be considered because in general the measurements were
performed at concentrations below the CMC of the AEO (see for
exceptions below). Partitioning between AEO and liposomes
that are sorbed to the surface is assumed to be negligible or in
the same order of magnitude as the Klipw.
The detection limit of the analytical method was above the
critical micelle concentration (CMC) for the more hydrophobic
AEO. Therefore, it was not possible to perform all experiments
below the CMC. At concentrations above the CMC, the sorption
isotherms were non-linear due to co-micellization and
solubilization of the membrane. Consequently, the experimental
condition had to be chosen in such a way that no micelles were
in direct contact with the liposomes. These conditions could not
be fulfilled for all test compounds with the ultracentrifugation
method because in some cases CMC was below the detection
limit of the analytical method. For the dialysis experiments it
was possible to choose a dialysis time that was long enough to
allow equilibration of the dissolved fraction of the surfactant but
short enough that micelles were not formed in the initially
micelle-free compartment. Since only the monomeric surfactant
could pass the dialysis membrane, the time to reach equilibrium
between the micelle concentrations on both sides of the
membrane was much longer than the time to reach equilibrium
of the monomers. With a dialysis time of about 40 hours

Table 1 CMC, octanol-water (Kow) and liposome-water (Klipw) partition coefficients of AEO
AEO

abbre-

methoda

viation

a

log CMCb
[mol⋅L-1]

log KOWc

nd

Klipw (CI e
95%)
[L⋅kg-1]

log Klipw

log Klipw* f

log
Klipw**
g

CH3(CH2)7(OC2H4)5OH

C8EO5

UC

-2.11

2.67

6

170
(15)

2.24

2.08

2.21

CH3(CH2)9(OC2H4)5OH

C10EO5

ED

-3.11

3.75

13

930
(10)

2.97

2.95

3.11

CH3(CH2)9(OC2H4)8OH

C10EO8

ED

-2.98

3.45

8

350
(10)

2.55

2.71

2.75

CH3(CH2)11(OC2H4)5OH

C12EO5

UC,
ED

-4.11

4.83

19

10’300
(300)

4.01

3.83

4.01

CH3(CH2)11(OC2H4)8OH

C12EO8

ED

-3.95

4.53

8

2’600
(100)

3.42

3.59

3.65

CH3(CH2)13(OC2H4)5OH

C14EO5

UC,
ED

-5.11

5.91

5

72’000
(2’000)

4.86

4.71

4.91

CH3(CH2)13(OC2H4)8OH

C14EO8

UC,
ED

-4.93

5.61

8

28’000
(1’000)

4.45

4.47

4.55

CH3(CH2)13(OC2H4)11OH

C14EO11

ED

-4.74

5.31

11

13’300
(200)

4.12

4.22

4.19

CH3(CH2)13(OC2H4)14OH

C14EO14

ED

-4.56

5.01

6

8’700
(200)

3.94

3.98

3.83

CH3(CH2)15(OC2H4)8OH

C16EO8

UC,
ED

-5.90

6.69

-

n.d.

n.d

5.35

5.45

UC: ultracentrifugation, ED: equilibrium dialysis.
Critical micelle concentration calculated according to (Huibers et al., 1996).
c
Calculated with the fragment method using the values of Roberts (Roberts & Marshall, 1995).
d
Number of different concentrations in the linear range of the sorption isotherm used to calculate Klipw.
e
confidence interval, calculated from standard error of the slope of the linear isotherm, se: CI 95% = se/√n.2.
f
log Klipw* were calculated with the linear regression between log KOW calculated (Roberts & Marshall, 1995) and log Klipw measured
(equation 6), log Klipw* = 0.81⋅log KOW - 0.09.
g
log Klipw** were estimated using the EO-fragment (-0.12 ± 0.05) and the -CH2- fragment (+0.45 ± 0.05) from Table 2 starting with the log
Klipw = 4.01 (C12EO5).
n.d. not determined.
b
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n tot = C ref (I ) V + C ref (II ) V = (C ref + C mic ) V + C ref V

(2)


C lip 
 V (3)
n tot = C w (I ) V + C w (II ) V = (C w + C mic ) V + C w +
[ lip] 


0.02

A
0.015

C lip (mol.kg lip-1)

equilibrium of the monomer fraction of the AEO was achieved
as was tested with the more hydrophilic compounds at
concentrations below their CMC (data not shown).
If there were micelles in the system under the conditions
described above, the general mass balance for the reference halfcells (equation 2) and the test half-cells (equation 3) were as
follows:

0.005

where (I) refers to the half-cell that was initially filled with
AEO and (II) refers to the half-cell that was initially filled with
buffer or liposome suspension. The experimentally determined
concentrations are Cref(I), Cref(II), and Cw (I). Cm i c is the
concentration of AEO in form of micelles.
For initial concentrations below CMC, Cmic = 0, and K lipw
can directly be determined from the slope of the sorption
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Figure 1 Correction of sorption isotherm for C 1 4 E O1 4 , (A)
uncorrected isotherms with measured Cw ´, (B) isotherm with
corrected Cw by subtracting Cmic.
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Figure 2 Sorption isotherms of all AEO investigated. (A) C10- and
C12-AEO, direct measurement ( C10EO5 ,
C10EO8 ,
C12EO5 ,
C1 2 E O8 , open and closed symbols represent
independent experiments), (B) C14-AEO, Cw corrected according
to equation 2 and 3 (C14EO5, C14EO8, C14EO11, C14EO14).

isotherm. If the initial concentration is slightly above CMC,
micelles are found in the reference but not in the test half-cell.
Under these conditions Cmic is different for reference and test
half-cell, and therefore K lipw cannot be calculated. If the initial
concentration is well above the CMC, Cmic is approximately
equal in reference and test half-cells that were initially filled
with AEO (I), and therefore the true Cw can be calculated from
the concentration measured in the liposome-free compartment of
the test half-cell, Cw (I), by subtracting Cmic . In this case the
uncorrected sorption isotherm is shifted by Cmic on the x-axis as
is shown in Figure 1. The good agreement of the data points at
different ntot , as is shown in Figure 1b, justifies the initial
assumptions and warrants that the equilibration time of 40 hours
represents an adequate time window where equilibrium of the
monomers is assured but formation of micelles in the
compartment II is still negligible. More details of the correction
method are given in (Müller, 1999).

Results and Discussion
Sorption isotherms
Sorption isotherms for eight AEO are shown in Figure 2.
The Klipw-values were derived from the slopes of the sorption
isotherms and are listed in Table 1. As shown in Figure 3 for
C14EO5, the K lipw-values obtained with the equilibrium dialysis
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therefore about the same effect on the Klipw of a C12-alcohol as a
negatively charged sulfate group.

1.2

Comparison of Klipw and CMC
The critical micelle concentration CMC is the concentration
of a surfactant at which micelles are formed. As such the CMC
may be used to express the hydrophobicity of surfactants. For
example, CMC has been used as hydrophobicity descriptor in
QSAR equations for bioaccumulation (Tolls & Sijm, 1995). The
CMC decreases with increasing alkyl chain length in AEO and
there is a slight decrease with decreasing number of EO units.
The log CMC values, which were calculated according to
Huibers et al. (Huibers et al., 1996), correlate well with log Klipw
as is shown in Figure 4 (R2 = 0.947). It is evident from Figure 4
that improved correlations are obtained when separating the set
of compounds in AEO with 5 EO-units and with 8 and more EOunits. This separation is further discussed in the next section.

0.8
0.6
0.4

0.2

CMC

0
0

4.10-6

8.10-6
. -1

1.2. 10-5

Cw (mol L )

Figure 3 Comparison of isotherms of C14EO5 measured with the
equilibrium dialysis method () and the ultracentrifugation method
(), the line represents the regression with all data points.

method and the ultracentrifugation method were statistically
indistinguishable indicating that both methods are equally well
suited for determining K lipw. Note that some of the ultracentrifugation experiments depicted in Figure 3 were performed above
the CMC. Although the isotherm still appeared linear in these
experiments, the values of Klipw given in Table 1 correspond to
the regression not including points above CMC.
The sorption isotherms of the C10- and C12-AEO (Figure 2A)
were measured below their CMC and the Klipw could be calculated directly from the sorption isotherms. The CMC of the
C14-AEO (Figure 2B) were smaller so that micelles were formed
under the experimental conditions. The concentration of the
dissolved surfactant was therefore corrected as described in
“Materials and Methods”. AEO with an alkyl chain of 16 Catoms (e.g. C16 EO 8 ) possess a low CMC and are very
hydrophobic. Therefore, substance concentrations close to the
detection limit and very low liposome concentrations are
required in experiments with C16-AEO. In addition, sorption to
the glass dialysis cells, to the dialysis membrane or the
centrifugation vials becomes predominant for substances with a
Klipw in the range of 106 L⋅kg-1. For substances with a Klipw in the
range of 105 L⋅kg-1 still about 20 % were sorbed to the test
system. Consequently, it was not possible to determine the Klipwvalues of the C16-AEO.
As is evident from Figure 2 and Table 1, the K lipw-values of
linear AEO depend strongly on the structure of the substance.
With an increasing alkyl chain length of the AEO, for example
C1 0 E O Y to C1 2 E O Y , the K l i p w increases by a factor of
approximately 10. If the EO-chain is lengthened by three
ethoxylate units, for example CX EO 5 to CX E O 8 , the K lipw
decreases by a factor of approximately 3. These general trends
are consistent with expected changes in hydrophobicity of the
compounds.
Since the reported K lipw-values are the first liposome-water
partition coefficients directly determined for nonionic
surfactants, comparisons with other measurements are not
possible. However, the lipid- sea water partitioning of the
anionic surfactant sodium dodecyl sulfate (SDS) was studied by
Kalmanzon et al. (Kalmanzon et al., 1992) with a similar dialysis
assay. The partition coefficients Klipw for negatively charged and
neutral liposomes were 3100 ± 450 L·kg-1 and 3500 ± 600 L·kg1
, respectively. This is similar to the K lipw 2600 ± 100 L·kg-1
determined for C12EO8. Hence, an EO-chain of about 8 EO has

log Klipw (CXEO5) = -(0.89 ± 0.04) ⋅ log CMC + (0.30 ± 0.15)
n = 4, R2 = 0.996
(4)
log Klipw (CXEO>8) = -(0.93 ± 0.05) ⋅ log CMC - (0.25 ± 0.20)
(5)
n = 5, R2 = 0.992
The good correlation between log Klipw and log CMC is
consistent with a Linear Free-Energy Relationship (LFER)
between these two phase transfer processes (Schwarzenbach et
al., 1993). The free energy of the process of micelle formation
and of sorption from the aqueous phase into liposomes appears
to be governed by thermodynamically similar processes. The
AEO dissolved in water are surrounded by oriented water
molecules. Removal of the AEO from direct contact with water
molecules results in a large enthalpy gain of the water molecules
because water-water interactions are more attractive than waterAEO interactions. In addition there is an entropy gain although
water still needs to form a cavity around the vesicles with
oriented molecules at the edge of the cavity but to a much
smaller extent as compared to dissolved AEO. Although the
cavity formation and destruction presumably are the processes
that are energetically most relevant (Schwarzenbach et al.,
1993), in addition, the interactions of the alkyl chains of the
AEO amongst themselves in micelles and with phospholipid
molecules in liposomes are both thermodynamically favorable
5

# EO = 5
4.5

logKlipw

C lip (mol.kg-1)

1

4
3.5

# EO ≥ 8

3
2.5

2
-5.5

-5

-4.5

-4

-3.5

-3

-2.5

-2

log CMC
Figure 4 Correlation between log CMC and log Klipw; the broken
line is the linear regression of all data, the solid lines are the linear
regressions for two subsets, CxEO5 () and CxEO≥8 (S).
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Comparison of Klipw and Kow
A linear correlation was obtained between the measured
Klipw and the K OW calculated from different fragment methods
(Figure 5). The best correlation coefficients were obtained with
Hansch’s fragment method. The calculated Kow do cover only a
bit more than one order of magnitude, whereas the K lipw values
cover almost three orders of magnitude. The Kow-values
estimated with the method from PACO (Lindgren et al., 1996)
yielded the closest to a direct one-to-one correlation but the
correlation coefficient was lower than for the other regressions.
The prediction with the fragment values from Roberts (Roberts,
1991) and Schüürmann (Schüürmann, 1990b) yield the
relationship given in equation 6. We chose this equation for
further discussions because it is of overall best quality when
considering both linearity and range of values. Of course, any
prediction method with a fixed increment for the CH2-unit and a
corresponding one for the EO-unit will give a parameter that
correlates with log Klipw. Consequently, a good correlation does
not necessarily mean that the log K ow estimation method is
correct.

(6)

Since all AEO with 5 EO were above the regression line and
all AEO with 8 EO and more were below the regression line
(Figure 6), specific regressions were calculated for CXEO5 and
CXEO>8.
log Klipw (CXEO5) = (0.82 ± 0.04) ⋅ log KOW - (0.02 ± 0.17)

6
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logKlipw
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Figure 5 Correlation between log Kow and log Klipw; log Kow i s
estimated using different fragment methods from  Roberts
(Roberts, 1991) and Schüürmann (Schüürmann, 1990b),
Hansch (Hansch & Leo, 1979), and S the PACO program
(Lindgren et al., 1996).

n = 4, R2 = 0.996

(7)

n = 5, R2 = 0.997

(8)

The AEO with 8 and more EO units have a smaller Klipw and
the ones with 5 EO units have a higher Klipw than expected from
the common regression of all values, both for the log K lipwlog CMC and the log Klipw-log Kow regressions. This finding can
be rationalized when considering that the nonpolar alkyl chain is
deeply buried in the hydrophobic moiety of the membrane
whereas the polar EO groups are interacting with the polar headgroup region of the membrane. This latter region, however, is
not very broad. It appears that the AEO with 5 EO units pose no
sterically unfavourable effect whereas a higher number of EO
units cannot be perfectly intercalated into the head-group region
of the membrane and maybe even disturb the packing of the
membrane slightly, ultimately resulting in somewhat smaller
than expected Klipw-values.
Calculation of log Klipw fragments for -CH2- and EO-units

4
3.5

6

log Klipw (CXEO>8) = (0.88 ± 0.03) ⋅ log KOW - (0.49 ± 0.14)

log Klipw (CXEOY) = (0.81 ± 0.05) ⋅ log KOW - (0.09 ± 0.22)
n = 9, R2 = 0.977

7

logK lipw

processes driven by a large enthalpy gain. The hydrophobic core
of the lipid bilayer is composed of long-chain fatty acids and a
mixture of saturated and unsaturated fatty acids to avoid
unfavorable distortion of the hydrophobic domain by the long
chain AEO that may result in so-called “cut-off effect” in the
adsorption of long-chain amphiphilic molecules into lipid
membranes (Janoff et al., 1981; Requena & Haydon, 1985). The
interaction of the EO units with water molecules is energetically
more favorable than interactions amongst EO units or between
EO units and polar head groups of the phospholipids. However,
this energetic contribution should be insignificant as compared
to the other terms.

4.5

5

5.5

6

logKow
Figure 6 Correlation between log Kow and log K lipw; the broken line
is the linear regression of all data, the solid lines are the linear
regressions for the two subsets, CxEO5 () and CxEO≥8 (S).

The data series for AEO with constant ethoxylate chain
length were used to determine the log K lipw fragment for the CH2- unit. The same procedure was applied for AEO with
constant alkyl chain length in order to determine the log K lipw
fragment for an EO unit (Table 2).
The average log Klipw fragment for a -CH2- unit is 0.45 ±
0.05 (n=5, CI = 95%). This value is somewhat smaller than the CH2- fragment of 0.54 (Roberts & Marshall, 1995) from log KOW
-estimations. The average log Klipw -fragment for an EO unit is 0.12 ± 0.05 (n=5, CI = 95%).
This increment value is in the range of different EOfragments for log KOW estimations and corresponds closest to the
value of -0.1 from Roberts (Roberts, 1991) and Schüürmann
(Schüürmann, 1990b). The confidence interval is much larger as
compared to the -CH2- fragment and can be explained by a nonlinear behavior of an increasing EO-chain length. The effect of
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Table 2 Development of the fragment method: calculation of the log Klipw fragments for additional EO or -CH2- unit for alcohol ethoxylates

-CH2-

EO

∆ log Klipw ∆ log Klipw(EO)

C8EO5-C10EO5

0.73

0.37

C10EO5-C10EO8

-0.42

-0.14

C10EO5-C12EO5

1.04

0.52

C12EO5-C12EO8

-0.59

-0.20

C10EO8-C12EO8

0.87

0.44

C14EO5-C14EO8

-0.41

-0.14

C12EO5-C14EO5

0.84

0.42

C14EO8-C14EO11

-0.19

-0.06

C12EO8-C14EO8

1.02

0.51

C14EO11-C14EO14

-0.19

-0.06

0.45

average / EO

- 0.12

±0.05

CI 95 % (n=5)

±0.05

average / -CH2a

CI 95 % (n=5)
a

∆ log Klipw ∆ log Klipw(-CH2-)

CI: confidence interval for the average.

minnow, expressed as lethal concentration for 50 % of the
organisms, -log LC50 , (equation 10) (Wong et al., 1997), and
toxicity towards Daphnia magna, expressed in terms of effective
concentration for 50 % of the organisms, -log EC50 (equation 11)
(Wong et al., 1997).

an additional EO-group depends on the length of the EO chain
and also the alkyl chain. If the EO chain of an AEO is
lengthened from 5 to 8 or from 11 to 14, the log K lipw decreases
by 0.47 (average) and 0.19, respectively. The longer the EOchain, the smaller is the effect of an additional EO-group on the
change of Klipw. One possible hypothesis to explain this finding
is that the alkyl chain of AEO is deeply intercalated into the
membrane bilayer whereas the polar ethoxylate groups are
located in the outer polar region of the membrane. If the EO
chain is very long, it cannot be fitted entirely into the polar
region of the membrane and may stick out on the surface of the
membrane. This would mean that an additional EO located at the
surface has a smaller effect on Klipw than an EO-group buried in
the polar region of the membrane.
A comparison of measured (log Klipw) and calculated (log
Klipw * and log K lipw**) liposome-water partition coefficients is
given in Table 1. The log K lipw * were calculated with the
estimated log KOW using fragments from (Schüürmann, 1990b;
Roberts, 1991) and equation 6. Log Klipw** were estimated with
the EO- (-0.12) and the -CH2- fragment (0.45) from Table 2,
starting the calculation with the log Klipw determined for C12EO5.
The K lipw-values estimated with the newly developed fragment
method are better estimates of the measured values than the ones
calculated via the Kow-fragment method and log Kow- log K lipwQSAR.
In addition, K lipw -values were estimated with the newly
developed fragment method for commercial mixtures of AEO.
The good correlations of the calculated values with toxicity and
sorption data (examples are eqs 9 to 12 that are given below) is
an indication that the fragment method can also be applied for
mixtures of AEO as they occur in commercial products.

The almost unit slope of eq 9 is an indication that
bioconcentration is mainly hydrophobicity driven. The slopes of
the two toxicity correlations (eqs 10 and 11) are much smaller,
indicating that other factors than hydrophobicity influence the
overall toxic effect. These slopes are typical for QSAR equations
for narcotic chemicals, e.g., the classical correlation of the
toxicity of 50 industrial chemicals towards guppy fish versus Kow
that was developed by Könemann (Könemann, 1981b).
The membrane water partitioning coefficient is in addition a
good descriptor for the sorption of AEO to natural organic
material. There is a good qualitative agreement between sorption
coefficients to activated sludge (Kiewiet et al., 1993) and to
sediments (Brownawell et al., 1997). The sediment-water
distribution coefficients, log Ks, of a series of AEO (Kiewiet et
al., 1996) correlate with log Klipw (equation 12).

Conclusion

log Ks = (0.74 ± 0.15) ⋅ log Klipw - (0.88 ± 0.62)

We propose to use Klipw instead of K ow as hydrophobicity
descriptor in QSARs and QSTRs of AEO for three main reasons:
(1) K lipw can easily be experimentally determined. Whereas
the surface active property of AEO makes it principally
impossible to directly measure thermodynamically correctly
defined Kow values, the surface activity is no problem for a
surface process as is liposome-water partitioning, as long as the
concentrations are below CMC.
(2) The fragment method for the estimation of Klipw of
untested AEO or commercial mixtures is an interpolation
method for most common commercial mixtures whereas
estimation methods for Kow extrapolate from values deduced for
non-surface active compounds, e.g., C12EO1.
(3) Membrane-water partitioning describes the true process
that occurs during bioaccumulation. The target sites for the toxic
effect are biological membranes where nonionic surfactants
exhibit non-specific narcotic activity (Talmage, 1993). A good
correlation is found between log K lipw and bioconcentration,
log BCF (equation 9) (Tolls, 1998), toxicity towards Fathead

log BCF = (1.06 ± 0.16) ⋅ log Klipw - (2.94 ± 0.72)
R2 = 0.859, n = 9

(9)

-log LC50 (96 h) = (0.78 ± 0.10) ⋅ log Klipw - (2.44 ± 0.36)
R2 = 0.902, n = 9

(10)

-log EC50 (48 h) = (0.86 ± 0.08) ⋅ log Klipw - (2.30 ± 0.30)
R2 = 0.941, n = 9

R2 = 0.834, n = 7

(11)

(12)

The conclusions drawn here were derived from experiments
on nonionic surfactants and are therefore limited to this class of
compounds. In view that liposomes are also a better surrogate of
biological and natural organic material for hydrophobic organic
ions (Escher & Schwarzenbach, 1996; Ottiger & WunderliAllenspach, 1997), we believe strongly that the conclusions
presented here can be extended in the future to anionic and
cationic surfactants.
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Chapter 5
Evaluation of liposome-water partitioning
of organic acids and bases: I.
Development of a sorption model
Beate I. Escher•, René P. Schwarzenbach, John C. Westall
Liposome-water systems are used increasingly in lieu of the octanol-water system to evaluate and describe the partitioning of organic
compounds between biological systems and water. In particular, for hydrophobic ionogenic compounds (HIOCs), the liposome-water
(and biological membrane-water) distribution ratios of the ionic species are generally much greater than the corresponding octanolwater distribution ratios, even at high electrolyte concentrations where ion pair formation increases the apparent distribution of the
ionized species into octanol. In this paper, we describe a comprehensive model that allows one to describe the complete data set of
experimental liposome-water distribution ratios Dlipw measured by equilibrium dialysis as a function of concentration, pH, and ionic
strength. Test compounds included acids (chloro- and (alkyl–)nitrophenols) and bases (methylated amines) covering a wide range of
hydrophobicity and acidity, and including several compounds of environmental concern. The partitioning model features an
electrostatic term to account for the build-up of a surface potential when charged species are sorbed to the lipid bilayer at the lipidwater interface. Ionic strength dependence was fully accounted for by the interfacial electrostatics and the activity coefficients of the
charged molecules in the aqueous phase. Activity coefficients were set to unity for neutral species and for all species in the membrane.
No ion pair formation needed to be postulated to explain the experimental data in the proposed model. In addition liposome-water
partition coefficients for the neutral and corresponding charged species of HIOCs can be deduced directly from the model parameters.

Introduction
To date, the octanol-water partition constant (Kow) is still
the most widely used descriptor for hydrophobicity in
Quantitative Structure-Activity Relationships (QSAR) of
environmental partitioning processes (Schwarzenbach et al.,
1993), bioaccumulation (Nendza, 1991), and toxicity
(Hermens, 1989). Only recently is octanol being replaced by
liposomes as a surrogate for biological systems, particularly
when dealing with biological membranes. The liposome-water
partition coefficient (Klipw) appears to be a better molecular
descriptor for QSARs of baseline toxicity of neutral organic
compounds. While there exist two distinct QSAR equations
for polar and non-polar narcosis with Kow as single descriptor,
these QSARs meld into one equation if Klipw is used as
descriptor (Vaes et al., 1998b). Liposome-water partition
coefficients have also been used used to estimate target site
concentrations for membrane-toxic agents, such as surfactants
(Müller et al., 1999b). In addition, the uncoupling activity of
weak organic acids in energy-transducing membranes can be
explained by a model that includes amongst other terms the
liposome-water partition coefficients of the different chemical
species (Escher et al., 1999). Uncouplers affect the energy
metabolism by destroying the electrochemical proton gradient
that drives the ATP synthesizing enzyme system. This mode
of toxic action is based on the unique ability of weak organic
acids to diffuse across membranes thereby transporting
protons.

•

Liposomes are vesicles composed of bilayer-forming
phospholipids (New, 1990). While octanol-water partitioning
is a bulk-to-bulk partitioning process, the anisotropy of the
lipid bilayers and their high surface-to-volume ratio renders
this sorption process more complex. The anisotropy of the
lipid bilayers in liposomes also facilitates accommodation of
counterions and is important for the partitioning of
hydrophobic ionogenic organic compounds (HIOC), e.g. weak
organic acids and bases. The extent of partitioning of the
charged species into biological membranes is severely
underestimated in the octanol-water system as compared to the
liposome-water system (Pauletti & Wunderli-Allenspach,
1994; Escher & Schwarzenbach, 1996; Smejtek et al., 1996;
van Wezel, 1998). The octanol-water partitioning of charged
species is strongly dependent on the nature and concentration
of the counter ions that are necessary to maintain overall
electroneutrality in the octanol phase (Jafvert et al., 1990;
Johnson & Westall, 1990; Strathmann & Jafvert, 1998).
Nevertheless, in the octanol-water system, the distribution
ratio of the charged species is generally several orders of
magnitude lower than the distribution ratio of the neutral
species and can almost be neglected at low ionic strength. In
contrast, the distribution ratio of both anionic and cationic
hydrophobic molecules is significant in the membrane-water
system (Smejtek et al., 1996; Ottiger & Wunderli-Allenspach,
1997), and there is only a small dependence of Klipw on the
electrolyte concentration (Escher & Schwarzenbach, 1996).
The full characterization of the partitioning of HIOCs,
encompassing the effects of pH, ionic strength, and saturation
effects is important for a better understanding of the

Escher, B. I., Schwarzenbach, R. P., Westall, J. W. C. (2000), "Evaluation of liposome-water partitioning of organic acids
and bases: I. Development of sorption model", Environ. Sci. Technol., 34, 3954-3961.
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underlying processes. It is a prerequisite for deriving sound
partition coefficients of the different chemical species and for
evaluating different experimental methods for the
determination of these coefficients (see companion paper
(Escher et al., 2000a)).
There are several different approaches to modeling the
liposome-water partitioning of HIOCs. In early models, the
assumption was made that the charged species does not
partition into the lipid bilayer, as exemplified by Korten for
the acidic drug thiopental (Korten et al., 1980). In other
models, the partitioning of the charged species was also
considered. While the partitioning of the neutral species was
commonly modeled with a Langmuir sorption isotherm
(Gennis, 1989), electrostatic effects were often included in
case of the charged species. Sorption of charged species leads
to the build-up of a surface potential on the lipid bilayer that
can be described by a combination of the Gouy-Chapman
theory of diffuse double layers at interfaces and the Langmuir
adsorption model. This approach yields a simplified Stern
model if the ions are regarded as point charges that are
uniformly smeared over the entire surface. This approach, the
so-called Langmuir-Stern-Grahame model, was first used by
McLaughlin and Harary (McLaughlin & Harary, 1976) to
model the sorption of 2,6-toluidinylnaphthalene sulfonate ions
to liposomes. Smejtek applied a two-component LangmuirStern model to describe the sorption of neutral and ionized
pentachlorophenol (Smejtek et al., 1987b) and other
chlorinated phenols (Smejtek et al., 1996) to phosphatidyl
choline liposomes.
All the studies mentioned above were conducted with a
constant concentration of background electrolyte. Only very
recently, the distribution of two ionogenic drugs between
liposomes and aqueous buffer has been studied as a function
of the ionic strength at a constant pH of 7.4 by Austin et al.
(Austin et al., 1998). They observed a significant dependence
of the distribution ratio on the ionic strength, which could be
very well described by the Gouy-Chapman theory of the ionic
double layer without invoking the formation of ion pairs. In
our own earlier work, we reported on the ionic strength
dependence of the liposome-water partitioning of a series of
substituted (alkyl-)nitro- and chlorophenols (Escher &
Schwarzenbach, 1996). The data were interpreted with an ionpair partitioning model, which was developed initially to

describe octanol-water partitioning (Jafvert et al., 1990), and
which included in addition an electrostatic term for the buildup of the surface charge. In this approach, saturation effects
observed in the data for the phenoxide species were explained
fully through a linear sorption isotherm modified to account
for electrostatic repulsion. Saturation effects in the isotherm of
the neutral phenol species was observed only at extremely
high concentrations in the membrane where a significant
membrane expansion due to the presence of the phenols made
it impossible to quantitatively model the isotherm.
The main weakness of this approach is that dependence on
pH and ionic strength has to be modeled separately and does
not yield a fully consistent picture. Therefore, in this paper, we
present a comprehensive and fully consistent model for the
description of the partitioning or sorption of organic acids and
bases to phosphatidyl choline liposomes. Chloro- and
(alkyl)nitrophenols as well as alkylamines were chosen as
representatives of organic acids and bases, respectively.
Liposomes were prepared from phosphatidyl choline because
it is a representative phospholipid in cell membranes of
prokaryotes and eukaryotes, and because it is zwitterionic over
the entire pH-range of the experiments. The fatty acid
composition of the phosphatidyl choline varied slightly, but in
all cases, the resulting membrane vesicles were on average in
the liquid crystalline state. In addition, intermediate-sized
unilamellar liposomes were used as sorbents to ensure stability
of the vesicles over several days and to ensure that equilibrium
across all bilayer lamellae is obtained within a short time
(New, 1990).

Liposome-Water Equilibrium Partitioning
Model
The model described here has been derived to describe the
phosphatidyl choline liposome-water partitioning of organic
acids (specifically phenols) and bases (specifically anilines).
In the aqueous phase, the acid species dissociates according to
the reaction
HAw

H + Aw

(1)

w

where HA represents the protonated form, which is
neutral for the phenolic compounds and cationic for the
anilines, Aw represents the conjugate base (anionic for phenols

Table 1 Mass Action Matrix of the Sorption Model

Components

PLa

HAb

e-FΨ/RT c

HAw d

He

Species

logK

HAw

0

0

1

0

1

0

HAlip

logKHA

1

1

0g/1h

0

0

Aw

logKaw

0

1

0

1

-1

Alip

logKA+ logKaw

1

1

-1g/0 h

0

-1

Hw

0

0

0

0

0

1

OHw

logKw

0

0

0

0

-1

PL

0

1

0

0

0

0

e-FΨ/RT

0

0

0

0

0

0

a
Phospholipid concentration CPL in mol.L-1. b Total compound in the assay Ctot. refw (species HA and A in all phases) in mol.L-1. c Dummy
component for the surface potential, serial data for phospholipid concentration mPL in g.L-1. d Total compound in the aqueous phase Ctotw
(species HA and A in the aqueous phases) in mol.L-1. e Free proton activity, serial data are pH values. f Dummy component for activity
coefficient correction, serial data of ionic strength I. g For the substituted phenols: HA is neutral, A is anionic. h For the substituted anilines:
HA is cationic, A is neutral.
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and neutral for anilines), and H the aqueous hydrogen ion.
Representation of charges is omitted for brevity. The mass law
expression for this reaction is

K aw =

aAw aHw
w
aHA

(2)

where Kaw is commonly referred to as the acidity constant,
awHA , and a wH represent the activities of A, HA, and the
proton in the aqueous phase. Note that pH = -log awH . The
activity a wi of species i is related to the concentration Ciw
(mol.L-1) through the activity coefficient fi w :

awA ,

aiw = f iw C wi

(3)

The activity coefficients of the charged species can be
approximated with the Davies equation,



I
− B ⋅ I
log f iw = − z i2 ⋅ A
1+ I


(4)

where zi is the charge of the ions, I is the ionic strength (mol.L1
), A = 0.5, and B = 0.3 in water at 298 K (Stumm & Morgan,
1981). Activity coefficients of neutral molecules are set equal
to one because of the zero charge and because salting out at
higher ionic strength is negligible for the test set of
compounds. The total concentration of the acid and the
conjugate base in the aqueous phase, Ctotw , is given by
w
w
w
C tot
= C HA
+CA

(5)
w

w

Both the species HA and A are postulated to enter the
membrane by associating with free binding sites Xlip according
to reactions of the type
HAw + Xlip

HAlip

Aw + Xlip

(6)

Alip
lip

(7)

KA =

lip
HA
w
lip
HA ⋅
x

a

a

C

⋅e

(− z HA Fψ / RT)

a lip
(− z Fψ / RT)
A
⋅e A
a C xlip
w
A ⋅

[ ]
Lw
mol

(8)

(9)

where KHA and KA are the system specific but “intrinsic”
equilibrium constants for sorption of species HA and A by the
membrane, i. e., they are equal to the activity ratio when there
is no significant surface potential developed and when the
is the concentration of
exponential term approaches unity. C lip
x
free binding sites in the membrane expressed as mole free site
per liter of total volume, which is approximately equal to the
−z
Fψ / RT)
volume of the aqueous phase. The terms e( HA
and

(− z AFψ / RT) account for the electrostatic interaction of the
charged species with the charged membrane. The phosphatidyl
choline membrane is stoichiometrically zwitterionic, i.e., does
not hold a net charge, but charge on the membrane is built up
due to the sorption of charged organic species. In the
electrostatic term, zi represents the charge of the organic
molecule, F is the Faraday constant (96400 C mol-1), ψ is the
interfacial potential (V), R is the gas constant (8.31 J mol-1
K–1) and T is the temperature (K). The activity coefficients in
the membrane phase can be set to one in analogy to the
octanol-water system (Jafvert et al., 1990), i.e., ailip = Cilip . This
e

lip
lip
CPL = Cxlip + CHA
+ C
A



 mol 


L 
 w 

(10)

The total concentration of the acid and the conjugate base
in the membrane, Ctotlip (mol.Lw-1), is given by
lip
lip
Ctotlip = CHA
+ C
A



 mol 




 Lw 

(11)

The description of sorption of charged molecules at a
charged interface includes an electrostatic term, as indicated in
Equations 8 and 9. The electrostatic term depends on the
interfacial potential difference, ψ (V), which is in turn related
to the surface charge density, σ (C m-2), through an electric
double layer model as described below. The surface charge
density is calculated from the concentrations of charged
molecules at the interface:

σ=F

lip
z HA C HA
+ z A C Alip
s ⋅ m PL

(12)

where s is the specific surface area of the membrane (m 2 kg −PL1 ) ,
and m PL is the mass concentration of phospholipid in the
system (kg PL L−w1 ) . The value of specific surface area may be
calculated from

lip

where HA and A refer to the species in the membrane. The
mass law equations for these reactions are

K HA =

assumption is justified at low concentrations of ions in the
membrane (reference state: indefinitely diluted “solution” in
the membrane) and in consideration of their location at the
interface of hydrophobic to hydrophilic domain (Bäuerle &
Seelig, 1991) but might be inappropriate at saturating
concentrations. All concentrations of compound or free sites,
Cilip , are expressed in mole of HA, A, or Xlip in the membrane
per liter of the aqueous phase.
It is assumed that every phospholipid molecule constitutes
a binding site. For this one-to-one case, the total number of
binding sites is equivalent to the phospholipid concentration
CPL (in units of mol.Lw-1):

s=

N As PL
M PL

(13)

where N A is the Avagadro constant, s PL is the surface area
occupied by a single phospholipid molecule (here taken to be
sPL = 0.7 nm2 / molecule (Casadio et al., 1988)), and MPL is the
molar mass of the phospholipid, 0.786 kgPL.mol-1 for
dioleylphosphatidylcholine (DOPC), 0.734 kg.mol-1 for
dipalmitoyl-phosphatidyl choline (DPPC), and 0.775 kg.mol-1
for the egg yolk lecithin used here. Finally, mPL may be found
from:

m PL = C PL ⋅ M PL

 kg PL 
 Lw 

(14)

Three electric double layer models were examined to
relate σ and ψ (Westall & Hohl, 1980): a Gouy-Chapman
diffuse layer model, a Helmholtz constant capacitance model,
and a Stern model. In the Gouy-Chapman model for a
monovalent electrolyte, σ and ψ are related by

 Fψ 
σ = 8ε r ε 0 RT I ⋅ sinh
 2RT 

(15)

where I refers to the ionic strength (here in mol.m-3), ε r is the
relative permittivity (dielectric constant, 80 for water at 283
K) and ε0 is the permittivity of the free space (8.85.10-12 C.V1 -1
m ) and the resulting σ carries the units of C.m -2. In the
constant capacitance model, σ and ψ are related by

σ =C⋅ψ

(16)
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where C is the specific capacitance, which was varied between
0.2 and 1 F.m-2, a range typical for biological membranes
(Packham et al., 1978). The Stern model is effectively a serial
combination of the constant capacitance and Gouy-Chapman
model.
The full sorption model with each of the three electric
double layer models was implemented with the program
FITEQL (Westall, 1982; Herbelin & Westall, 1994), for which
the matrix of mass action coefficients is summarized in Table
1. Note that in order to account for ionic strength and
electrostatic effects, dummy components for these parameters
had to be included in the matrix. The experimental data
consisted of serial data with variation in total phospholipid
concentration, CPL, total and aqueous substance concentration,
w
w
and C tot
, pH, and ionic strength, I. Known model input
Ctot
, ref

lip
˜ lip = C i
C
i
m PL

Ci' lip =

 mol / kg PL  =  L w 
 mol / L w   kg PL 

[ ]

Cilip
ρPL

(19)

mol
L PL

and the corresponding partition coefficient is K 'lipw ,i
(Lw LPL–1):
.

K 'lipw ,i =

C 'ilip
=
C iw

K lipw ,i

 Lw 
 L PL 

ρ PL

(20)

'
In the case of the liposomes, the values of Klipw,i, and K lipw,i

are approximately equal because the density of phospholipids,
ρPL (1.015 kgPL.LPL-1 (Huang, 1969)) is close to the density of
water.

Material and Methods

The activity/concentration quotients defined in Equations
8 and 9 contain the concentration of free binding sites Cxlip . At
low concentrations of HA and A in the membrane, Cxlip
approaches the constant value C PL (Equation 10), and the
following relationship can be found between the equilibrium
constants, Ki, and the commonly used partition coefficients,
Klipw,i, (Lw.kgPL-1 ) with i = HA, A:

˜ lip K f w
C
i
= i i
C iw
M PL

(18)

and, at low ionic strength, the value of f iw approaches one.
Alternatively, the concentration of HA and A in the membrane
can be expressed in terms of the volume of the membrane

parameters were the acidity constants of the different
compounds, K aw , and the ion product of water, K w . The
adjustable parameters, KH A and KA , were varied to optimize
the fit of the model to the data with the program FITEQL.
Default estimates of experimental error were used in FITEQL:
w
w
, C tot
, and 0.05 units in pH.
1 % in CPL, Ctot
, ref

K lipw ,i =

 mol 
 kg PL 

Chemicals
The phenols (the names and abbreviations are given in
Tables 2 and 5) were purchased from the following
companies: 2CP, 24DCP, 26DCP, 35DCP, 245TriCP,
246TriCP, 2346TeCP, 2356TeCP, DNOC, Dinoseb,
Dino2terb, Riedel-de Haën (Seelze, Germany); 236TriCP,
345TriCP, 2345TeCP, PCP, 2NP, 4NP, 24DNP, 34DNP,
246TMA, Fluka AG (Buchs, Switzerland); 26DNP, DNPC,
Dino4terb, 34DMA, Aldrich (Buchs, Switzerland); 4CP,
34DCP, Merck (Zürich, Switzerland). All chemicals were of
highest purity available (≥97%) and were used as received.
Methanol was HPLC-grade from Fluka, octanol was
purissimum grade from Fluka, and synthetic L-α-dipalmitoyland L-α-dioleyl-phosphatidylcholine (DPPC and DOPC,

(17)

where C˜ ilip (mol kgPL - 1) is the actual concentration in the
membrane phase in units of mol of HA or A per kg of
phospholipid in the membrane:

Table 2 Acidity Constants, Liposome-water Equilibrium Constants, Corresponding Partition Coefficients, and Quality of Fit of the
Partitioning Model for all Model Compounds with an Extensive Data Set
compound

abbreviation

pK aw

logKow logK e
HA
(neutral)

f

logKA

(L.kg-1)

d

-2.64/-2.33

42

3.99

2.50

3.58

-6.36/-3.28

-3.37/-2.22

70

3.36

4.46

3.46

13.0

-7.10/-3.64

-3.37/-2.92

44

4.99

4.25

5.10

4.35

24.9

6.47/-4.06

-4.04/-3.06 114

1.67

2.54

1.80

2.64

1.90

2.16

-6.30/-4.59

-2.70/-2.00

32

2.12

2.66

2.24

2.76

2.35

1.90

-6.35/-4.59

-3.72/-2.22

28

3.56

3.86

3.25

3.96

3.35

11.6

-6.49/-4.92

-3.72/-2.92

27

2.27

2.12

3.72

3.89

2.40

b

4.42

4.36

b

5.24

c

c

c

PCP

4.75

2,4-Dinitrophenol

24DNP

3.94

a

-6.32/-3.11

2.01

Pentachlorophenol

2-s -butyl-4,6-dinitrophenol Dinoseb

1.47

2.35

b

5.40

2-Methyl-4,6-dinitrophenol DNOC

2.38

a

2,3,4,6-Tetrachlorophenol 2346TeCP

4.31
4.62

i

38

2.11

4.38

i

nj

4.19

1.99

246TMA

dfh

lip
log C tot
(mol L-1)

w
log C tot,ref
(mol L-1)

min/max
-2.49/-1.49

2.00

2,4,6- Trimethylaniline

g

min/max
-5.57/-3.25

1.88

5.23

6.15

(L.kg-1)

1.87

34DMA

246TriCP

g

a

3,4-Dimethylaniline

2,4,6-Trichlorophenol

logKlipw,HA logKlipw,A wsos/

b

c

Measured with the pH-metric method (Avdeef, 1993). Values from Schellenberg et al. (Schellenberg et al., 1984). Values from
d

Schwarzenbach et al. (Schwarzenbach et al., 1988). LogKow of the neutral species, HA for phenols, A for anilines (Escher et al., 2000a).
e

f

g

h

Eq. 8. Eq. 9. Eq. 17. Weighted sum of squares divided by the degree of freedom based on FITEQL default estimates of error in
∑

experimental data. The definition of wsos/df is:

i

wsos/df =

C w exp − C w calc 
tot
 tot


(σCtotw )
n −m

2

2

w
w
where σ C tot
is the estimated standard deviation in C tot
,n is the
i

number of data points, and m is the number of adjustable parameters. Concentration range of experiments: minimum/maximum values.
j

Number of experimental data points (each point is the average of a triplicate measurement).
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respectively) were from Sigma (Buchs, Switzerland) or Avanti
Polar Lipids, Alabaster, AL, USA. Egg yolk lecithin was
purchased from Lipoid (Ludwigshafen, Germany). The
particular preparation of lecithin used contained ≥98%
phosphatidylcholine. The fatty acid composition was between
30 and 33% palmitic acid, between 11 and 14 % stearic acid,
between 29 and 32% oleic acid, between 14 and 16 % linoleic
acid, and minor fractions of other fatty acids. All zwitterionic
pH-buffers were purchased from Fluka: MES (2-morpholinoethanesulfonic acid, pKa = 6.15), PIPES (piperazine-1,4bis(ethanesulfonic acid), pKa = 6.8, MOPS (3-(N-morpholino)propanesulfonic acid, pKa = 7.2), HEPPS (N-2-hydroxyethylpiperazine-N'-3-propanesulfonic acid, pKa = 7.8); CHES
(2-(cyclohexylamino)-ethanesulfonic acid, pKa = 9.55); CAPS
(3-(cyclohexylamino)-propanesulfonic acid; pKa = 10.4).
Liposome Preparation
Multilamellar vesicles (MLV) of phosphatidylcholine
were prepared as described in (Escher & Schwarzenbach,
1996). The pH-buffer solutions were composed of mixtures of
the buffers listed above or phosphate, in a concentration of
1mM to 1 M, adjusted to a pH between 3 and 9.5, and to the
indicated ionic strength of the respective experiment with the
addition of HCl, KOH, and/or KCl. MLVs were converted into
intermediate-sized unilamellar vesicles (IUV) by
ultrasonification (Escher & Schwarzenbach, 1996) or membrane extrusion (for nomenclature of size see (New, 1990)).
Ultrasonification required a clean-up procedure followed by
phospholipid quantification. Details are given in (Escher &
Schwarzenbach, 1996). Prior to membrane extrusion, the
suspension of MLV was submitted three times to a freeze-andthaw cycle (New, 1990). Then the suspension was extruded
ten times through two polycarbonate membranes, one on top
of the other, with a pore size of 0.1 µm (Nucleopore Corp.,
Pleasanton, CA) in a thermobarrel extruder from Lipex
Biomembranes, Inc., Vancouver, BC, Canada (Mayer et al.,
1986). The radii of the membrane vesicles were determined
with a ZetaSizer from Malvern Instruments, Malvern,
Rochester, UK. The average radii were 120 ± 30 nm. The size
of the ultrasonicated and the extruded liposomes did not differ
significantly, nor were the resulting liposome-water distribution ratios affected by the preparation method or the
composition of the fatty acids as long as the membranes were
in the liquid state. Purity of phosphatidylcholine was of
importance to assure that the pH dependence of liposomewater distribution ratios was not an artifact of the chemical
speciation of the lipids. The overall neutral charge is important
since charged lipids strongly influence the partitioning
behaviour of charged species (Krämer et al., 1997). The pKa of
the phosphate group in phosphatidycholine is ≤ 1 (March,
1990). The apparent pKa of the prepared vesicles was checked
experimentally with the pH-metric method described in the
companion paper (Escher et al., 2000a). The resulting pKavalue was 1.79 ± 0.04. Therefore the lipids were zwitterionic
over the entire pH-range of the experiments.
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with a solution of phenol or aniline and the other half cell with
buffer (reference cell) or liposome suspension (measurement
cell). After equilibration for 12 h, phenol and aniline
concentrations were quantified in all half-cells without
liposomes by reversed phase ion suppression HPLC with UV
detection. The buffer was composed of a mixture of three to
seven different buffer substances (10 mM each of MES,
PIPES, MOPS, HEPPS, CHES, CAPS, formate, acetate,
and/or phosphate), and buffer speciation was calculated and
accounted for in the calculation of ionic strength. The pH was
adjusted to a value between 3 and 9.5, ionic strength from
1 mM to 1 M, total concentration of compound 10-7 to 10-3 M,
liposome concentration, mPL, 1.10-4 to 5.10-3 kg.L-1. Details of
the experiments are given in (Escher & Schwarzenbach,
1996). Ctotw is the total aqeous concentration in the
measurement cell, C̃ is calculated from the difference in
concentration between the reference and the measurement cell,
Ctotw ,ref and Ctotw , and the mass concentration of liposome, mPL.
lip

tot

C tot ,ref − C tot
C˜ lip
tot =
m PL
w

(21)

All concentrations refer to concentration per total volume
of cell.

Results and Discussion
Evaluation of the sorption model
Sorption isotherms for 6 phenols and 2 anilines were
measured in a wide concentration range and as a function of
pH and ionic strength. Typical experimental data sets are
shown in Figure 1 a and b for 246TriCP and 34DMA,
respectively. The equilibrium constants K H A and KA were
determined from the complete data set by fitting the sorption
model described above to the experimental data with the
program FITEQL (Westall, 1982; Herbelin & Westall, 1994).
The resulting equilibrium constants are listed in Table 2. The
various curves shown in Fig. 1 represent the sorption
isotherms calculated from these equilibrium constants. As is
evident from the examples given in Fig. 1, pH-dependence,
ionic strength dependence, and saturation effects could be
described satisfactorily by one consistent model, which is a
major improvement over earlier modeling strategies (Escher &
Schwarzenbach, 1996; Smejtek et al., 1996). Variations of the
model, including ion pair formation and variation of the
specific surface area and the electrostatic model, are discussed
below.
Sensitivity analysis
Table 3 Variation of Sorption Model: Ionic Strength and Formation
of Ion Paira, Exemplified for 246TriCP
Data with
I > 0.5 M
included
yes

Determination of Liposome-Water Distribution Ratios by
Equilibrium Dialysis
Liposome-water distribution ratios were determined in
home-built dialysis cells made of two glass chambers of 1.2
mL volume separated by a dialysis membrane made of
regenerated cellulose with a cut-off of 10,000 to 20,000 Dalton
(Thomapor, Reichelt Chemie Technik, Heidelberg, Germany).
Briefly, for every concentration of compound and phenol at a
given pH and I, three reference cells and three measurement
cells were used. For each dialysis cell, one half-cell was filled

w

a

logKHA

logKA

logKAI

3.89

2.40

yes

3.89

no
no

n.i.b

wsos/
df
3.58

n
77

2.36

2.16

3.32

77

3.89

2.36

n.i.b

1.89

67

3.89

2.30

3.25

1.45

67

K+ was used here as sole counterion. Therefore the ionic
strength is equivalent to the K+-concentration .b Not included.

56

Section 2 Membrane-water partitioning

An important difference between earlier sorption models
and the one presented here is that no formation of ion pairs
between phenoxide anions and potassium/electrolyte cations
or anilinium cations and chloride/electrolyte anions are
postulated to describe the experimental data. If the option of
ion pair formation is implemented in the sorption model, the
quality of fit does not improve significantly. As is depicted in
Table 3, for 246TriCP, e.g., the quality of fit expressed in
terms of weighted sum of squares divided by the degree of
freedom, wsos/df (Westall, 1982) decreased by less than 8 %.
This result was obtained after including the formation of the
ion pair (eq. 22) between phenoxide, A, and potassium as
counterion, I, with the equilibrium constant KAI (eq. 23) as an
additional adjustable parameter in the sorption model:
Aw + Iw + Xlip

AIlip

100

C AIlip
C Alip

(22)
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Figure 2 Relative importance of the ion pair for phenoxide
partitioning (model with eq. 23, counterion is potassium). This
Figure has no relation to experimental data but just shows how the
result would look like with inclusion of an ion pair into the model.
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Figure 1 Sorption isotherms of (a) 246TriCP and (b) 34DMA. The
symbols correspond to the experimental data points and the lines
are the isotherms calculated from the complete sorption model
(using the diffuse double layer as electrostatic model) with the
equilibrium constants given in Table 2. Conditions: (a)
T
pH 3.8, I = 100 mM, 
pH 5.5, I = 100 mM,

pH 9.5, I = 100 mM, 
pH 9.5, I = 1 M,
pH 9.5, I = 10 mM,
pH 9.5, I = 5 mM,
U
pH 9.5, I = 2.5 mM, V
pH 9.5, I = 2 mM,
pH 9.5, I = 1 mM; (b) S
pH 9, I = 100 mM,

pH 6.5, I = 100 mM, 
pH 5.5, I = 100 mM,
T
pH 4.7, I = 100 mM, U
pH 3, I = 120 mM,
z
pH 3, I = 100 mM,
pH 3, I = 5 mM,

pH 3, I = 10 mM, V
pH 3, I = 10 mM.

lip
aAI
aAw ⋅ aIw ⋅ C Xlip

(23)

In Figure 2, calculated from the sub-model with the ion
pair, the relative contribution of the ion pair is depicted as a
function of ionic strength for all phenols investigated. For
most compounds, less than 10 % of ion pair would be
expected at an ionic strength of 100 mM, and less than 1 % at I
= 10 mM. Because the activity coefficient correction by the
Davies equation is problematic at higher ionic strength,
implementation of the ion pair into the model seems not
appropriate. This finding is in accordance with the recent
publication by Austin et al. who have also rejected the notion
of ion-pair formation in liposomes (Austin et al., 1998). For
the negatively charged drug proxicromil, the contribution of
the ion pair was postulated to be only about 5% at pH 7.4 and
at 0.15 M sodium concentration in the electrolyte (Austin et
al., 1998). In addition, the postulated presence of ion pairs in
the membrane has always been a problem when trying to
rationalize the mechanism of uncoupling of weak organic
acids. In this mechanism, charged phenoxides have to cross
the membrane driven by a potential gradient to initiate the
protonophoric shuttle mechanism of uncoupling (Escher et al.,
1999). The membrane sorption model presented here is now
also fully consistent with the mechanistic models of
uncoupling.
The quality of the fits is generally highly improved by
omitting data measured at high ionic strength (I > 0.5 M),
which are outside the range of validity of the Davies equation,
as is illustrated for 246TriCP in Table 3. Because the
magnitude of the KA values were not significantly affected,
usually less than 10 % of all experimental data were taken at
such high ionic strength, and because it is difficult to draw an
exact line between valid and non-valid data, for all
compounds, the entire experimental data set was included.
There is, however, one exception, in which ion pair
formation could not be neglected. For the anilines, a
significantly increased KHA value was obtained when formic
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acid/formate was used as buffer. In this case a specific ion pair
seems to be formed. Since only one concentration (10 mM) of
formic acid/formate buffer at pH 3 was used, the exact ion pair
formation constant could not be determined. An estimate is
KAI = 105, which corresponds to a ratio of anilinium ion to ion
pair inside the lipid bilayer of 0.3 to 0.8 depending on the
concentration of aniline, and at pH 3 and 10 mM total formic
acid/formate. Consequently great care has to be taken not to
use complexing buffers in liposome-water partitioning
experiments in order to avoid artifacts by ion pair formation.
For the neutral species, saturation of the sorption isotherm
was observed only at extremely high concentrations. Deviation
from linearity was only significant at membrane
concentrations of around 10 % (mol compound per mol
phospholipid). Such a high membrane concentration should
result in a significant membrane expansion. Membrane
expansion was not included in the sorption model but the
number of sorption sites per phospholipid molecule was varied
as follows.
Saturation of the sorption isotherm of the charged species
was modeled with different electrostatic models and by
varying the number of sorption sites per phospholipid
molecule. One phospholipid molecule per sorption site with an
approximate surface area of 70Å2 corresponds to a specific
surface of 540 m2.g-1. A decrease in the specific surface area
would lead to an increase of the influence of electrostatic
interactions and vice versa. However, an increase or decrease
of the specific surface area of the lipids by a factor of ten
yielded almost identical equilibrium constants and similar
quality of fits. The same effect could be produced in the model
by decreasing the number of sorption sites. Again, if only
every tenth phospholipid was considered to provide a sorption
site, the quality of the fit was only slightly decreased, but it
became unacceptable if the number was decreased to every
hundredth phospholipid.
The results obtained with the constant capacitance model
(eq 16), the Gouy-Chapman model (eq 15), and the Stern
model (combination of eqs 15 and 16) did not differ
significantly with regard to both the equilibrium constant and
quality of fit as is shown for 246TMA in Table 4. The diffuse
double layer model was finally included in the sorption model

Table 4 Variation of Electrostatics of Sorption Model for 246TMA
model

2.26

wsos/
df
1.64

42

2.00

2.26

1.41

42

-

2.01

2.27

1.47

42

Stern model

0.2

2.03

2.27

1.97

42

Stern model

1

2.04

1.85

42

constant
capacitance
model
constant

C
(µF/m2)
0.2

logK
2.02

1

logKA

HA

n

capacitance
model
diffuse double
layer model

2.27

since most investigators used the Gouy-Chapman theory to
describe the average surface potential (McLaughlin, 1989;
Cevc, 1990; Austin et al., 1998). A surface potential of
approximately +1.3 mV or –1.3 mV for the anilinium or
phenoxide ion causes a 5 % reduction of the apparent
distribution ratios Klipw,HA or K lipw,A, respectively. The
membrane concentrations corresponding to this surface
potential depend on the ionic strength because charge effects
are shielded by the electrolyte. Divalent counterions are more
effective in shielding than monovalent ions. For simplicity, we
have used only monovalent buffers (except for phosphate, but
phosphate was used only in combination with anilines, which
are neutral when phosphate is divalent). At an ionic strength of
1, 10, and 100 mM, the membrane concentrations of the
compound corresponding to the 5% reduction of the apparent
distribution ratios of the charged species are in the range of
0.5, 2, and 5 mmol.kg-1. This reduction of the apparent
distribution ratios corresponds to a significant deviation of the
sorption isotherm from linearity. All the above mentioned
membrane concentrations correspond to a membrane coverage
of less than 1 % (mol compound per mol phospholipid).
Consequently, saturation is a truly electrostatic phenomenon
and cannot be due to membrane expansion. Note that we

Table 5 Acidity Constants, Octanol- and Liposome-Water Partition Coefficients, and Quality of Fit of the Sorption Model for all Model
Compounds with a Small Data Set
a
logKlipw,A
wsos/df
n
abbreviation
logKow,HA a
logKlipw,HA
pK aw
(L.kg-1)

(L.kg-1)

2-Chlorophenol

2CP

8.56

2.15

2.79

0.92

63.02

8

4-Chlorophenol

4CP

9.38

2.39

2.96

2.51

1.21

27

2,4-Dichlorophenol

24DCP

7.85

3.23

3.59

2.69

6.32

29

2,6-Dichlorophenol

26DCP

6.97

2.64

2.87

1.43

0.21

9

3,4-Dichlorophenol

34DCP

8.59

3.05

3.76

2.85

2.44

9

2,4,5-Trichlorophenol

245TriCP

6.94

4.19

4.46

2.98

17.06

29

3,4,5-Trichlorophenol

345TriCP

7.73

4.41

4.71

3.16

2.22

7

2,3,4,5-Tetrachlorophenol

2345TeCP

6.35

4.87

4.76

3.90

47.05

32

2NP

7.23

1.89

1.89

0.69

0.31

11

2-Nitrophenol
2,6-Dinitrophenol

26DNP

3.7

1.22

2.03

1.86

3,4-Dinitrophenol

34DNP

5.48

1.79

3.17

1.90

0.27

11

4-Methyl 2,6-Dinitrophenol

DNPC

4.06

1.88

2.34

2.26

0.09

9

2-t-Butyl 4,6-Dinitrophenol

Dino2terb

4.8

3.54

4.10

3.59

3.99

9

4-t-Butyl 2,6-Dinitrophenol

Dino4terb

4.11

3.36

3.81

3.23

0.28

9

a

(Escher & Schwarzenbach, 1996).
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assumed that the zwitterionic surface of the phospholipid is
effectively neutral, i.e. there is no preference for either anions
or cations. This assumption might not exactly reflect the actual
facts as is shown in the discussion about the magnitude of the
partition coefficients (see below) but there was no obvious
difference in saturation of the sorption isotherm evident in the
experimental data available. Thus, it was not necessary to
further develop the model.
Evaluation of the partition coefficients derived by the
model
From the complete sorption model and the equilibrium
constants listed in Table 1, partition coefficients of the neutral
and charged species were calculated with eq. 17. The resulting
Klipw–values (Table 2) agreed very well with the previously
distribution ratios of phenols and phenoxides deduced from
the pH-dependence of the apparent distribution ratios at
constant ionic strength, i.e. a selection of the same
experimental data that were used here (Escher &
Schwarzenbach, 1996). For the sake of completeness the
experimental data of all compounds presented in (Escher &
Schwarzenbach, 1996) were remodeled with the new sorption
model and the resulting Klipw -values are listed in Table 5.
Linear correlation of all values for the phenols with the earlier
published distribution ratios were excellent with an intercept
of 0, a slope of 1.01, and a correlation coefficient (r2) of 0.99
for the neutral species. As expected, correlation between old
and new values for the charged species were of less quality
(r2 = 0.77). Here the new comprehensive model yields a
singnificant improvement of the quality and consistency of the
partition coefficients because ionic strength and electrostatic
effects are accounted for.
The Klipw-values have already been compared with the
corresponding distribution ratios in the octanol-water system
(Escher & Schwarzenbach, 1996). In summary, the
partitioning behavior is similar for neutral species in the
octanol- and the liposome-water system, and the constant for
partitioning of the charged species into octanol is two to three
orders of magnitude smaller (with a monovalent counterion
concentration of 100 mM for ion pairing) than it is for
partitioning into liposomes (Escher & Schwarzenbach, 1996).
Here we add only a few comments relating to findings
'
can be
published in the meantime. The dimensionless Klipw
directly compared with Kow-values. Despite the similarity of
partitioning of the neutral species in both systems, there are
some systematic differences evident. Except for the two most
'
hydrophobic compounds, PCP and 2345TeCP, all Klipw
, HA
values of the neutral phenols were greater than the
corresponding Kow-values (eq. 24)

log K 'lipw,HA = 0.78 ⋅ log K ow,HA + 1.12

r2 = 0.92, n=20 (24)

'
The Klipw
of the neutral anilines (see Table 2) are
,A

distinctly below the regression line of the phenols (eq. 24) but
the values are still greater than or equal to the corresponding
Kow,A. This general trend agrees well with the trend for
partition coefficients between water and dimyristoyl
phosphatidyl choline liposomes, K DMPC, of various narcotic
chemicals that were determined with solid phase
microextraction (Vaes et al., 1997). KDMPC-values for the more
polar chemicals (including some neutral phenols and amines)
were greater than or equal to the corresponding Kow-values
whereas for non-polar chemicals comparatively smaller values
of KDMPC were found. It is possible that charge-dipole
interactions play a significant role in liposome-water
partitioning while being absent in octanol-water partitioning.
Charge-dipole interactions are of similar and higher magnitude

as compared to hydrogen-donor-acceptor interaction, whereas
any type of interaction involving dipoles and induced dipoles
are much weaker (Ross & Morrison, 1988). Therefore, nonpolar compounds or moieties of a compound, which can
interact only via van der Waals interactions, appear to interact
more favorably with octanol than with liposomes. The
opposite is true for polar compounds (including all the
examples studied here), which may undergo more specific
interactions that are more favored in the anisotropic
environment of a membrane. In addition, the bulkiness of the
molecules plays a role because formation of a large cavity is
not as favorable in a well-packed membrane structure as
compared to octanol. Consequently, log Kow is greater than
log Klipw for the most hydrophobic and most voluminous
compounds of our test set, 2346TeCP and PCP. This finding is
in agreement with structure-property relationships (QSPR)
showing that with increasing molecular volume Kow increases
faster than KDMPC (Vaes et al., 1998a).
The difference between the Klipw-value of the neutral and
the charged species, ∆lipw (eq 25), is in general much smaller
than the corresponding difference in the octanol-water system
(Escher & Schwarzenbach, 1996):
∆lipw = log Klipw,HA - log Klipw,A

(25)

Within the liposome-water system, the ∆lipw values vary
less but still systematically. The values of ∆lipw were
significantly larger for the anionogenic phenols than for the
cationogenic anilines.
∆lipw of the phenols averaged to 0.91 (n = 20, standard
deviation 0.49) whereas for the anilines it was only 0.19
(n = 2, standard deviation 0.10). The same qualitative
difference was also observed for acidic and basic
pharmaceuticals (Austin et al., 1995; Ottiger & WunderliAllenspach, 1997; Avdeef et al., 1998). In addition, the
magnitude of ∆lipw of the bases decreased in absolute value
from tertiary to primary amines: (e.g., tertiary amines: -1.5 to
–1.0 (Austin et al., 1995), or lidocaine –1.15 (Ottiger &
Wunderli-Allenspach, 1997); secondary amines:
dihydroprenolol ∆lipw = –0.49 (Pauletti & WunderliAllenspach, 1994) or propranolol ∆lipw = –0.48 (Ottiger &
Wunderli-Allenspach, 1997); primary amines: 4phenylbutylamine ∆lipw = –0.29 (Austin et al., 1995)). The
anilines investigated here are primary amines and show
similarities with the 4-phenylbutylamine. The depth of
intercalation of hydrophobic compounds and hence the
magnitude of the partition coefficient appears to depend both
on geometric and electrostatic parameters. Cations are
expected to interact directly with the phosphate group and
should therefore penetrate deeper into the lipid bilayers than
anions, which interact with the choline headgroup of the
surface. Along the same line of reasoning, direct interaction of
amine functions is more favorable for primary than for higher
amines.
The difference between ∆lipw of anionogenic and
cationogenic compounds of similar hydrophobicity and
bulkiness can also be rationalized in terms of difference in
conformational changes of the lipid bilayer. Scherer and Seelig
showed with NMR studies how charged amphiphiles influence
the phospholipid headgroup orientation and conformation
(Scherer & Seelig, 1989). While the phosphate-choline-dipole
is approximately parallel to the membrane surface in pure
phosphatidyl choline lipid bilayers, the addition of positively
charged amphiphiles moves the choline end of the dipoles
towards the water phase and the addition of negatively charged
amphiphiles moves choline towards the membrane interior.
Neutral compounds have almost no influence on the dipole
conformation. For the organic compounds investigated here it
is intuitively evident that the conformational change of the
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phophatidyl choline headgroup induced by the cations is
sterically more favorable than the change induced by the
anion.
Outlook
Concentrations of environmental pollutants in the
environment are likely to be low enough that saturation
phenomena either due to membrane expansion or due to
electrostatics never play a role outside the laboratory.
However, for some of the new methods for the determination
of liposome-water partition coefficients that are evaluated in
the companion paper (Escher et al., 2000a), it is important to
assure that the concentrations used are low enough or, if not,
that electrostatics are properly taken into account. The
comprehensive partition model presented here is a further step
towards an improved characterization of the physicochemical
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properties of HIOCs. Awareness has been rising for HIOCs as
emerging pollutants beyond the examples of pesticides
investigated here. Many pharmaceuticals that have been
identified in samples of rivers and lakes contain both
hydrophobic and ionogenic or ionic moieties (HallingSørensen et al., 1998; Ternes, 1998).
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Chapter 6
Evaluation of liposome-water partitioning
of organic acids and bases: II. Comparison
of experimental determination methods
Beate I. Escher•, René P. Schwarzenbach, John C. Westall
The experimental determination of liposome-water partition coefficients, K lipw , of the neutral and charged species of ionogenic
compounds is rather tedious because apparent distribution ratios have to be measured as a function of pH and ionic strength. The
partition coefficients of the single species have to be extrapolated from the experimental data using an appropriate partition model. A
number of new assay methods have been developed in the past years to facilitate and speed up the experimental procedure for the
determination of Klipw. Here we compare three proposed assay methods with the well-established equilibrium dialysis method, and we
evaluate their applicability for ionogenic compounds. The potentiometric method was initially developed for the determination of
octanol-water partitioning but was recently extended to liposome-water partitioning. The potentiometric method described here was
found to yield satisfactory estimates of the Klipw-values of both neutral and charged species, although manifestation of electrostatic
saturation phenomena cannot be fully ruled out due to the relatively high concentrations of compounds that have to be used. Two
further methods based on immobilization of lipid material on a solid support, which were initially developed for the estimation of Klipw
of neutral compounds, were tested here for their applicability to charged organic species. IAM (immobilized artificial membrane)
chromatography was found not to be suitable for prediction of membrane-water partitioning of ionic compounds because the charges on
the chromatographic support material are not sufficiently shielded. A model including free silica and free amine sites explained the
experimental data very well. A new type of immobilized liposomes in the form of non-covalently coated large porous particles
(TRANSIL) gave promising results with Klipw-values that agree well with those determined with the traditional equilibrium dialysis
method. The advent of these alternative methods for the determination of Klipw of ionogenic compounds will facilitate the application of
Klipw as a descriptor for biological systems in quantitative structure activity relationships in environmental chemistry and toxicology.

Introduction
Liposome-water partition coefficients are gaining increasing
popularity as descriptors for uptake of hydrophobic neutral and
ionogenic organic pollutants and drugs into biological systems,
both in environmental sciences (van Wezel, 1998) and in
pharmacy (Krämer, 1999). In a companion paper on the
liposome-water partitioning of hydrophobic ionogenic
compounds (HIOC), a complete partitioning/sorption model has
been presented that accounts for electrostatic and saturation
phenomena (Escher et al., 2000b). Although from a fundamental
point of view, it is very important to understand the full sorption
characteristics of HIOCs to membranes, typical environmental
concentrations, at which toxicological effects are observed,
generally lay well within the range of the linear part of the
sorption isotherm. Hence it is often sufficient to measure
liposome-water partition coefficients, Klipw , of the different
species of HIOCs at fixed concentration and solution conditions.
There are a number of alternative methods available for the
determination of liposome-water partition coefficients that are
much simpler and faster than the classical equilibrium dialysis
method. However, some of them have not yet been validated for
ionogenic compounds. The goal of this study was to evaluate
three of these methods for organic acids and bases and to
compare the results with those obtained with equilibrium
dialysis. One of the methods is a titration method, and the other
two methods are based on immobilizing lipoid material on a
solid support, either covalently or non-covalently.

•

The pH-metric method, developed by Avdeef et al. (Avdeef,
1992; 1993), is a universal technique to determine partition
coefficients of ionizable compounds based on two-phase
potentiometric titrations. The shift of the apparent acidity
constant in presence of an organic phase is used to calculate
partition coefficients between the organic phase and water. Very
recently, applications of this method in liposome-water systems
have been reported (Avdeef et al., 1998; Ottiger, 1998; Balon et
al., 1999).
Reversed-phase High Performance Liquid Chromatography
(HPLC) with a variety of organic phases is an accepted method
to estimate environmentally relevant organic phase-water
partition coefficients of neutral organic compounds (Dorsey &
Khaledi, 1993; Lambert, 1993; OECD, 1995b). Analogously,
monolayers of phospholipids or phospholipid analogues can be
covalently bonded to the surface of silica particles and used as
stationary phase in liquid chromatography. This so-called
Immobilized Artificial Membrane (IAM) chromatography has
been successfully applied in pharmaceutical sciences to predict
drug-membrane interaction and drug-membrane permeability
(Yang et al., 1996). In many cases, excellent correlations were
found between capacity factors of the IAM columns and
liposome-water partitioning coefficients of neutral compounds
(Liu et al., 1995; Ong et al., 1995; Yang et al., 1996). The
commercially available stationary phase that was used in the
present study is comprised of a single chain phosphatidylcholine
analogue which merely contains a dodecyl alkyl chain and a
zwitterionic phosphatidylcholine headgroup, without the
glycerol backbone, bound covalently to silicapropylamine
porous particles (Rhee et al., 1994; Ong et al., 1995). Unreacted

Escher, B. I., Schwarzenbach, R. P., Westall, J. C. (2000), "Evaluation of liposome-water partitioning of organic acids
and bases: II. Comparison of experimental determination methods", Environ. Sci. Technol., 34, 3962-3698.
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propylamine moieties are end-capped with C3- and C10 -alkyl
chains. Although many drugs are ionizable, little attention has
been paid so far to the pH dependence of IAM partitioning. Most
studies with IAM columns were conducted at physiological pH
and partitioning of the ionized species was assumed to be
negligible (Ong et al., 1995). Barbato et al. (Barbato et al., 1996)
observed a smaller than expected retention of positively charged
drugs at pH 7, which was explained by a dual mechanism of
hydrophobic partitioning and ion exchange with the zwitterionic
headgroups of the IAM. Ottiger and Wunderli-Allenspach
(Ottiger & Wunderli Allenspach, 1999) studied the pHdependence of IAM partitioning of acidic and basic drugs and
observed an additional shoulder in the pH-dependent curve of
the partitioning coefficients when comparing the data with
conventionally measured Klipw. This anomaly was explained by
electrostatic interactions with residual charged deprotonated
silanol groups.
Another method for immobilization of lipids on a surface is
non-covalent coating of large porous silica particles with a lipid
bilayer. According to the manufacturer, the lipid coating, in its
liquid-crystalline state, fully shields the negative charges of the
silica. The porous nature of the silica support material
maximizes the accessible surface area, while the pores are large
enough neither to pose any barrier for the sorption of organic
pollutant nor to impose constraint on the packing of the lipids in
the membrane. Such material with a wide choice of different
phospholipids is commercially available under the trade name
TRANSIL . The main advantage of TRANSIL is its stability
over a longer period of time than small unilamellar liposomes
and that separation from the aqueous phase is very easy. Its
suitability for the determination of K lipw of neutral organic
compounds has recently been shown (Loidl-Stahlhofen et al.,
2000).
Here, we evaluate the three new methods for the
determination of liposome-water partition coefficients of the
different chemical species of hydrophobic ionogenic organic
compounds by comparison among each other and with the
equilibrium dialysis method. This evaluation is by no means
exhaustive but sets its emphasis on the suitability of these
methods for characterizing the particular features of partitioning
of anionic and cationic species such as electrostatic and
saturation phenomena (3).

Material and Methods
Chemicals
The phenols (the names and abbreviations are given in Table
1) were purchased from the following companies: 246TriCP,
2346TeCP, DNOC, Dinoseb, Riedel-de Haën (Seelze,
Germany); PCP, 24DNP, 246TMA, Fluka AG (Buchs,
Switzerland); 34DMA, Aldrich (Buchs, Switzerland). The same
buffers were used as in the companion paper (Escher et al.,
2000b).
Potentiometric Method for the Determination of LiposomeWater Distribution Ratios. Titrations were performed on a
PCA101 automatic titrator (Sirius Analytical Instruments Ltd.,
Forest Row, East Sussex, UK). Determination of the acidity
constant, p Kaw , and octanol-water partitioning constants, K ow,
was conducted as described in refs. (Avdeef, 1992; 1993).
Unless otherwise indicated, all titrations were performed in 0.1
M KCl solution under argon atmosphere at 25°C using 0.5 M
HCl or KOH solutions. Intermediate-sized unilamellar liposomes
(IUV, average radius of 120 ± 30 nm) were prepared with
membrane extrusion from phosphatidyl choline (purity ≥98%,
isolated from egg yolk; purchased from Lipoid, Ludwigshafen,
Germany) as described in the companion paper (Escher et al.,
2000b). Liposome-to-water volume ratios were varied from
0.0005 to 0.05 LPL.Lw-1. Prior to titration, a solution of the
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compounds (typical total concentrations in the assay: 100 µM to
1 mM) and the appropriate liposome suspension were
equilibrated for 1 hr. Titrations were conducted from pH 3.5 to
9, and then back to 3.5. The mixture was stirred for 60 s after
each incremental addition of titrant. The titration curves were
analyzed with the pKaLOGP software V5.01a (Sirius Analytical
Instruments Ltd., Forest Row, East Sussex, UK) assuming linear
sorption isotherms. The K lipw -values of both species were
derived from titrations at at least four different liposome-towater volume ratios in a multiset refinement as described in
(Avdeef, 1992; 1993).
Determination of Liposome-Water Distribution Ratios by
Equilibrium Dialysis.
Liposome-water distribution ratios Dlipw(pH) were measured as a
function of concentration, pH and ionic strength in equilibrium
dialysis cells as described in (Escher & Schwarzenbach, 1996):

D lipw ( pH ) =

˜ lip
C
tot
w
C tot

(1)

w
is the total concentration in the aqueous phase of the
C tot
measurement cell, C˜ totlip is the concentration in the membrane
phase in units of mol of compound per kg of phospholipid in the
membrane, which is calculated from the difference in
w
concentration between reference and measurement cell, C tot
,ref
w
and C tot
, and the mass concentration of liposome, mPL:

Ctotw ,ref − Ctotw
mPL

C̃totlip =

(2)

The liposome-water partition coefficients of the acidic and
the basic species, K lipw,HA and Klipw,A, defined by eqs 3 and 4,
were fitted from the entire set of experimental data with the full
partitioning/sorption model described in the companion paper
(Escher et al., 2000b).

Klipw ,HA =

Klipw ,A =

[ ]

lip
C̃HA
w
CHA

Lw
kg PL

[ ]

C̃Alip
CAw

Lw
kg PL

(3)

(4)

w
and CAw represent the concentrations of A and HA in
CHA
lip
the aqueous phase, and C̃HA
and C̃Alip the respective
concentrations in the liposome phase.
The liposome-water distribution ratio at a given pH,
Dlipw (pH), is a function of the distribution coefficients of the
single species, Klipw,HA and K lipw,A, the fraction of species HA,
αHA, and the fraction of species A, 1-αHA.

Dlipw ( pH ) = α HA Klipw, HA + (1 − α HA ) Klipw, A
α HA =

1
1 + 10

pH− pK w

(5)
(6)

a

w
Kaw corresponds to the mixed acidity constant and aH is the
w
hydrogen ion activity (pH = –log aH).

Kaw =

CAw aHw
w
CHA

(7)

IAM Chromatography
Capacity factors k 'IAM were determined with the IAM.PC.DD
Drug Discovery Column (Regis Technologies, Morton Grove,
ILL, USA). These columns are of 3 cm length and 0.46 mm
inner diameter and are filled with 11-carboxyundecyl-
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phosphocholine covalently bonded on 5 µm spherical aminopropyl silica particles (pore size 300 Å). Unreacted propylamines
are end capped with C3 and C10 alkyl chains. Experiments were
performed in the pH range from 2.5 to 7.5 to avoid degradation
of the surface because the IAM hydrolyzes at higher pH-values
(Rhee et al., 1994). The mobile phase was an aqueous solution
containing 10 mM of one of the zwitterionic buffers or
phosphate and a given concentration of KCl. Although the
retention times were very long for the more hydrophobic
compounds (up to 3 h), no organic co-solvents were added to the
mobile phase to avoid the possibility of the lipid layer collapsing
and to avoid non-linear relationships between capacity factors
and co-solvent concentration. The dead time t0 was determined
with acetone. Effects of pH and ionic strength variations on the
column capacity and variation over time was always checked
with three chlorinated anisoles, i.e., 4-chloroanisole, 2,6dichloroanisole, and 2,4,6-trichloroanisole. The distribution
'
ratios D IAM
(pH) at a given pH-value were calculated from the
capacity factors k 'IAM by dividing by the phase ratio φ, which is
defined as the ratio of the volume of the lipids in the stationary
phase, Vlip, to the volume of the mobile phase, Vw (eq. 8). In the
terminology introduced in the companion paper (Escher et al.,
2000b), φ corresponds to the mass concentration of the
phospholipids in the system, mPL (kgPL.Lw-1), divided by the
density of the phospholipids in the bilayer, ρPL (kgPL.LPL–1). Note
that the superscript ‘ stands for the dimensionless distribution
ratio (or in units of Lw.LPL–1). The value of φ is 0.035 LPL.Lw-1 for
the IAM.PC.DD column (Ong & Pidgeon, 1995).
'
DIAM
( pH ) = φ −1 ⋅ k 'IAM =

[ ] (8)

Vlip '
⋅ k IAM
Vs

Lw
L PL

For simplicity the value of DIAM (in units of Lw .kg PL -1 ) is
approximated by D’IAM because the density of the lipid bilayer is
approximately 1 LPL.kgPL-1 (Huang, 1969).

DIAM

D'
'
= IAM ≅ DIAM
ρPL

pH-metric method

5
4
3
2
1
1

2

Results and Discussion
Potentiometric method

6

K lipw

Batch experiments were performed with solid-supported
lipid membranes, TRANSIL , from Nimbus GmbH, Leipzig,
Germany. TRANSIL consists of silica beads of 30 µm size with
a porous core (pore size 4000 Å), which is completely coated
with a single phospholipid bilayer made up of palmitoyl oleyl
phosphatidyl choline (POPC). The lipid content of the
TRANSIL particles was 2.3.10-5 mol POPC per g dry material
as determined by TOC (total organic carbon) measurements
(courtesy of U. Röhring, Nimbus GmbH). The POPC
concentration in the experiments was varied between 2.10-5 and
3.10-3 kgPL.Lw -1 by variation of the bead-to-water ratio. For the
higher lipid concentrations, the buffer in which TRANSIL was
suspended was removed after centrifugation and replaced by the
appropriate buffer of the experiments. All experiments were
performed with 10 mM of the appropriate zwitterionic buffers
described in (Escher et al., 2000b) or phosphate and 50 mM KCl
at a pH between 3 and 9, which is within the range of stability of
TRANSIL.
Experiments were conducted in 1.2 mL vials. After
equilibration of the phenol or aniline solution with TRANSIL
for 2 h in a shaker, the vials were directly placed in an HPLC
autosampler where TRANSIL sedimented readily, and the
supernatant was analyzed by HPLC with UV detection. Only at
high TRANSIL concentrations, a short low-speed
centrifugation (1 min at 12,000g) was performed before HPLC
w
analysis, but the pellet was not removed. C tot
is the total
concentration in the supernatant, C̃totlip is calculated from the
concentration in a reference vial without TRANSIL with eq 2.
Klipw,HA and Klipw,A were determined by a fit of the experimental
data with the partitioning/sorption equilibrium model described
in the companion paper (Escher et al., 2000b).

(9)

Determination of Liposome-Water Distribution Ratios with

log

TRANSIL

3

4

5

logK lipw equilibrium dialysis

6

Figure 1 Comparison between pH-metric and equilibrium dialysis
method for determination of membrane-water partitioning. The
different symbols correspond to different types of species; HA
neutral, SA anionic,
HA cationic, U A neutral. The names of
the compounds are listed in Table 1.

The pH-metric method is a reliable and fast method for
determining organic phase-water partition coefficients of
ionizable compounds. The values of Klipw agreed reasonably with
values determined by equilibrium dialysis, both for the
compounds investigated in this study (Table 1 and Figure 1) as
well as for some acidic and basic pharmaceuticals (Avdeef et al.,
1998; Ottiger, 1998; Balon et al., 1999).
Three principle obstacles, however, limit the applicability of
this method in liposome-water systems. First, kinetic aspects
have not been investigated in great detail but may pose
problems: Time for equilibration can for practical reasons not be
extended too long. The 60 s chosen here are a compromise
between practicability and sufficient time for equilibration.
Second, the lipid-to-water volume ratio cannot be sufficiently
increased. Hence for the less hydrophobic compounds the
apparent pKa-shift in presence of liposomes is rather small. In
addition for compounds with a small difference between Klipw,HA
and K lipw,A, e.g., 34DMA or 246TMA, a wide range of lipid-towater volume ratios has to be used to resolve the difference
between the partition coefficients of the neutral to the charged
species (∆lipw = log Klipw,HA – log Klipw,A, see (Escher et al.,
2000b)) adequately. Third, the compound’s concentration must
be relatively high. Even the smallest concentrations used in the
experiments were high enough that saturation phenomena due to
electrostatic effects have to be expected for the charged species.
In fact, the log Klipw-values of both anionic and cationic species
were in most cases somewhat smaller than the corresponding
values measured with other methods (Table 1 and Figure 1). It
should be possible, however, to avoid these artifacts by a very
careful optimization of the experimental conditions, or by
accounting for electrostatics in the modeling of the data, which is
described in (3).
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Table 1 Comparison of Klipw-values Determined with Different Experimental Methods
compound
equilibrium
pH-metric
dialysis e
method
logDow,HA logDow,A logKlipw,HA logKlipw,A logKlipw,HA logKlipw,A
(L.kg-1) e (L.kg-1) e (L.kg-1)
(L.kg-1)

3,4-Dimethylaniline
2,4,6Trimethylaniline
2,4,6-Trichlorophenol
2,3,4,6Tetrachlorophenol
Pentachlorophenol
2,4-Dinitrophenol
2-Methyl-4,6dinitrophenol
2-s -butyl-4,6dinitrophenol

IAM-chromatography

TRANSIL


pKa,IAM log
logKIAM,A logKlipw,HA logKlipw,A
KIAM,HA,A
(anilines) (L.kg-1) f (L.kg-1) f
(phenols)

1.87a/
1.84b
2.35a/
2.27b,c

1.99

2.11

1.45±0.11 2.17±0.05

n.d.

1.73

2.45g

2.50h

246TMA

-0.93 a/
-0.21b
1.34b,c

2.12

2.38

1.88±0.02 2.52±0.01

n.d.

1.94

2.38

2.44

246TriCP

3.72 d

0.00 d

3.99

2.50

3.58±0.03 1.49±0.03 6.2

3.35

n.d.

4.02

2.10

2346TeCP 4.42 d

0.75 d

4.46

3.46

4.87±0.08 3.17±0.09 6.4

3.91

n.d.

4.67

3.44

PCP

5.24 d

1.59 d

5.10

4.35

-

-

-

5.18

3.64

24DNP

1.67 d

-0.88 d

2.64

1.90

2.73±0.06 1.12±0.30 6.1

3.21

n.d.

3.15

2.21

DNOC

2.12 d

-0.51 d

2.76

2.35

3.01±0.01 2.46±0.12 6.4

3.35

n.d.

2.62

2.32

Dinoseb

3.56 d

0.33 d

3.96

3.35

4.02±0.02 3.58±0.02 6.8

3.99

n.d.

3.71

3.10

34DMA

-

a

Determined with the pH-metric method in 150 mM KCl. bCalculated with the equilibrium constants given in (Johnson & Westall, 1990) for
I= 150 mM. c245TMA. d (Escher & Schwarzenbach, 1996). e (Escher et al., 2000b). fCalculated from the equilibrium constants given in
Table 2. gExperimental data at pH 3. hExperimental data at pH 9. n.d. not defined.

1996).

IAM Chromatography

-SiOH

-SiO- + H+

and free, underivitized propylammonium groups (Rhee et al.,
1994), which deprotonate with a pKa-value of 10.7 (Guo et al.,

B

3.5

C

3

2

(11)

At pH-values below 5, the surface is expected to be
dominated by –SiOH and –NH3+ groups and thus be overall
positively charged. Then, depending on the excess of free
silanol to free amine groups (Guo et al., 1996), which is not a
priori known and might vary from preparation to preparation,
around pH 5 to 7 a transition to –SiO- and –NH3+ takes place and
the surface acquires a negative charge. (Ultimately, above the pH
range of these experiments, a further change to –SiO- and –NH2
would be predicted if the material were stable at these higher pH
values.)
The experimental observations can then be readily explained
in terms of this residual pH-dependent charge on the surface. To
formulate a quantitative model of these processes, one should
determine the actual concentrations of free silanol and free
amine groups and incorporate an electric double layer model. In
view of the uncertainty associated with the concentrations of free
silanol and free amine groups, and the fact that the unsuitability
of IAM as a liposome mimic limits the value of such a detailed
analysis for this study, we have opted for a much simpler
approach to parameterize the data in Figure 2 consistent with our

(10)

2.5

-NH2 + H+

-NH3+

While measured D IAM-values attributable to the neutral
species (i.e., at pH values where the neutral species
predominates) were within an order of magnitude of the
corresponding K lipw -values, no positively charged molecules
were retained by the IAM-column. Negatively charged
molecules appear to sorb better than expected from Klipw,A. The
ionic strength had no apparent influence on D IAM (data not
shown). The D IAM versus pH curves had distinctly different
shapes from the corresponding curves for Dlipw (Figure 2).
These observations can be explained through a closer
examination of the IAM surface. In preparation of IAM, a silica
surface is first derivatized with propylamine, which is then
further derivatized with carboxyundecylphosphocholine and
alkyl endcap groups. Thus, in the final product there are in
addition to the phospholcholine and alkyl end capped groups, the
unreacted silanol groups, which exxhibit a pKa -value of
approximately 6.8 (Schindler & Kamber, 1968),

4
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logDIAM
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Figure 2 Comparison of logDIAM and logDlipw, plotted as a function pH for (a) 246TMA, (b) 24DNP, and (c) 246TCP. The symbols
correspond to experimental data points, solid lines are the model calculations (eqs. 12 and 13) with the data for IAM given in Table 1, and
the broken lines are the Dlipw-values calculated with the full sorption model, based on the equilibrium dialysis data.
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DIAM (pH,anilines) = α A KIAM , A

(12)

where the symbols are defined through analogy with eqs. 56.
For the phenols, the negatively charged species A is not
retained at higher pH values where the IAM is negatively
charged. At lower pH values, where the IAM is positively
charged, there is no apparent preference of the IAM for HA or
A, as evidenced by the lack of pH dependence in the value of
DIAM at pH values approximately equal to pK a . These
observations can be parameterized by an equation of the form

DIAM ( pH, phenols) = α IAM+ KIAM ,HA / A

(13)

where α IAM + is the fraction of overall positively charged
IAM,

α IAM+ =

1
1 + 10

( pH − pKa,IAM )

(14)

and KIAM,HA/A refers to the sorption of HA to IAM in either
form plus of A to IAM+. The effective pKa,IAM is defined by:

Ka , IAM =

CIAM− aHw

(15)

CIAM+

KIAM,A-values of the anilines were fitted by linear least
square regression of the experimental values to eq. 12. KIAM,HA/Avalues of the phenols were modeled together with pKa,IAM by a
nonlinear least square fit with the MS EXCEL Solver. The
resulting KIAM,A-values of the anilines and KIAM,HA/A values of
the phenols are listed in Table 1. Best fits were obtained with
pKa,IAM-values that varied between 6.0 and 6.8, which
corresponds to a ratio of free silanol to free propylamine groups
from 7:1 to 1:1.
In Figure 2, differences between liposome-water and IAM
partitioning are illustrated for 24DNP and 246TriCP. Although
the K IAM,HA/A-values of the phenols and the KIAM,A-values of the
neutral aniline species are within one order of magnitude of the
corresponding Klipw -values, there are obvious trends in the
substitution pattern. The nitrophenols have slightly higher and
the chlorophenols and anilines slightly lower KIAM,HA/A-values as
compared to the Klipw-values of the neutral species (as can be
seen, e.g., in Figs. 2b and 2c). One hypothesis to explain this
deviation implies stronger specific interactions of the compounds
with the IAM surface due to stronger charge-dipole interactions
between the partially charged surface and the nitro-compounds.
For all acids, the KIAM,HA/A–values, which refer also to the
partitioning of the negatively charged phenol species A to the
positively charged IAM + , are significantly higher than the
corresponding Klipw,A–values, even higher than the
Klipw,HA–values, which can be easily rationalized in terms of
favorable electrostatic interactions between positively and
negatively charged structures.
In summary, the IAM chromatography must be used with
appropriate caution when studying the membrane-water
partitioning behavior of ionogenic compounds.
TRANSIL method
Sorption equilibrium constants KHA and KA were fitted from
the experimental data of TRANSIL with the complete sorption
model derived in the companion paper (Escher et al., 2000b) and
are listed in Table 2. For 34DMA, only values at low and high
pH (3 and 9, respectively) were measured to get an approximate
value of Klipw,HA and Klipw,A. Although great care was taken in the

Table 2 Equilibrium Constants and Quality of Fit of the Sorption
Model for the TRANSIL‚ Experiments
compound
nd
logKHA logK a wsos/ log Ctotw ,ref
logCPL
A
a
-1
b
(mol
L
)
-1
df
(mol L )
c
c
min/max
min/max
246TMA
246TriCP
2346TeCP
PCP
24DNP
DNOC
Dinoseb

2.26
3.90
4.55
5.06
3.03
2.50
3.60

2.32
1.98
3.32
3.52
2.09
2.20
2.98

0.22
4.98
8.82
1.08
1.51
0.01
1.31

-4.72/-4.48
-4.20/-4.68
-5.00/-4.68
-5.07/-4.99
-4.98/-4.60
-5.10/-4.86
-5.03/-4.77

-2.81/-2.63
-4.21/-2.81
-4.51/-3.73
-4.63/-4.11
-2.98/-2.98
-3.03/-2.81
-3.60/-2.21

7
17
12
12
9
4
9

a For definition of equilibrium constants see preceding paper
(Escher et al., 2000b). bWeighted sum of squares divided by the
degree of freedom. cConcentration range of experiments:
minimum/maximum values. dNumber of experimental data points
(each point is a single measurement).

experiments to use concentrations of TRANSIL and
compounds that do not result in Dlipw-values that are already
outside the linear range of the sorption isotherm, the modeling of
the data with the complete sorption model revealed that, in case
of 246TMA, Dinoseb, 2346TeCP, and PCP, small but not
negligible surface potentials were built up at the membrane due
to partitioning of the charged species resulting in a reduction of
the apparent D lipw-values. These electrostatic effects were taken
into consideration by applying the full sorption model described
in the companion paper (Escher et al., 2000b). The K lipw-values
(Table 1) derived from the sorption equilibrium constants as
described in (Escher et al., 2000b) did not differ significantly or
systematically from the ones determined with equilibrium
dialysis. In general, the values determined by either of the two
methods varied at most by a factor of two. One exception was
the Klipw,A of PCP, where the value from equilibrium dialysis was
five times higher than that determined with the TRANSIL
method even if electrostatic effects were taken into account. This
discrepancy is reproducible and cannot yet be explained. A
comparison of the two methods in a plot (Figure 3) shows that
neither the neutral and cationic species nor the anions deviate

6

log

K lipw
TRANSIL-method

understanding of the surface chemistry described above.
For the anilines, there is no retention at low pH where the
bases are fully protonated. The binding of the positively charged
HA can then be neglected, and the distribution of the neutral
species A is described by

5
4
3
2
1
1

2

3

logK lipw

4
5
6
equilibrium dialysis

Figure 3 Comparison between the TRANSIL‚ method and the
equilibrium dialysis method. The different symbols correspond to
different types of species;  HA neutral, S A anionic,
HA
cationic, UA neutral. The names of the compounds are listed in
Table 1.
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Table 3 Overview on Comparison of Experimental Methods

type of method
lipid material
hardware/ equipment

separation step
expenditure
relative time consumption
(1=short… 4=long)
relative costs per sample
(1=low, 2=high)
relative costs of hardware
(1=low, 2=high)
data for modeling
electrostatics
non-electrostatic
saturation phenomena
conclusion
advantages

limitations

equilibrium
dialysis

pH-metric method

IAMchromatography

TRANSIL

to be prepared

to be prepared

commercially available

compound
detection, e.g., by
HPLC
yes (by dialysis)

titrator

commercially
available
HPLC

no

no

yes (sedimentation or
low-speed centrifugation)

4

2

1

1

1

3 (equilibration of
column to new pH)
2

1

2

1

1

possible to include
possible to include

no
no

gives artifacts
no

possible to include
not investigated

no danger of
interference by
solid support
material
lipophilicity range
(reference method)

Klipw,HA and Klipw,A in
one step

simple screening test
for neutral
compounds

no separation step or
very simple separation

- problem of
saturation effects
-limited range of
phase ratios
-difficulties if
difference between
Klipw,HA and Klipw,A is
too small

-Klipw of charged
species cannot be
estimated
-constant phase ratio

needs further
investigations

systematically from the one-to-one line. This comparison is an
indication that the silica surface, which is acidic with an acidity
constant of 6.8 (Schindler & Kamber, 1968), is indeed shielded
by the non-covalently bound lipid bilayer. In contrast, the cations
used in this study are only present at pH-values where the silica
surface is neutral, so for both neutral and cationic species no
specific interactions would be expected if silica was not well
shielded. To check for possible interaction of a cation with the
TRANSILsurface, one should in addition use an base with a
pKa value above 9, e.g., an aliphatic amine. Klipw,A of the anionic
species, though, should be significantly reduced if there were
specific interactions with the negatively charged silica above pH
7.
It can be concluded that the TRANSIL method is well
suited for the determination of Klipw of ionogenic compounds. In
particular for the more hydrophobic compounds (log Klipw ≥ 3),
experiments in a batch system as described here are very fast and
simple to perform. Unlike the other new methods, the
TRANSIL  -methods appears also to be suitable to measure
isotherms at concentration ratios where electrostatic effects start
to play a role, i.e., at slight saturation of the isotherm. It is not
clear yet how the material behaves at higher compound loadings
when sorption isotherms show saturation due to membrane
expansions. For the less hydrophobic compounds, the procedure
is more tedious with the additional centrifugation step, and large
quantities of TRANSIL are required. For those compounds,
TRANSIL could be used in a column system, an approach that
has, however, not yet been evaluated.
Comparison of the different experimental methods
As has been demonstrated in this paper, some of the
proposed new methods for investigating membrane-water
partitioning of ionogenic compounds can replace the traditional
tedious method of equilibrium dialysis. This is particularly true
if one wants to assess only the partitioning behavior in the linear
part of the sorption isotherm, i.e. to determine the Klipw-values of

compound detection,
e.g., by HPLC

2

the different species. In Table 3, a summary of the comparison of
the four methods investigated in this study is presented. Note
that this comparison is by no means exhaustive and just covers
the application to organic acids and bases which is the focus of
the presented work. Only the IAM-chromatography has severe
limitations for ionic species but might be used for a prescreening
of the neutral species. The potentiometric method is very fast
and reliable but prone to saturation effects. The principle
limitations of the system have to be carefully considered in order
not to produce artifacts. The TRANSIL-method offers many
practical advantages, in particular for the more hydrophobic
compounds, e.g., no liposome preparation, easy separation of
lipids and aqueous phase. It should be possible to combine the
TRANSIL  -method with the pH-metric method for a high
throughput screening of chemicals. However, for less
hydrophobic compounds the amount of solid material would be
too high and problems with saturated solute concentrations could
be encountered. Further methods presently investigated in our
laboratory for their potential to measure Klipw of ionogenic
compounds are micellar electrokinetic chromatography and solid
phase microextraction.
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Chapter 7
Determination of liposome-water partition
coefficients of organic acids and bases by
Solid Phase Microextraction
Beate I. Escher•, Michael Berg, Jürg Mühlemann, Martin A.A. Schwarz, Joop L.M. Hermens, Wouter
H.J. Vaes, René P. Schwarzenbach
The extraction of two methylated anilines and three chlorinated phenols by SPME fibers coated with polyacrylate was investigated as a
function of pH. Only the neutral species of the acids and bases partitioned into the polymer. Extraction kinetics were accelerated for the
hydrophobic phenols at pH-values around their acidity constant, which is presumably due to a reconstitution of the neutral species in
the unstirred aqueous layer adjacent to the polymer surface from the charged species through the fast acid-base equilibrium. Although
the charged species is not taken up into the polymer, liposome-water distribution ratios could be measured up to a pH-value, where
99 % of the compounds were present as charged species. The partition coefficients of the neutral and charged species were extrapolated
from the pH-profiles of the liposome-water distribution ratios. The resulting values were slightly lower than those measured with
equilibrium dialysis. The discrepancies are discussed with respect to differences in the experimental conditions and the possibility of
matrix effects during SPME measurements.

Introduction
Solid Phase Microextraction (SPME) is a solvent-free
extraction technique, which has many technical advantages and
particular convenience since it can be directly coupled to gas
chromatography (GC), where the analyte is thermally desorbed
in the injector port (Arthur & Pawliszyn, 1990), or to HPLC via
a special interface (Chen & Pawliszyn, 1995). Besides its
application as analytical method for the quantitative
determination of organic pollutants and drugs in aqueous
samples or in the headspace of aqueous samples (Pawliszyn,
1999; Ulrich, 2000; Yuan & Pawliszyn, 2001), SPME is
increasingly being used to perform biomimetic extractions and to
assess the bioavailability of organic pollutants in the presence of
organic matrices (Vaes et al., 1996b; Poerschmann et al., 1997;
Urrestarazu-Ramos et al., 1998a; Ohlenbusch et al., 2000; Sijm
et al., 2000; Hermens et al., 2001). Both strategies rely upon the
premise that only the free aqueous concentration of a pollutant is
available for biouptake and for the partitioning into the polymer
coating of the SMPE fiber. Since the partitioning to hydrophobic
fiber coatings is, at least for apolar compounds, proportional to
the partitioning into organic solvents mimicking biological
tissues (e.g., octanol) (Dean et al., 1996) and hence to
bioconcentration (Nendza, 1991), SPME has been used as tool
for biomimetic extractions (Parkerton et al., 2000) and as a
surrogate for total body residues of complex environmental
mixtures (Verbruggen et al., 2000).
As a prerequisite for the use of SPME as a method to
determine free aqueous concentrations, the partitioning to the
SPME fiber should not disturb the equilibrium between the free
aqueous concentration and the concentration in the organic or
biological matrix. This condition can be achieved by the socalled negligible depletion SPME (nd-SPME) technique, which
was introduced by Vaes et al. (Vaes et al., 1996a; Vaes et al.,
1996b). For nd-SPME, less than 5 % of the analyte should be
extracted and the organic matrix should not interact with the
•

SPME fiber. This method has been successfully applied to
determine the partitioning of pollutants from water to proteins
(Vaes et al., 1996b; Abdel Rehim et al., 2000b), to liposomes
(Vaes et al., 1997), to blood and various tissues from rats (Artola
Garicano et al., 2000), and to dissolved organic material
(Poerschmann et al., 1997; Urrestarazu-Ramos et al., 1998a;
Ohlenbusch et al., 2000; Poerschmann et al., 2000). In addition
SPME can be used to measure aqueous solubilities and octanolwater partition coefficients (Paschke et al., 1998; 1999).
Interactions between the organic matrix and the SPME fiber
have shown to be negligible for the protein bovine serum
albumine (Vaes et al., 1996b) and for Aldrich humic acid
(Urrestarazu-Ramos et al., 1998a). Proteins of human blood
serum were found to interact with the SPME fiber, causing
problems with reproducibility and fiber lifetime (Poon et al.,
1999). Such interactions may lead to complications and artifacts,
primarily, for very hydrophobic compounds due to the influence
of the matrix on the uptake kinetics (Oomen et al., 2000).
SPME has also been applied for the analysis of ionogenic
compounds like weak organic acids and bases. Usually,
emphasis was put on optimizing the extraction efficiency by
adjusting the pH so that the compound was in its neutral
speciation form (van Doorn et al., 1998; Guidotto et al., 1999)
but some studies worked at ambient pH-values or varied the pH.
In most studies, it was assumed that only the neutral species is
partitioning into the polymer coating of the SPME fiber (van
Doorn et al., 1998; Abdel Rehim et al., 2000a; Ohlenbusch et al.,
2000). However, Holten Lützhøft et al. showed that partitioning
of the positively and the negatively charged species of 4quinolones was about one order of magnitude smaller than the
corresponding values for the neutral species, but were not
negligible (Holten Lützhøft et al., 2000b).
The goal of this study was to evaluate the applicability of ndSPME for the determination of pH-profiles of liposome-water
partitioning of weak organic acids (chlorophenols) and weak
organic bases (methylanilines). For ionogenic compounds,
partitioning into biological material depends on the speciation
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and hence for acids and bases it depends on the pH. For the
investigated set of compounds, it was shown that the neutral
species exhibits about a ten-fold higher partition coefficient than
the charged species (protonated aniline or deprotonated phenol)
(Escher et al., 2000b). In contrast, partitioning of the charged
species into organic bulk solvents is negligible (e.g., in alkanewater systems) or only possible if ion pairs are formed in the
organic phase (e.g., in the octanol-water system) (Jafvert et al.,
1990). Therefore bulk solvents cannot be used as surrogate for
biomembranes in case of ionogenic compounds but screening
methods have to be developed for the determination of liposomewater partition coefficients. Established methods include
equilibrium dialysis, pH-metric titrations and the use of lipid
bilayers immobilized on solid support material (Escher et al.,
2000a). The method of nd-SPME is a possible alternative for
these method but has not yet been applied for determining the
pH-dependence of liposome-water partitioning of organic acids
and bases.

Eperimental
Chemicals
The compounds (names and abbreviations are given in Table
1) were purchased from the following companies: 26DCP,
246TriCP, 2346TeCP, Riedel-de Haën (Seelze, Germany); PCP,
246TMA, CHI, TOL, Fluka AG (Buchs, Switzerland); 34DMA,
DIB, Aldrich (Buchs, Switzerland). All chemicals were of
highest purity available (≥97%) and were used as received. Egg
yolk lecithin was purchased from Lipoid (Ludwigshafen,
Germany). The particular preparation of lecithin used contained
≥98% phosphatidylcholine and its overall fatty acid ester
composition was 30-33% palmitate, 11-14% stearate, 29-32%
oleate, 14-16% linoleate, and minor fractions of other fatty acids
esters. All pH-buffers were purchased from Fluka: phosphate,
acetate, MES (2-morpholino-ethanesulfonic acid, pK a = 6.15),
MOPS (3-(N-morpholino)propanesulfonic acid, p K a = 7.2);
CHES (2-(cyclohexylamino)-ethanesulfonic acid, pKa = 9.55).
Analytical method
SPME devices with 10 mm fibers coated with 85 µm
polyacrylate (PA) and 30 and 100 µm polydimethylsiloxane
(PDMS) were purchased from Supelco (Bellefonte, PA, USA).
For some experiments with liposomes, the fibers were cut to 1 to
2 mm to meet the requirement of negligible depletion extraction.
The PA fibers were conditioned for 2 h at 300 °C under a stream
of hydrogen, the PDMS fibers for 1 h at 250 °C. The PA fiber
has been widely recommended for use in the analysis of phenols
and of other aromatic acids and bases (van Doorn et al., 1998;
Guidotto et al., 1999; Ohlenbusch et al., 2000), while the less
polar PDMS fiber is generally used for more hydrophobic
analytes. As preliminary tests showed (data not shown), the
PDMS fiber has a lower extraction efficiency as compared to the
PA fiber, a slight carry-over, and fiber-bleaching peaks in the
gas chromatogram. Therefore, in the following, only the PA
fiber was used.
For the extraction and desorption process, a CTC CombiPAL
autosampler equipped for SPME was used (CTC Analytics,
Zwingen, Switzerland). All extractions were performed at 30° C
and the vials were vibrated to accelerate extraction kinetics. All
analyses were performed with a Fisons 8165 GC (Fisons
Instruments, Manchester, UK) equipped with a split/splitless
injector, a 30 m x 0.25 mm fused silica DB-5 MS column (J&W
Scientific Folson, CA, USA) or a 30 m x 0.25 mm BPX5 (SGE,
Ringwood, Australia), both with a 0.25 µm film thickness and a
1 m deactivated pre-column (BGB Analytik, Anwil,
Switzerland). An electron capture detector ECD 80 was used for
the analysis of the chlorinated phenols, and a flame ionization
detector FID 80 module (both Fisons Instruments, Manchester,
UK) for other compounds.
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The injector was kept at 275°C for the chlorinated phenols
and at 270°C for the other analytes. The split valves were closed
for the analysis, but opened fully during fiber conditioning. A
custom-made narrow bore insert liner with a diameter of 0.75
mm for SPME was used (Supelco, Bellefonte, PA, USA). During
the 5 min injection period the oven was kept at 40°C, after which
the temperature was raised at 15°C/min. to 275°C. The oven was
then kept at 275°C for additional 5 minutes. Hydrogen of purity
50 was used as carrier gas. The carrier gas flow was kept
constant at 1.3 mL/min. The ECD was operated with nitrogen of
purity 57 as makeup gas at a rate of 40 mL/min. The FID worked
with hydrogen and compressed air and N2 at 20 ml/min as
makeup gas.
SPME-extraction studies of ionogenic compounds
The samples were prepared by diluting a methanolic stock
solution (0.01 M) of a given compound in buffer solution at
defined pH-values to a concentration of 100 µM. To determine
the detector response a defined amount of analyte dissolved in
hexane or ethyl acetate was injected with cold on-column
injection. Using this method the whole amount of substance
injected was supposed to reach the detector and give a response.
The thus determined ratio of area counts per mass of analyte was
used to calculate the total amount extracted by SPME, nf. The
extraction efficiency or fraction of analyte in the fiber, ff , is
defined as:

ff =

nf
n tot

(1)

where ntot refers to the total amount of analyte in the sample.
Fiber-water distribution ratios, Dfw , were derived from the
extracted amount by eq. 2.
D fw =

Cf
nf
Vw
=
C tot ( n tot − n f ) Vf

(2)

A sample volume Vw of 1.3 mL was used in all experiments.
The volume of the of the polymer coating Vf was 0.521 µL for
the 85 µm PA fiber, 0.132 µL for the 30 µm PDMS fiber, and
0.660 µL for the 100 µm PDMS fiber (calculated as a cylindrical
layer of polymer around the silica rod, which has a diameter of
55 µm and a fiber length of 1 cm).
Uptake kinetics were measured at various pH-values with
extraction times ranging from 5 to 250 min at 30±1°C. For the
liposome-water partitioning experiments, extraction times
resulting in <2 % extraction efficiency (and in a few exceptional
cases <5 %) were chosen, and, if the required extraction time
was below 10 min, the fiber was cut from 1 cm original length to
1 or 2 mm to meet the requirement of negligible depletion (Vaes
et al., 1996b). The buffer composition and the variation of pH
did not affect the partitioning to the fiber as was shown by one
experiment at pH 3.4 with all buffer components separately and
by using neutral reference compounds, DIB or TOL, in all pHdependent experiments.
Liposome-water distribution experiments
Experiments were conducted in two sets of vials. The
reference vial contained a given amount of analyte at a given pH,
the measurement vial contained additionally a known amount of
liposomes. Large unilamellar liposomes made up of
phosphatidyl choline were prepared by membrane extrusion as
described in (Escher et al., 2000b), where also further
information on the characterization of the liposomes can be
found. The overall liposome concentration was adjusted to an
expected 50% depletion of the aqueous phase by uptake into
liposomes. For every pH, 4 to 10 different analyte concentrations
(each measured in triplicate) were used to derive sorption
isotherms. After equilibration by shaking for 30 min, the free
aqueous concentrations in both sets of test vials, Cw,ref for the
reference vial and Cw for the measurement vial, were determined
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with SPME as described above. The liposome-water distribution
ratios were deduced from the slopes of the sorption isotherms as
given by equation 3:
Dlipw =

C lip
Cw

=

C ref
− Cw
w
C w [lip]

(3)

(L ⋅ kg−1 )

where [lip] refers to the mass concentration of liposomes in
the solution (kg.L-1).
Equilibrium dialysis experiment
One equilibrium dialysis experiment was performed with
246TriCP at pH 4. The nominal concentration of 246TriCP was
kept constant at 10 µM and the liposome concentration was
varied from 3.10 - 5 to 9.2.10-4 kg.L-1. The experiment was
performed according to the procedure described in ref. (Escher et
al., 2000b). The contents of both dialysis half-cells (with and
without liposomes) were transferred into SPME-autosampler
vials and SPME analysis was performed as described above. In
parallel, the same experiment was performed by direct SPME
analysis as described above but also with constant nominal
246TriCP concentration and variable liposome concentrations.
The design of the experiment is visualized in Figure 1.
Equilibrium Dialysis
246TriCP
solution

SPME
equilibration

ref

Cw

dialysis
membrane

SPME

aqueous
buffer

reference cell
Klipw =6340±1780

SPME
246TriCP
solution

Cw
app

Klipw =4360±1630

equilibration

dialysis
membrane
liposome
suspension

SPME

Clip

dC f
= k1 ⋅ C w − k 2 ⋅ C f
dt

Cwapp

Cw

measurement cell

(4)

where k1 is the uptake rate constant (from water to fiber) and
k2 is the elimination rate constant (fiber to water). For small
extraction efficiencies, k1 and k2 can be derived by fitting the

SPME direct

SPME

SPME

Cw

SPME

Klipw
ref

Cw
reference vial

246TriCP, the extraction equilibrium was not fully reached, even
after 250 min of extraction. Extraction efficiency increased for
the base 34DMA with increasing pH and decreased for the acid
246TriCP with increasing pH. If it is assumed that only the
neutral species is partitioning into the fiber, the extraction
kinetics can be replotted, as is shown in Figures 2B and 2D. In
both cases, all three uptake curves of a given compound are
overlaying each other. This is an indication that the initial
assumption is reasonable and that the fiber-water partitioning of
the charged species can be neglected. Holten-Lützhøft et al.
performed analogous experiments with 4-quinolones on a
carbowax/templated polymer resin fiber (Holten Lützhøft et al.,
2000b). Both the anionic and the cationic species partitioned into
this fiber type but the distribution ratio of the charged species is
about one order of magnitude smaller than of the neutral species.
Such a small difference would not show up in the type of data
analysis we performed here.
For compounds of low hydrophobicity, the rate of uptake is
limited by the diffusion of the compound through the polymer
phase (Vaes et al., 1996a). In this case, the uptake kinetics
should not be influenced by organic material or other matrices
present. Indeed, the presence of humic acids did not significantly
influence the uptake kinetics of 2,5-dichlorophenol (Ohlenbusch
et al., 2000) and of 4-quinolone oxolinic acid (Holten Lützhøft et
al., 2000b). If the diffusive resistance of the fiber is limiting the
uptake process, the uptake rate constant k 1 is directly
proportional to the fiber-water partition coefficient Kfw.
In contrast, for more hydrophobic compounds, diffusion
through the unstirred aqueous layer becomes rate limiting. In this
case, the matrix can influence the uptake kinetics as was shown
for hydrophobic PCBs in a soil-chyme matrix by Oomen et al.
(Oomen et al., 2000). In this case, the uptake rate constant k1 is
approximately constant and the elimination rate constant k2
decreases with increasing hydrophobicity. Measurements at low
extraction times will therefore give extraction yields independent
of the hydrophobicity of the compounds.
For the two compounds of low hydrophobicity, 34DMA and
246TMA, uptake is fast enough that the steady state Dfw can be
derived from the uptake kinetics with the following first-order,
one-compartment model (Vaes et al., 1996a).

= 4510±370

measurement vial

Figure 1 Experimental set-up and overview of results for the
combined equilibrium dialysis and SPME experiment of 246TriCP
at pH 4.

Table 1 Acidity constants, pKa, octanol-water partition coefficients,
logKow, and apparent PA-fiber-water partition constants, logDfw,n(t),
at a given extraction time of 10 or 40 min.
compound
abbrepKa
logKow log
viation
neutral Dfw,n(t)
a
a
e,g
3,4-Dimethylaniline
34DMA
5.23 1.87
1.49
2,4,6- Trimethylaniline
Chinoline
Toluene

Results and Discussion
Extraction kinetics
Although the negligible-depletion SPME method requires
low extraction efficiencies and is usually not performed as
equilibrium extraction (Vaes et al., 1996b), extraction kinetics of
the acids and bases were investigated in order to characterize the
influence of pH and diffusion limitations, and to find optimum
measurement conditions for the liposome-water partition
experiments.
Extraction kinetics were measured as a function of pH at
30°C. As is depicted in Figure 2A for 34DMA and in Figure 2C

246TMA
CHI
TOL

a

4.38
4.90
-

b

b

2,6-Dichlorophenol

26DCP

6.97

2,4,6-Trichlorophenol

246TriCP

6.15

b

2.35
2.03
2.69
2.64
3.72

a
c
d
a
a

2,3,4,6-Tetrachlorophenol 2346TeCP 5.40 a 4.42 a
a
a
Pentachlorophenol
PCP
4.75 5.24
c
1,4-Diiodobenzene
DIB
4.11
a

1.85
1.63
1.96

e,g
e,g
e,h

f,i

2.61
2.89
2.91
2.93
2.51

f,i
f,I
f.i
f.h

Data taken from refs. (Escher et al., 2000b), b (Perrin, 1965),
(Hansch et al., 1995), d (Schwarzenbach et al., 1993). ePA fiber,
85 µm, Ctot = 100 µM, 40 min extraction at 30°C. f PA fiber, 85 µm,
Ctot = 100 µM, 10 min extraction at 30°C. g experimental value
determined at pH 7.4. h average of experimental values at all pHvalues. i experimental value determined at pH 2.
c
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experimental data to eq. 5
1.4E-03

k1
(1 − e k2t )
k2

(5)

250

1.2E-03
200

Dfw (pH,t) = α n ⋅ Dfw,n (t)

(6)

where Dfw,n (t) refers to the fiber-water distribution ratio of
the neutral species and α n refers to the fraction of the neutral
species in aqueous solution.
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The experimental extraction efficiencies in all presented
experiments were <7.5%.
The uptake rate constant k1 was 2.67±0.29 min–1 for 34DMA
and 12.1±0.9 min–1 for 246TMA, while the elimination rate
constants were indistinguishable, with a value of 0.016±0.003
min–1 and 0.015±0.002 min–1 for 34DMA and 246TMA,
respectively. These values are in agreement with the data of
neutral compounds presented by Verbruggen et al. (Verbruggen
et al., 2000), confirming that kinetics are rate-limited by the
diffusion in the fiber.
For the chlorinated phenols, uptake is even slower, with an
almost linear uptake curve for 2346TeCP and PCP (data not
shown). As it is the case for the anilines, for 246TriCP, the pHdependent uptake curves collapse into a single curve if the
uptake of the anionic phenoxide species is assumed to be
negligible (Figure 2D). 246TriCP might be a borderline case
between limitation by the polymer and by the aqueous phase but
2346TeCP and PCP are clearly diffusion-limited by the aqueous
phase. This is indicated by the fact that the extraction
efficiencies after 10 min of extraction were equal for all more
highly chlorinated phenols at pH 2, where only the neutral
species is present (Table 1).
Based upon the findings described above, an extraction time
of 40 min was chosen for the anilines and an extraction time of
10 min for the phenols. Under these conditions, pH-profiles of
all compounds plus two neutral reference compounds were
determined. The invariance of Df w (pH,t) of the neutral
compounds TOL (Figure 3A) and DIB (Figure 3B) to changes in
pH indicates that the pH-dependence is solely due to the
speciation of the organic base but not due to effects of the buffer
or changes in the fiber.
If it is assumed that charged species do not partition to the
PA-polymer, then the pH-dependence of Dfw(pH,t) for organic
acids and bases can be described by

Cf (mol/Lfiber)

1.0E-03

Cf (mol/Lfiber)

C f ( t ) = C w ( t = 0)
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Figure 2 A and B: Extraction kinetics of 34DMA determined at
30°C with a 85 µm PA fiber, length 10 mm; X pH 4.7, S pH 5.2,
O pH 7.2. A. Uptake curve varies with pH. B. Uptake normalized
to concentration of neutral species. C and D: Extraction kinetics of
246TriCP determined at 30°C with a 85 µm PA fiber cut to 1 mm;
X pH 4.7, S pH 6.2, O pH 7.2. C. Uptake curve varies with pH. D.
Uptake normalized to concentration of neutral species. The solid
lines are fits of the experimental data to eq. 5.

αn =

1
(base) or
1 + 10( pKa− pH)

αn =

1
(acid)
1 + 10( pH− pKa )

(7)

The pH profiles of 34DMA, CHI, and 246TMA are depicted
in Figure 3A and the resulting Kfw,n-values are listed in Table 1.
While the bases can be perfectly fitted with eq. 6, the phenol
data cannot be described satisfactorily with the simple model. It
appears as if there was a pKa–shift to a value around 7 (Fig. 3B).
This shift might be an artifact, which may occur if the diffusion
in the aqueous phase is rate-limiting. In this case, the neutral
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Figure 3 pH dependence of the fiber-water distribution ratio for a 85 µm PA fiber, extraction time 40 min A. organic bases S 34DMA, Q
chinoline,X 246TMA, { non-ionogenic reference toluene. Drawn line: model described by eq. 7. B.organic acids, PA fiber, extraction time
10 min (O 26DCP, S 246TriCP, Q 2346TeCP,X PCP { non-ionogenic reference DIB). Broken line: model described by equation 7. The
error bars correspond to the 95 % confidence interval limits.
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charged conjugate base is predominant but it is the concentration
difference of the neutral species between air and water phase
only that drives the air-water exchange (Schwarzenbach et al., in
preparation).
Phenomenologically, the important conclusion from these
experiments is that SPME measurements can be conducted over
a wider pH-range than initially expected thereby allowing
liposome-water partitioning experiments over a wider pH range.
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Figure 4 Plot of the fraction of the charged species versus Dlipw; A.
organic bases: S 246TMA, Q 34DMA: B. organic acids XPCP, S
2346TeCP, Q 246TriCP.

“substrate” for uptake into the fiber could be readily delivered
from the conjugate base because the acid-base equilibrium is
much faster than the diffusion through the unstirred layer. This
hypothesis resembles that one put forward by Oomen et al.
(Oomen et al., 2000) for the uptake of PCBs in the presence of a
soil-chyme matrix, where fast desorption of the chemical from
the matrix may cause an additional flux to the fiber. In case of
the acids such an effect would be particularly pronounced at pH
values just above the pKa . This corresponds exactly to the
observation in Figure 3B. A further support of this hypothesis is
the air-water exchange of organic acids, where the conductance
through the water film is increased at pH-values where the
Table 2 Liposome-water partition coefficients determined with
SPME and with equilibrium dialysis.
SPME
eqilibrium dialysisa
compound LogKlipw,HA
LogKlipw,A or LogKlipw,HA or LogKlipw,A or
logKlipw,HB
logKlipw,B
logKlipw,HB
or logKlipw,B
34DMA
1.98
1.67
2.11
1.99
246TMA
2.28
1.74
2.38
2.12
246TriCP
3.70
2.32
3.99
2.50
2346TeCP
4.26
2.60
4.46
3.46
PCP
4.68
3.85
5.10
4.35
a

Data taken from ref. (Escher et al., 2000b).

Although it was not possible to directly measure the Klipw
values of the charged species with the SPME method, it was
possible to go up to a fraction of the charged species of 95 % for
34DMA, 99 % for 246TMA, 92 % for 246TriCP, 98 % for
2346TeCP and 99.6 % for PCP. The apparent Dlipw(pH) were
plotted against the fraction of the charged species as is depicted
in Figure 4 and the partition coefficients of the neutral and
charged species, Klipw,HA and Klipw,A for the acids and Klipw,B and
Klipw,HB for the bases were extrapolated with equations 8 and 9.

Dlipw (pH) = α n ⋅ K lipw ,HA + (1 − α n ) ⋅ K lipw ,A

(8)

Dlipw (pH) = (1 − α n ) ⋅ K lipw ,HB + α n ⋅ K lipw ,B

(9)

A direct comparison of the resulting partition coefficients
(Table 2) with the data measured with equilibrium dialysis
(Escher et al., 2000a) is shown in Figure 5. The values
determined with the SPME-method are consistently smaller than
the values from the equilibrium dialysis experiments but the
difference is statistically not significant since the confidence
intervals partially overlap. Klipw-values of the neutral species are
about 40 % smaller and those of the charged species about 60 %
smaller. The difference between the two data sets appears to
increase slightly with increasing hydrophobicity of the
compounds.
Equilibrium dialysis is often used as reference method for
the determination of liposome-water partition coefficients
(Krämer, 2001), although this method is not free of experimental
artifacts (Oravcova et al., 1996). The most critical artifact in the
use of equilibrium dialysis for measuring liposome-water
partitioning is the concentration-dependent sorption of the
analyte to glass walls and to the dialysis membrane. However, a
comparative study with the same test set of compounds has
shown good agreement between the equilibrium dialysis method
and other experimental methods (Escher et al., 2000a).
Nevertheless, there are some differences in the experimental
set up of the two methods. The temperature was 30 °C for the
SMPE-method but 25 °C for the equilibrium dialysis method.
Van Wezel et al. have determined the temperature dependence of
Klipw-values of chlorobenzenes and found a slight decrease of
Klipw with increasing temperature above the phase transition
temperature from gel to liquid cristalline state (van Wezel et al.,
1996a). For the compounds investigated in the present study, an
analogous effect might partially account for the observed
difference between the two experimental conditions.
There are also small differences in the composition of the
acyl chains of the phospholipids but in all cases phosphatidylcholine was used. Earlier work showed that the acyl chain should
not have any significant influence on Klipw (Escher et al., 2000a;
Escher et al., 2000b).
Although great care was taken to exclude saturation of the
sorption isotherms both by chosing appropriate low
concentration of the analytes as well as by inspection of the
linearity of the measured sorption isotherm, in case of the
charged compounds a small artifact due to saturation might
account for the difference between neutral and charged
compounds. In conclusion, the described differences in
experimental set-up of the two compared methods might fully
account for the observed differences in results.
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Figure 5 Comparison of Klipw determined with the SPME method
and the equilibrium dialysis method (Table 2); Q Klipw,BH, S Klipw,B ,
O Klipw,A,X Klipw,HA. Error bars correspond to the 95% confidence
interval, For the neutral compounds, the error bars are not visible
because they are smaller than the size of the symbol.

An additional experiment with combined equilibrium
dialysis and SPME was performed with 246TriCP at pH 4 in
order to test for artifacts of SPME measurements in the presence
of a matrix. A similar experiment has been conducted for
protein-water partitioning and it was found that the bovine serum
albumine did not sorb to the SPME fiber to such an extend that it
increases the concentration in the fiber (Vaes et al., 1996b).
In the equilibrium dialysis cell, the liposomes are physically
retained in one half-cell but equilibrium between liposomes is
maintained throughout both compartments. Therefore the
aqueous concentrations in both half cells are equal. The aqueous
concentrations were determined by SPME from the dialysis half
cell with and without liposomes and are referred to as Cwapp and
Cw , respectively. The experimental set-up and the results are
presented in Figure 1. Cw app was 10 to 15 % higher than Cw,
resulting in a Klipwapp , which was 32 % smaller than the Klipw
calculated from Cw out of the half cells without liposomes. The
Klipwapp from the equilibrium dialysis experiment was identical
with the Klipw SPME determined by the direct SPME method
(Figure 1).
There are two main possibilities to account for this artifact of
10 to 15% more compound extracted by SPME in the presence
of liposomes. First, if diffusion in the aqueous unstirred layer is
rate limiting, an extra flux of analyte to the fiber can be induced
due to desorption of analyte from the liposomes. Such an effect
has been described for hydrophobic PCBs in the presence of a
protein-rich solution but not in the presence of artificial soil
(Oomen et al., 2000). As was discussed above, 246TriCP might
be a borderline case with regard to diffusion limitation of the
extraction process. The higher chlorinated phenols appear to be
rate-limited by the diffusion in the aqueous layer, while the
extraction of the less hydrophobic anilines is limited by the

diffusion in the polymer. For a kinetic effect to be relevant, one
should see a larger effect for more hydrophobic molecules than
for more hydrophilic ones. Although the data in figure 5 show
some variation, a slight increase in the difference between Klipw
of the non-ionzed species derived from both techniques can be
observed.
The second hypothesis is that liposomes sorb to the SPME
fiber and the analyte taken up into the sorbed liposome is
quantified by GC after thermal desorption just like analytes
sorbed to the fiber polymer. Such observations have not yet been
reported for liposomes but human blood plasma was shown to
adhere to the PDMS-coated fibers, causing a rapid deterioration
of the fiber due to a film of carbonized proteins (Poon et al.,
1999). In the experiments presented here, no irregular
deterioration or decrease of the lifetime of the fiber was
observed in the presence of liposomes.
From the difference between Cwapp and Cw in the presence of
varying liposome concentration, a rough estimate of the amount
of liposomes that would be sorbed to the fiber can be calculated
under the assumption that the Klipw is identical in free and sorbed
liposomes. If about 1 µg of lipids is sorbed to the fiber, which
corresponds to 0.05 % to 0.8 % of the total amount of liposomes
in one experiment, the observed 32 % difference in apparent
partition constant can be explained. Which of the above
explanations is valid is difficult to conclude from this study and
additional work would be needed to get a complete picture.

Conclusion
SPME has proven to be a good tool to perform extractive
analysis of ionogenic compounds even if they are 99 %
dissociated and the charged species is not taken up into the fiber
because the experimental conditions (extraction time and fiber
length, i.e., polymer volume) can be adjusted to optimize
conditions between negligible depletion and detection limit.
Slightly lower membrane-water partition coefficients are
observed using the nd-SPME technique in comparison with
values derived from dialysis experiments. Potential causes for
these differences can be either an influence of the matrix on the
kinetics or binding of the lipids to the SPME fiber. The
advantage of SPME is it’s simplicity and it is much less tedious
than equilibrium dialysis. However, before taking profit of these
advantages, potential matrix effects should carefully be studied.
Alternative options are to apply head space instead of direct
immersion SPME and to measure at equilibrium (Mayer et al.,
2000), although such an option is applicable only to more
volatile chemicals and chemicals which are not too hydrophobic
because the equilibration time will otherwise become extremely
long. Also the application of other materials that show faster
kinetics, such as the application of thin films (Wilcockson &
Gobas, 2001) may be a promising alternative. SPME has a great
potential for estimating the freely dissolved, bioavailable
concentration of a compound in a complex matrix (e.g., in an invitro bioassay), if an appropriate extraction fiber is used and if
quality control experiments are conducted to quantify potential
matrix effects.
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Chapter 8
PH-dependence of partitioning of
triphenyltin and tributyltin between
phosphatidylcholine liposomes and water
René W. Hunziker, Beate I. Escher•, René P. Schwarzenbach
Triorganotin compounds are very toxic contaminants. The site of action of their basic mechanism of action of acute toxicity is the
biomembrane. Liposome-water distribution ratios of triphenyltin and tributyltin were determined between pH 3 and 8 with the
equilibrium dialysis method in the micromolar concentration range, which is the concentration range where acute toxicity is observed.
In addition biomembrane-water distribution ratios of tributyltin were determined with chromatophores of Rhodobacter sphaeroides that
contain approximately 70 % protein intercalated in the lipid bilayer. The liposome-water distribution of both compounds showed only
weak pH dependence. For tributyltin, the apparent distribution ratio decreased from 4100 at low pH to 2000 at high pH, while this ratio
decreased from 70000 to 22000 for TPT. The distribution ratio of the triorganotin cation exceeded that of the neutral hydroxo complex
by a factor of two. The distribution ratio of both, the cation and the hydroxo complex of triphenyltin, exceeded those of tributyltin by a
factor of ten. It is postulated that the sorption of the cation is governed by complex formation with ligands in the phospholipids,
presumably the phosphate group. The biomembrane-water distribution ratio of tributyltin was found to be lower than the liposomewater distribution ratio at high pH. The hydroxo complex appears to partition only to the lipid fraction of the biomembrane. Yet, at low
pH the biomembrane-water distribution ratio exceeded the liposome-water distribution ratio, which is attributed to complex formation
of the cationic species with ligands of the protein fraction.

Introduction
Biological membranes are important sites for toxic effects
exerted by organic chemicals in aquatic organisms (Ahlers et al.,
1991; Sikkema et al., 1995; van Wezel & Opperhuizen, 1995;
Escher et al., 1996). For the evaluation and quantification of a
given compound's toxicity, it is therefore crucial to assess to
what extent the compound accumulates in membranes. For
hydrophobic neutral organic compounds this task is not too
difficult because, within a series of structurally related
compounds, membrane-water partitioning can generally be
related to the partitioning of the compounds between a bulk
organic solvent (e.g. n-octanol), and water (van Wezel &
Opperhuizen, 1995; Escher & Schwarzenbach, 1996; Vaes et al.,
1998a). However, when dealing with hydrophobic ionogenic
organic compounds (HIOCs), e.g. weak organic acids and bases,
organic solvents including n-octanol are poor surrogates,
because the charged species tend to partition very differently in
membranes as compared to bulk solvents (Miyoshi et al., 1987a;
Betageri & Rogers, 1988; Smejtek & Wang, 1993; Escher &
Schwarzenbach, 1996). For example, chloro- and nitrophenoxide
species were found to partition by orders of magnitude more
favorably from water into phosphatidylcholine liposomes as
compared to n-octanol (Escher & Schwarzenbach, 1996). Similar
results were also obtained for cationic species including
protonated amines (Ottiger & Wunderli-Allenspach, 1997;
Escher et al., 2000b). One explanation for these findings are
possible electrostatic interactions of the charged organic species
with charged moieties, e.g., the phosphate group (for organic
cations) or the ammonium group (for organic anions) of the
phospholipids making up the lipid bilayers. Hence, for
evaluation of membrane-water partitioning of HIOCs, more
appropriate model systems than bulk solvents have to be used.
•

The simplest and most widely investigated model systems
for the lipid fraction of biomembranes are liposomes, which are
artificial lipid bilayer vesicles of known composition and
controlled size (New, 1990).In earlier work, we have successfully applied liposome-water distribution ratios for assessing
the concentration and speciation of phenols in the lipid bilayer
fraction of photosynthetic membranes of the purple bacterium
Rhodobacter sphaeroides (Escher & Schwarzenbach, 1996).
This information has been pivotal for the qualitative and
quantitative interpretation of the uncoupling activities
determined in this test system by time-resolved spectroscopy for
a large number of phenols (Escher & Schwarzenbach, 1996) as
well as for binary mixtures of phenols (Escher et al., 2001).
Recently, we have extended this study to the investigation of the
effects of triorganotin (TOT) compounds, in particular, of
tributyltin (TBT) and triphenyltin (TPT), on energy transduction
in photosynthetic membranes (Hunziker et al., 2001a). TBT and
TPT have been chosen as model compounds because they are
highly toxic to aquatic organisms (Fent, 1996) and, despite
significant restrictions in their use as antifouling agents in boat
paints, they are still found in the aquatic environment,
particularly in sediments of areas of high boating activities
(Tolosa et al., 1996; Arnold et al., 1998a; Harino et al., 1999).
Furthermore, application of TPT as fungicide in agriculture
remains a continuous source of TOT contamination in
freshwaters (Blunden & Evans, 1990). When TOT compounds
are dissolved in water they form positively charged diaqua
complexes, TOT+, which may dissociate to the neutral hydroxo
complex TOT-OH (Tobias, 1978; Tas, 1993; Arnold et al.,
1997).
TOT+aq + H2O

TOT-OHaq +H+

(1)

At low pH the diaqua cation dominates, whereas at pH
values above pK a the neutral hydroxo complex dominates. By

Hunziker, R. W., Escher, B. I., Schwarzenbach, R. P. (2001), "PH-dependence of partitioning of triphenyltin and tributyltin between
phosphatidylcholine liposomes and water", Environ. Sci. Technol., 35, 3899-3904.
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ligand exchange of water or hydroxide, TOT may form strong
complexes with various other ligands present in the environment
or in biological systems. Such ligands include carboxylate and
phenoxide groups present in natural organic matter (Arnold et
al., 1998b; Berg et al., 2001), or biologically relevant ligands
such as sulfide groups in glutathion or cystein (Hynes &
O'Dowd, 1987; Shoukry, 1993), or phosphate containing groups
present in nucleosides (Barbieri et al., 1995), nucleic acids
(Barbieri et al., 1992), ATP (Hynes & O'Dowd, 1985), and phospholipids (Grigoriev et al., 2000). Hence, in contrast to the
situation encountered with many other HIOCs, for compounds
such as TOTs, complex formation may be an additional factor to
be considered for membrane-water partitioning as well as
membrane toxicity.
In the work presented in this paper, we have investigated the
liposome-water partitioning behavior of TBT and TPT as a
function of pH with the equilibrium dialysis method (Escher et
al., 2000b). The liposomes used contained only phospholipids
with choline head groups, so that the speciation of the lipids was
invariant to changes of pH. For comparison, the sorption of TBT
to membrane vesicles of R. sphaeroides (chromatophores) was
also determined. Chromatophores contain approximately 30%
lipids and 70% proteins. The major goals of this study were (i) to
evaluate to what extent complex formation governs the uptake of
TOT compounds into phospholipids, and (ii) to check whether
liposomes are suitable model systems to describe the partitioning
of the type of HIOCs represented by TOT compounds between
biological membranes and water.

Section 2 Membrane-water partitioning
ten times through two polycarbonate membranes, one upon the
other, with 0.1 µm pore diameter from Nucleopore (Pleasanton,
CA). The vesicle stock suspension was diluted in pH buffer to
the desired concentration. Characterization of vesicles is given in
(Escher et al., 2000b).
Determination of liposome-water and chromatophore-water
distribution ratios of TBT and TPT

The following compounds were obtained from Fluka
(Buchs, Switzerland): Tributyltin chloride (96%), triphenyltin
chloride (97%), 2-morpholino-ethanesulfonic acid (MES,
BioChemika), Tris(hydroxymethyl)aminomethane acetate (TRIS
acetate, BioChemika,), 4-(2-Hydroxyethyl)piperazine-1propanesulfonic acid (HEPPS, BioChemika), potassium
hydroxide (puriss p.A.), Triton X-100, citric acid, oxalic acid
and morin. From Merck (Dietikon, Switzerland): Perchloric acid
(60% p.A.) and matrix modifiers Mg(NO3)2 and Pd(NO3)2 in 0.1
M HNO3. Egg yolk lecithin (≥98 % phosphatidylcholine) was
purchased from Lipoid (Ludwigshafen, Germany). Methanol
(HPLC grade) was obtained from Scharlau Chemicals
(Barcelona, Spain).

Liposome-water distribution ratios were determined with
specially designed dialysis cells made of two glass chambers
according to the procedure described in (Escher &
Schwarzenbach, 1996). The chambers were separated by a
regenerated cellulose membrane with a cut-off of 10'000-20'000
Dalton from Reichelt Chemietechnik (Heidelberg, Germany). At
a given pH, distribution ratios were determined at four to five
different concentrations and two different lipid concentrations.
TOT concentration in the stock solution varied due to decreasing
solubility with increasing pH. For TPT at pH=2.0 concentration
varied from 2–70 µM with 45 or 446 mg.L–1 phospholipids and
at pH=7.5 from 1–8 µM with 50 or 100 mg.L –1 phospholipids.
For TBT at all pH values, 5–65 µM with 24, 48 or 96 mg.L–1
phospholipids were used.
Six cells were prepared as measurement cells and three cells
as reference cells. 1.3 ml of TOT solution was added to one
chamber of each measurement cell. The other chamber received
1.2 ml TOT solution and 0.1 ml of diluted vesicle solution.
Reference cells were prepared in the same manner as the
measurement cells, excepting the addition of buffer instead of
the vesicle solution. The reference cells served to determine and
correct for losses of TOT due to sorption to the glass surface and
to the dialysis membrane. Reference cells and measurement cells
were shaken for 24±1 hours at 25°C. Experiments designed to
evaluate the diffusive kinetics through the dialysis membrane
have shown that after 24 hours, concentrations were equilibrated
when one chamber was filled with a TPT solution and the other
chamber was filled with buffer. After equilibration the chambers
were separated and the contents were transferred to glass vials
for TOT analysis. Only the chambers without liposomes were
analyzed with the HPLC method, all chambers were analyzed for
TOT content with the AAS method. For the determination of the
chromatophore-water distribution ratio of TBT the same
procedure and the same TBT concentrations were used as in the
liposome-water distribution experiments. However, the
chromatophore concentration was kept constant at 96 mg.L –1.
Preparation of chromatophores is described in detail in (Escher,
1995)

Aqueous solutions of TOT

Analytical procedures

Aqueous solutions of TOT were prepared from a perchloric
acid stock solution (1 M) that was titrated twice to determine its
exact acid concentration. For pH 2.0–4.5 no buffer was used.
From pH 5.0–8.5, 10 mM of the following zwitterionic buffer
were added: for pH=5.0 TRIS acetate; for pH=5.5, 6.0 and 6.5
MES; for pH=7.5 TRIS acetate; for pH=8.5 HEPPS.
Zwitterionic buffers were chosen minimize further complexation
processes. Buffers were only used at higher pH, where the cation
is not present in excess.

High-pressure liquid chromatography (HPLC) was used to
determine TOT concentrations in the reference cells and in the
chamber of the measurement cells containing no liposomes.
HPLC was performed isocratically using a cation exchange
column (Cation 1-2, Metrohm, Herisau, Switzerland) and TOTs
were detected by fluorescence after post column derivatisation
with a morin solution. Details of the method and the equipment
are given in (Arnold et al., 1997). Briefly, the eluent consisted of
25 mM citric acid and 20 mM oxalic acid in 50:50
methanol:water (V:V). The derivatisation solution consisted of
2% (w:V) Triton X-100, 160 µM morin, 360 mM citric acid, and
810 mM lithium hydroxide in water. Eluent and derivatisation
solutions were pumped at a flow rate of 1 ml.min–1. Excitation
and detection wavelengths were 403 nm and 533 nm
respectively. Bandwidths of excitation and detection slits were
18 nm. Sample injection volume was 200 µL.
For both compounds stability was confirmed at pH=7.5
(lowest recovery rates) with a gradient program which separates
mono-, di- and triorganotin. Eluents and gradient are described
in (Arnold et al., 1997). No increase in the amount of mono- or
diorganotin compound, which constitute part of the 3-4 %
impurities of the commercially available TOTs, was observed.

Materials and methods
Chemicals

Liposome preparation
Phosphatidylcholine was dissolved in CHCl3 and dried to a
film on a glass vessel in a rotary evaporator. Residual traces of
CHCl 3 were removed under high vacuum. The film was slowly
hydrated (25 mg.ml–1) by hand shaking with an aqueous solution
of 10 mM KClO4. Small aliquots were submitted to a freeze-andthaw procedure in order to make the vesicles larger. After being
frozen for the third time the aliquots were transferred to –20°C
immediately and stored for a maximum of two months.
Unilamellar vesicles were prepared daily from the frozen stock
by membrane extrusion in a thermobarrel extruder from Lipex
biomembranes (Vancouver, CA). The suspension was extruded
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For TPT samples with pH>pKa (i.e. pH=6.0 and pH=7.5) the
concentrations were determined by graphite-furnace atomic
adsorption spectroscopy (GAAS). The following equipment was
used: 5100-PC atomic absorption spectrometer equipped with a
5100-ZF zeeman furnace module with a THGA graphite tube, a
AS-71 autosampler and a electrodeless tin discharge lamp.
(Perking-Elmer, Norwalk, USA). The following instrument
parameters were used: Wavelength 286.3 nm, lamp current 20 A,
slit width 0.7 nm, signal type zeeman AA, read time 5 s.
Samples were diluted in the same buffer as used in the
partitioning experiments and pipetted into 1.8 ml glass vials
(Omnilab; Mettmenstetten, Switzerland). The glass vials were
placed directly into the Perking Elmer polystyrene sample cups
to prevent loss of TOT compounds due to sorption. 15 µL of
sample, 5 µL of 0.1 M HCl and 5 µL of matrix modifier were
transferred into the graphite tube by the autosampler. The matrix
modifier consisted of Mg(NO3 )2 0.1 g . L – 1 and Pd(NO3)2
0.1 g.L–1 in 0.1 M HNO3. The following temperature program
was applied: A) two-step drying for 30 s at 110°C and for 30 s at
130 °C, B) charring with a 10 s ramp from 130°C to 1000°C and
holding for 20 s, and C) atomisation for 4 s at 2300°C and 1 s at
2400 °C (during atomisation the argon gas flow was interrupted).
Both the HPLC and the GAAS method gave identical results
as was confirmed by a direct comparisons for samples at pH 3.

clip,i

1 n

⋅ c
−c
 n ∑ w,ref,j  w,i 
 j =1

mol 
=
 kg 
c(PL)
 lip 

(2)

With the GAAS method, the total concentration in the lipid
chambers, c tot , can be directly determined. In this case, the
concentration of TPT in the lipids was calculated without
reference cells using equation 3:
clip,i =

ctot − cw,i  mol 
c(PL)  kglip 

(3)

Recoveries in the reference cell were pH-dependent and
decreased from 80% (pH<pKa) to 50% (pH>pKa). No increase of
the concentration of di- and monoorganotin compounds was
detected after the 24 hours equilibration. Furthermore, a mass
balance performed for TPT at pH=3.0 with GAAS showed that
the loss of TPT was the same in both the measurement cells and
the reference cells. Therefore, loss of TOT can be attributed
primarily to sorption to the glass surface of the dialysis cell, and
to the dialysis membrane.

Results and discussion

Calculation of TOT concentrations in the liposomes
With the HPLC method used, the concentration of TOT
compounds in the lipid chamber could not be measured directly.
Only the free aqueous concentration in the aqueous chamber of
the measurement cell i, cw,i, and the free aqueous concentration
in the reference cells j, c w,ref,j , were directly available. The
amount of TOT sorbed to liposomes was calculated by
equation 2. Subtraction of the concentration in the aqueous
chamber from the average concentration of the corresponding
reference cells yielded the amount of sorbed TOT expressed as
mol per volume aqueous phase. Dividing the difference by the
mass concentration of liposomes per total volume of aqueous
phase in both chambers, c(PL) in kg.L–1, yields the concentration
in the liposomes of the cell i, clip,i, in mol.kg–1.

Liposome-water partitioning
Liposome-water partitioning was determined in the pH range
3.0–8.5 for TBT and 2.0–7.5 for TPT in 10 mM perchlorate
solution. The concentration of TOT present as perchlorate
complex is less than 2% of the total concentration of TOT in the
aqueous phase, and its overall contribution to partitioning at low
pH-values can be neglected considering that the perchlorate
complex is not expected to have a higher liposome-water
partitioning coefficient than the hydroxide complex. Figure 1
shows some representative experimental liposome-water
partitioning data for TBT (Figure 1 A) and for TPT (Figure 1 B)
at low and high pH values. Similar results were obtained for the
pH values in-between. As can be seen, particularly for TBT, due
to experimental difficulties there is a considerable scatter in the
data. Nevertheless, a quantitative analysis of the whole data set
provides some important information about the uptake of the two
TOTs into the lipid bilayers.
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Figure 1 Liposome-water distribution of tributyltin and triphenyltin. Experiments were performed in presence of 10 mM perchlorate at the
indicated pH. Data points represent means of three cells with identical stock solution concentration. At pH=7.5, 10 mM TRIS acetate was
used as pH buffer. Sorption isotherms correspond to linear regression of the experimental data. Error bars correspond to standard
deviations. Standard deviations of cw were derived from the experimental variation and standard deviations for clip were calculated by error
propagation from partial differentiation of eq. 3 assuming a standard error of c(PL) of 5 %. Values with clip, tot>0.1 mol.kg-1 were excluded
from the linear regression due to saturation. Apparent Dlipw values in Table 1 correspond to the slopes of the sorption isotherms. Note that
the scales of the two figures are different.
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Figure 2 Comparison of the pH dependence of the apparent liposome-water and the octanol-water distribution ratio of TBT and TPT. Data
points represent the slope of the sorption isotherm (cf. Figure 1) at a given pH for A. TPT(∆) and B. TBT (°). The solid lines corresponds to
the modeled pH dependence of the Dlipw values with equation 8 and the values for Dlipw(TOT+) and Dlipw(TOT-OH) given in Table 1. Dcphw
values of TBT (u) represent the slope of the isotherms given in Figure 4. Error bars correspond to the standard deviation of the slope
parameter of the linear regression. The pH profiles of D ow were calculated for an aqueous solution with 10 mM perchlorate using the
values from Arnold et al.. Note that the octanol-water distribution at low pH is solely due to the distribution of the perchlorate complex.
Values of Dlipw are in units of L.kglip–1, values of Dow are L.L –1. However, because the density of liposomes is almost 1 L.kglip–1, a direct
comparison of Dlipw with Dow is possible.

The apparent liposome-water distribution ratios at the
respective pH, Dlipw , were obtained from sorption isotherms
established for the concentration range considered which were
determined by a linear regression.
Dlipw =

clip,tot  L 
cw,tot  kglip 

(4)

Note that data points at high TBT concentrations (i.e.
clip>0.1 mol.kg-1), above which saturation was observed, have
been excluded for the derivation of the isotherm. The
concentration range of the present experiments corresponds to
the concentrations, which caused effects on energy transduction
in chromatophores (Hunziker et al., 2001a) and are also typically
used in many other toxicity assays.
The simplest approach for a quantitative description of the
pH dependence of the liposome-water partitioning is to define a
pH-independent distribution ratio for each of the species of the
two TOTs. This approach presumes that the speciation of the
phosphatidylcholines does not change in the experimental pH
range. With a pKa of the phosphatidylcholine below 2 (Escher et
al., 2000b) this condition is fulfilled for most experiments and
accordingly the overall distribution ratio (equation 4) can then be
expressed as:

(

)

Dlipw = f (TOT + )w ⋅ Dlipw (TOT + ) + 1 − f ( TOT + )w ⋅ Dlipw (TOT − OH)

(5)
With the species distribution, Dlipw (TOT-OH) and
Dlipw(TOT+), ratios defined as:
c(TOT − OH)lip  L 
Dlipw (TOT − OH) =
c(TOT − OH)w  kglip 

(6)

c(TOT + )lip  L 
Dlipw (TOT ) =


c(TOT + )w  kglip 

)

(8)
+

Thus the distribution ratios of the TOT and TOT-OH were
derived from a linear regression.
As can be seen from Figure 2 (solid lines), the simple model
according to equation 5 describes the experimental Dlipw data in
both cases quite well. A more complex model, that accounts
additionally for the build-up of a potential at the membrane
surface due to the sorption of charged species (Escher et al.,
2000b), has also been applied on the present data set. The data
can successfully be described with this complex model.
However, due to the small concentration range available no definite information about the electrostatic effects and the
partitioning in the low concentration range could be deduced.
The following discussion is therefore restricted to the simple
model.
Inspection of Figure 2 reveals several important quantitative
findings. First, in contrast to the octanol-water distribution ratios,
Dow, the Dlipw values of both TBT and TPT exhibit only very
weak pH dependence. This means that the cationic species,
TOT+ , and the neutral hydroxo complex, TOT-OH, partition
very similarly into the liposomes. Second, the TOT+ species sorb
even somewhat more strongly as compared to the TOT-OH’s.
This is in strong contrast to the octanol-water partitioning of the
Table 1 Acidity constants, liposome-wter, chromatophore-water,
and octanol-water distribution ratios of TBT and TPT
TOT+
pKa, Dlipwa
L.kg –1
lip

TBT 6.25 4'100
TPT 5.20 70'000

and
+

(

Dlipw = Dlipw (TOT + ) − Dlipw (TOT − OH) ⋅ f (TOT + )w + Dlipw (TOT − OH)

(7)

f(TOT + )w = (1+10pH–pKa ) – 1 is the fraction of the TOT
compounds in the acidic (cationic) form. Rearrangement of
equation 5 shows a linear dependence of Dlipw on f(TOT+)w:

TOT-OH
Dcphwb
Dowc
–1
.
L kgcph
L.L–1
6’200
200
n. d.
50

Dlipwa Dcphwb Dowc
L.kglip–1 L.kgcph–1 L.L–1
2'000 500
12’300
22'000 n. d.
3’400

a
Dlipw(TOT+) and D lipw (TOT-OH) were determined by linear
regression of the apparent Dlipw values according to equation 8.
Dlipw values were determined by linear regression of the sorption
isotherm measured in presence of 10 mM perchlorate. bDcphw of
TBT were determined at pH=5.5 for TOT+ and at pH=8.5 for TOTOH. cDow was calculated for an aqueous solution with 10 mM
perchlorate using the values from (Arnold et al., 1997). Note that
the apparent octanol-water distribution ratio given for TOT+ is
almost solely due to the distribution of the perchlorate complex.
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tioning constants than the hydroxo complex of TBT and TPT. As
is evident from Figure 3, Dlipw(TPT-OH) is higher by a factor of
three compared to the prediction for phenols but the deviation
from the regression lines is not significant. D lipw(TBT-OH) is
smaller by a factor of five as compared to a phenol with identical
Kow. It can be argued that, due to steric reasons, TBT-OH cannot
be optimally accumulated into the hydrophobic core of the lipid
bilayer. However, this argument should also hold for TPT-OH.
Consequently, it seems reasonable to assume that sorption of
TPT-OH is enhanced by an additional mechanism, i.e. by
assuming that, in addition to hydrophobic partitioning, complex
formation with the phospholipids group may also occur for TPTOH.
In fact, using fluorescence probes covalently linked either to
the hydrophobic core or to the polar head groups regions of liposomes, Ambrosini found that TPT-OH altered the fluorescence
in both regions. A conceivable reason why such complex
formation could be favorable in this case is the possibility of the
stabilization of the OH– by electrostatic interaction with the
trimethyl ammonium group of the choline function.

logK lipw (L.kg lip-1 )

6
5
4
3
2
1
1

2

3

4

5

6

log Kow
Figure 3 Linear-free energy relationship between logKow and log
K lipw of the neutral species The LFER (eq. 9) was set up for 20
neutral phenols () (Escher et al., 2000b). The partition
coefficients of the hydroxide complexes of the TOT ( ) are
depicted for comparison.

two compounds where the neutral species partitions much more
favorably into the organic phase. A higher liposome-water
distribution ratio of the charged species as compared to that of
the neutral is also in contrast to findings with substituted
phenols, anilines and aromatic and aliphatic amines (Ottiger &
Wunderli-Allenspach, 1997; Escher et al., 2000b). Finally, over
the whole pH-range, TPT exhibits significantly higher D lipw
values than TBT, although the TPT species are less hydrophobic
(compare Dow-curve in Figure 2).
Table 1 summarizes the distribution ratios of the TOT+ and
TOT-OH species together with the corresponding Dow values. As
can be seen, Dlipw(TOT+) and Dlipw(TOT-OH) are about an order
of magnitude higher for TPT as compared to TBT. In the case of
Dlipw(TOT + ) this findings can be rationalized by the fact that
TPT+ forms a much stronger complex with oxygen ligands than
TBT+. For example TPT+ exhibits about one order of magnitude
higher complexation constant for OH– as compared to that of
TBT (K OH(TPT)=108.8, KOH(TBT)≈107.75; (Arnold et al., 1997)).
The same trend is found for carboxylate and phenoxide ligands
present in particulate and dissolved natural matter (Arnold et al.,
1998b; Berg et al., 2001). Furthermore the uptake of the TPT
cation by larval midge was found to be almost one order of
magnitude higher than the uptake of the TBT cation (Looser et
al., 1998; Looser et al., 2000). The toxic effect of TPT is
characterized by various forms of enzyme inhibition, while TBT
is acting rather by destroying the chemiosmotic proton gradient
(Hunziker et al., 2001a). Hence it seems reasonable to assume
that the sorption of the cationic species by the liposomes is
governed by complex formation with the phosphate groups and
not just by electrostatic interactions.
The results obtained for the neutral species are somewhat
more difficult to interpret. The striking feature is the much
higher sorption of the hydroxo complex of TPT as compared to
the one of TBT, which is in contrast to the octanol-water
partitioning behavior of the two species (Table 1). It is
instructive to compare these data with the partitioning behavior
of phenols. In a preceding study with the same type of
liposomes, (Escher et al., 2000b) have derived the following
linear free energy relationship (LFER) for the neutral species of
substituted phenols:
log Klipw = 0.78 ⋅ Kow + 1.12 (r 2 = 0.92, n = 20)

(9)

The LFER of eq. 9 is shown in Figure 3 and includes
compounds with similar or even higher octanol-water parti-

Chromatophore-water partitioning
In contrast to the phosphatidylcholine liposomes the surface
of biomembranes are generally negatively charged at neutral pH.
For the chromatophores used in this study, the surface potential
was found to decrease almost linearly from 0 mV at pH=5.5 to
–97 mV at pH=7.8 (Matsuura et al., 1979). Figure 4 shows the
chromatophore sorption isotherms determined for TBT at three
pH values. The intercept of the linear regression clearly deviates
from zero. A hypothesis to explain this finding might be the
presence of sorption sites with high affinity that are saturated
already at lower concentration. At higher concentrations, the
remaining ligands appear to be more similar in their affinity,
resulting in the observed linear sorption isotherm. Apparent distribution ratios in Table 1 represent the slope of the isotherm
either at pH=5.5 for TBT + or at pH=8.5 for TBT-OH.
Consequently, the contributions of the high affinity sites (axis
intercept) are not explicitly represented in Dcphw.
Chromatophores contain only about 30% lipids. If sorption
occurred primarily into the lipid bilayer, and if any charge did
not have a significant effect on the process, chromatophorewater distribution ratios of only about one third of the corresponding liposome-water distribution ratios would be expected.
This has been found for the sorption of neutral as well as of
anionic phenolic species (Escher & Schwarzenbach, 1996), and
seems to be the case also for the neutral TBT-OH species (Table
1). However, for TBT at lower pH values, where the overall
partitioning to chromatophores is governed by the sorption of
TBT+, D cphw is even larger than Dlipw (Figure 2-A and Table 1).
This suggests that in the chromatophores a significant number of
ligands, which are probably present in the protein fraction, e.g.,
phosphate groups, are available for the sorption of TBT+. From
the results of the few measurements made in this study, it is,
however, not possible to identify and quantify these sites.
Farrow have investigated triethyltin binding to mitochondria
at pH=7.6, pH=6.1 and pH=5.7 by Mössbauer spectroscopy
which enabled investigation at low concentrations. Consistent
with the implication of the present work they found sorption to
high affinity sites at low concentrations and almost linear
isotherms for concentrations above 0.002 mol.kgprotein–1. Further
consistent with the present findings, distribution ratios decreased
with increasing pH (Farrow & Dawson, 1978).
Chromatophore-water distribution experiments were not
performed for TPT because the dominant toxic effect of TPT on
energy transduction is the inhibition of the ATPase, whereas
TBT destroys the electrochemical proton gradient by two
different mechanisms (Hunziker et al., 2001a). Therefore the
distribution into biomembranes is relevant for the explanation of
the toxic effect of TBT while for TPT specific binding studies to
enzymes and proteins would be of higher interest.
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Chapter 9
Mechanistic studies on baseline toxicity
and uncoupling as a basis for modeling
internal lethal concentrations in aquatic
organisms
Beate I. Escher• and René P. Schwarzenbach
Mechanistic studies on membrane toxicity are reviewed and linked to effects observed in-vivo. Time-resolved spectroscopy on energytransducing membranes is an in-vitro test method that provides information on the toxicodynamics of membrane toxicity, namely
baseline toxicity and uncoupling. Without blurring effects of the toxicokinetic phase, the intrinsic potency of membrane toxicants can
directly be determined thus allowing the development of a classification system to distinguish between baseline toxicity and
uncoupling. Toxicity data of known baseline toxicants and of substituted phenols from literature are reevaluated in light of the
information obtained from the mechanistic test system. Exposure-based effect data (aqueous effect concentrations) of substituted
phenols (baseline toxicants and uncouplers) from various aquatic organisms (bacteria, protozoa, algae, daphnids, fish) are compared to
the corresponding effect concentrations expected from baseline toxicity. The results of the comparison support the view that the
membrane is the primary target site for acute toxicity of substituted phenols in aquatic organisms. The classification into baseline
toxicants and uncouplers based upon the criteria derived from the mechanistic test system is correct. Nevertheless, the acute toxicity invivo cannot be correlated quantitatively to the mechanistic data presumably because bioaccumulation is not directly proportional to
intrinsic toxicity and the metabolic transformation is variable within the test set of substituted phenols. The pH-dependence of acute
toxicity is mainly determined by the pH-dependence of bioccumulation, the internal effect concentrations are virtually independent on
external pH. The internal effect concentrations, also called lethal body burdens or critical body residues, which are taken from the
literature or calculated from aqueous effect concentrations and bioconcentration factors, are related to membrane concentrations using a
simple three-compartment equilibrium partitioning model. The modeled membrane concentrations of non-polar and polar narcotics turn
out to be statistically indistinguishable, which is consistent with the findings from the mechanistic test system. The toxic ratios, i.e., the
excess toxicity of uncouplers in relation to their baseline toxicity, agree for most compounds upon comparison of the mechanistic test
system with the aquatic organisms thus confirming that uncoupling is the dominant mode of action responsible for lethality.

Introduction
Biological membranes are among the most important target
sites for toxic effects of hydrophobic pollutants on aquatic
organisms. The uptake of persistent hydrophobic environmental
pollutants occurs primarily into the more hydrophobic tissues, in
particular into membranes and storage lipids of the organisms.
Partitioning into membranes causes disturbances in the structure
and functioning of the membranes. This so-called baseline
toxicity, or narcosis, constitutes the minimal toxicity of any
hydrophobic pollutant.
There are several, partially contradictory, hypotheses on how
the molecular mechanism of narcosis works: the lipid partition
theory put forward by Meyer and Overton independently in 1899
(Meyer, 1899; Overton, 1901) found much support in later years
(for reviews see (van Wezel & Opperhuizen, 1995; Chaisuksant
et al., 1999; Antkowiak, 2001)). Partitioning of pollutants into
membranes causes membrane expansion or swelling, increase in
fluidity, lowering of the phase transition temperature, and ion
permeability of the membrane (van Wezel & Opperhuizen,
1995). A contrasting theory states that baseline toxicants interact
with specific receptors in the hydrophobic region of proteins
(Franks & Lieb, 1990). Furthermore, disturbances of lipidprotein or lipid-lipid interactions (Sandermann, 1993) or lateral
•

pressure changes (Cantor, 1997) were thought responsible for the
effects of baseline toxicants.
Despite the uncertainty about the exact mechanism(s), it is
clear that the toxic effect of baseline toxicants is more or less
constant for a given concentration or volume of pollutant in the
membrane (Abernethy et al., 1988). Hence, not the nature of the
toxicant but the fact that it is hydrophobic and present in the
membrane determines the effect. Therefore, baseline toxicants
act according to concentration addition in mixtures (Könemann,
1981a). This behavior in mixtures is of particular relevance
because 60 to 70 % of all industrial chemicals are baseline
toxicants (Nendza & Russom, 1991) and because even
specifically acting compounds, which are present below their
threshold of specific toxicity in a mixture, may contribute to the
cumulative baseline toxicity (Hermens & Leeuwangh, 1982).
In addition to baseline toxicity, hydrophobic ionogenic
organic compounds (HIOCs) with acidic or basic groups may
have additional toxicity by interfering with energy producing
processes. In energy-transducing membranes, HIOCs can
destroy ion gradients. In particular, weak organic acids can
short-circuit the proton cycle of oxidative and photo-phosphorylation through a protonophoric shuttle mechanism (Terada,
1990). The charged conjugated base migrates through the
membrane driven by the electrochemical proton gradient and
takes up a proton from the adjacent aqueous phase. The thus

Escher, B., Schwarzenbach, R. P. (2002), "Mechanistic studies on baseline toxicity and uncoupling as a basis for modeling internal
lethal concentrations in aquatic organisms", Aquat. Sci., in press.

82

Section 3 Membrane toxicity

formed neutral species diffuses back across the membrane to
restore the initial steady state of uncouplers in the membrane by
releasing the proton into the opposite aqueous phase.
Over the past decade, we have established a novel test
system, named Kinspec, to investigate the intrinsic uncoupling
activity of HIOCs (Escher et al., 1996; Escher et al., 1999;
Escher et al., 2001; Hunziker et al., 2001a; Schweigert et al.,
2001) and of baseline toxicants (Müller et al., 1999b; Escher et
al., 2002). This test system has particular advantages over other
in-vitro and whole-organism tests. The target site of the effect,
the energy-transducing membrane, is isolated in this test system
and the measured effects can be directly related to concentrations
in the membrane with appropriate membrane-water partitioning
experiments (Escher et al., 2000a; Escher et al., 2000b). Thus the
measurement of the intrinsic toxicity (toxicodynamic phase) can
be separated clearly from the toxicokinetic phase, i.e., uptake,
partitioning within the organism, metabolism, and excretion.
In the overview presented in this paper, we will use the
measures of intrinsic toxicity from these mechanistic studies as a
tool for the classification of chemicals according to their mode
of toxic action. Classification is a prerequisite for choosing the
appropriate predictive Quantitative Structure-Activity
Relationship (QSAR)(Hermens, 1989) and for characterization
effects in mixtures (Altenburger et al., 2000). Another goal of
this paper is to relate the effects in the toxicodynamic test system
to toxic effects observed in aquatic organisms. The estimated
critical membrane concentrations in aquatic organisms are
related to those in the in-vitro test system.

Classification of chemicals according to
their mode of toxic action
Verhaar and Hermens introduced a classification scheme for
groups of modes of toxic action based on the toxic ratio (Verhaar
et al., 1992). The toxic ratio TR is defined as the ratio of the
effect concentration (ECx) of a given endpoint x predicted for
baseline toxicity (ECx,baseline) to the experimentally determined
effect concentration (ECx,experimental) (equation 1). The endpoint
is for example lethality for 50 % of the test species (then the ECx
is termed LC50) or 50 % growth reduction (EC50).

TR =

EC x ,baseline
EC x ,exp erimental

(1)

Baseline toxicity can be predicted with QSARs, where the
ECx is related to a hydrophobicity descriptor, typically the
octanol-water partition coefficient Kow (equation 2 in Box 1).

If a compound was five to ten times more toxic than would
be predicted from a QSAR of non-polar narcosis (5 ≤ TR ≤ 10),
it was classified as polar narcotic. Compounds with a TR ≥ 10
were classified as reactive or specifically acting (Verhaar et al.,
1992). The group of specifically acting compounds, which
includes also uncouplers was not further refined in that study. If
a specifically acting compound additionally had a pKa ≤ 6.5, it
was classified as an uncoupler (Schultz, 1987). Flow-charts for
classification of baseline toxicants and uncouplers were prepared
by OECD-groups using structural criteria like the number of
chlorine substituents of chlorophenols etc. (OECD, 1995a).
Besides this statistical approach of classification, other
systems were developed. Physiological and behavioral responses
of fish, so called fish acute toxicity syndromes, allowed the
classification of chemicals into eight groups, among them nonpolar and polar narcotics and uncouplers (McKim & Nichols,
1994). Veith and Broderius used joint toxicity tests to distinguish
between non-polar and polar narcosis (Veith & Broderius, 1990),
and Wenzel et al. developed a mode-of-action based test battery,
which included the neutralred assay as indicator of baseline
toxicity and O2 consumption in isolated mitochondria as
indicator of uncoupling (Wenzel et al., 1997). More recently,
Russom et al. combined several classical classification methods
to predict modes of action with a computer-based expert system
(Russom et al., 1997). Alternative techniques applied in the
classification of chemicals include discriminant analysis,
quantitative molecular similarity analysis and neutral networks
(Basak et al., 1998).
The major ambiguity of the statistical approach stems from
the need for an appropriate QSAR equation. QSARs of baseline
toxicity usually use log Kow as the single physicochemical
descriptor. This parameter does not perfectly mimic the
properties of the target site, the biological membrane. Two
separate QSARS were obtained for more or less polar
compounds and therefore two classes of baseline toxicity were
defined, non-polar and polar narcosis (Verhaar et al., 1992;
Verhaar et al., 1996). The difference between polar and nonpolar narcotics is an artifact of an inappropriate QSAR descriptor
and disappeared when the membrane lipid (liposome)-water
partition coefficient, log Klipw, was used instead of log Kow (Vaes
et al., 1998b). In the following, we refer to “(general) baseline
toxicity” when both polar and non-polar narcotics are considered
together. In Box 1 details on the relationship between Kow and
Klipw are described, QSARs for non-polar narcosis from
literature are listed and converted to QSARs of general baseline
toxicity.
The error made by using log Kow is even more drastic for

Box 1
Relationship between QSARs of baseline toxicity based on Kow or Klipw as descriptor
Toxicity QSARs with Kow as descriptor (eq. 2) can be converted to QSARs with Klipw as descriptor (eq.4) through a Linear Free Energy
Relationship (LFER), which relates Kow to Klipw (eq. 3) (Vaes et al., 1997). This is demonstrated for 96-h LC50 towards guppy as follows:
QSAR
log (1/LC50) = a . log Kow + b

eq.
(2)

nona = 0.87

polar
b = 1.19

reference
(Könemann, 1981b)

polar
a = 0.75

b = 1.58

reference
data from
(Urrestarazu-Ramos
et al., 1998b)
(Vaes et al., 1997)

log Klipw = c . log Kow + d
(3)
c = 1.05
d =-0.32
(Vaes et al., 1997)
c = 0.90
d =0.52
log LC50 = a’ . log Klipw + b’
(4)
a’= 0.83
b’= 1.46
a’= 0.83
b’= 1.58
The agreement of eq. 4 for the two independent data sets, which stem from two different literature sources, is very good. The slopes a’ are
equal, the intercepts b’ differ by 0.12, which might be due to differences (size, age, lipid content) in the guppies used in the two different
studies. Hence it is possible to derive a general QSAR for baseline toxicants from QSARs of non-polar narcosis, which are available for
many aquatic organisms in the literature. They can be converted to a general baseline toxicity QSAR (eq. 4) with a’ = a/c and b’=b-a.d/c.
Organism
Vibrio fischeri
Tetrahymena pyriformis

QSAR for non-polar narcosis
log (1/EC50(M))= 0.83.log Kow+1.29
QSAR with Klipw is published

Chlorella vulgaris
Daphnia magna

log (1/EC50(M))= 0.95.log Kow+0.34
log (1/EC50(M))= 0.81.log Kow+0.34

reference
(Zhao et al., 1998)
(Schultz & Seward,
2000)
(Verhaar et al., 1999b)
(Zhao et al., 1998)

QSAR general baseline toxicity
log (1/EC50(M))= 0.79.log Klipw+1.54
log (1/EC50(M))= 0.68.log Klipw+1.42

eq.
(5)
(6)

log (1/EC50(M))= 0.91.log Klipw+0.63
log (1/EC50(M))= 0.77.log Klipw+1.89

(7)
(8)

The QSARs for general baseline toxicity are used throughout this paper for the estimation of the toxic ratios.

Chapter 9 Modeling effective membrane concentrations

83

Dorgw (pH) =

Cw,HA + Cw,A

Dorgw is calculated from the organic phase-water partitioning of the neutral species Korgw,HA and
of the charged conjugate base species Korgw,A and their fraction of neutral and charged species,
aHA and aA = (1-aHA).
Dorgw(pH) = aHA . Korgw,HA + (1-aHA) . Korgw,A
(10)
The fraction of neutral species is calculated from the pH and the acidity constant Ka.

α HA =

3

logD

2

logDorgw (pH)

Box 2
Partitioning of organic acids between octanol and water or biomembranes and water
Dorgw(pH) is the overall distribution ratio of the neutral (HA) and charged species (A) between
an organic phase (org), e.g. octanol (o) or membrane vesicles (liposomes, lip), and water (w) at
a given pH.
Corg,HA + Corg,A
(9)

1

0

1
1+ 10(pH−pKa )

logDow(pH)

-1
2

4

6

weak organic acids, which are dissociated to variable degrees
according to their acidity constant at ambient pH (Box 2). As is
illustrated in Figure 1A for the acute lethality towards guppy,
there are two separate QSARs for non-polar and polar narcosis if
log Kow is used as descriptor. The LC5 0 -values of the
chlorophenols fall into the group of the polar narcotics and PCP
is even on the regression line for non-polar narcotics if log Kow
is used as QSAR descriptor though these are strong uncouplers.
The only compounds with excess toxicity as compared to the
predicted baseline toxicity are the nitrophenols, i.e., 4NP and
Dinoseb.
Correcting for speciation by using the octanol water
distribution ratio Dow(pH 7) (Figure 1B), as was sometimes
proposed in the literature (Scherrer, 1984), is not appropriate
because the bulk solvent octanol is not a good surrogate for
membrane lipids (Escher & Schwarzenbach, 1996) (Box 2).
However, if the distribution ratio between liposomes and water
Dlipw(pH 7) is used as descriptor, all narcotics fall within one
QSAR (Figure 1C). Excess toxicity as compared to the baseline
QSAR in Figure 1C is observed for the nitrophenols and the
higher chlorinated phenols (number of Cl ≥ 3), which is in
agreement with the predicted intrinsic toxicity as is shown
below.
Exchanging descriptors is only half the story, though.
Charged molecules cannot penetrate biological membranes very
well. The more acidic a phenol is, i.e., the more it is dissociated
at ambient pH, the smaller is its bioconcentration factor (Kishino
& Kobayashi, 1995b). On the other hand, uncouplers are most
efficient at approximately equal concentrations of neutral and
deprotonated species in the membrane (Escher et al., 1999).
Hence, toxicokinetic and toxicodynamic effects are playing in

Dinoseb

The target sites of baseline toxicants are any biological
membranes and the target sites of uncouplers are energytransducing membranes common in bacteria, mitochondria, and
chloroplasts. In order to distinguish between the toxicokinetics
and the toxicodynamics, a test system is required that contains
only membranes and the energy-transducing system in a
functional entity. These requirements are met by
chromatophores, which are membrane vesicles, for example
from the purple bacteria Rhodobacter sphaeroides. Although
these membrane vesicles stem from a photosynthetic system,
they are representative for any energy-transducing membrane
because for uncoupling and baseline toxicity, only highly
conserved properties common to all energy-transducing
membranes are investigated.
In these chromatophores, the energy-transduction can be
induced by flashes of light of variable duration and the effects of
toxicants on the electron transfer chain can be measured with
time-resolved spectroscopy on the various cytochromes of the
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different directions. For a full mechanistic understanding of
membrane toxicity, the toxicodynamics must be separated from
the toxicokinetics. With the isolated energy-transducing
membranes of the Kinspec test system, one can directly
determine the intrinsic toxicity. In the following, a short
overview oft this test system is given and then a classification
system for baseline toxicants and uncouplers is proposed.
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A comparison of the pH-dependence of Dow versus Dlipw, exemplified by DNOC in the figure,
shows that the uptake of the charged species is underestimated in the octanol-water system.
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Figure 1 LC 50 in guppy of baseline toxicants (Urrestarazu Ramos et al., 1998b) and uncouplers (Saarikoski & Viluksela, 1981) plotted
versus (A) logKow (Schwarzenbach et al., 1993; Abraham et al., 1994; Escher & Schwarzenbach, 1996; Vaes et al., 1998a), (B)
logDow(pH7), and (C) logDlipw(pH7) (Gobas et al., 1988; van Wezel et al., 1996a; Vaes et al., 1998a; Escher et al., 2000b). Classification
into baseline toxicants (U ) and uncouplers (Q chlorophenols, z nitrophenols) according to Kinspec classification, differentiation into
non-polar narcotics () and polar narcotics (U) according to (Verhaar et al., 1992). The full line corresponds to QSAR regression for nonpolar narcotics ((A) and (B)) or all baseline toxicants (C), the broken lines to the QSARs of polar narcotics ((A) and (B)).
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electron transfer chain (Escher et al., 1997b). Baseline toxicity
and uncoupling can be detected by observing the membrane
potential (Cramer & Crofts, 1982; Escher et al., 1996; Escher et
al., 2002). The carotenoids of the chromatophores exhibit a
potential-dependent electrochromic shift if they are exposed to
an electric field. This so-called carotenoid shift is directly
proportional to the membrane potential and can be monitored
through the absorption change at a characteristic wavelength
(503 nm). The membrane potential is affected not only by
uncouplers, which directly destroy it by transporting protons
across the membrane but it also detects the nonspecific
disturbance of the membrane structure as induced by baseline
toxicants that make the membrane to become more leaky (Escher
et al., 2002). Differentiation between baseline toxicity and
uncoupling is possible based upon the criteria listed below.
Briefly, for the determination of baseline toxicity and
uncoupling, a short flash of light induces single turnover transfer
of the electron transfer chain. In the dark, the electrochemical
proton gradient decays, and is monitored through the
measurement of the carotenoid shift. Uncouplers and baseline
toxicants accelerate this decay, which can be described by a
pseudo first-order kinetic rate constant kobs (Escher et al., 1997b).
We define the endpoint effect as the concentration of toxicant
needed to induce a kobs of 0.5 s-1 (Escher et al., 2002).
Note that in this system, a toxicodynamic effect is quantified
by a kinetic measurement. This has many advantages over steady
state measurements, such as speed and reproducibility.
Furthermore, the results are comparable with results from the
steady state as comparisons with experiments on mitochondria
and submitochondrial particles have shown (Escher et al., 1996).
Another advantage of the test system is that the measured effects
can be directly related to concentrations at the target site. The
membrane concentrations can be estimated from the nominal
concentrations, the amount of chromatophores and the liposomeand chromatophore-water distribution ratios (Escher et al., 1996;
Escher et al., 2000b). Since the set-up of the biotest is designed
to keep losses due to volatilization and sorption to the walls of
the test system to a minimum, no concentration measurements
need to be performed in the test system. There remain some
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Figure 2 The pH dependence of the relative uncoupling activity of
an uncoupler, expressed in units of kobs. Simulated curves for the
uncoupling model derived from the Kinspec experiments (Escher
et al., 1999). The solid line corresponds to the overall uncoupling
activity, which is composed of the activity due to the dimeric
shuttle mechanisms (broken line) and the monomeric shuttle
mechanism (dotted line). The maximum of activity is around the
pKa in the membrane of the given phenol. Narcosis is suggested
to play a role in the grey area (the importance of narcosis
increases with the darkening). The plot was generated for an
imaginary uncoupler. The membrane water coefficient used for the
neutral uncoupler and the corresponding base were 104 L/kg and
103 L/kg, respectively and the translocation rate constants in the
membrane of the neutral species, the corresponding base and the
dimer were set to 1000 s-1, 0.1 s-1, and 100 s-1 (see (Escher et al.,
1999) for equations and more details). The figure is modified from
(Schweigert et al., 2001).

uncertainties regarding the exact membrane concentration of
toxicants, which are discussed in detail elsewhere (Escher et al.,
2002).
The aqueous concentrations in the Kinspec system represent

Table 1. Physicochemical parameters, effective concentrations at pH 7 in the Kinspec system, and classification according to mode of
action of substituted phenols
Compound

abbr.

pKa

log Klipw,HA

log
Klipw,A

log(1/ECw
(M))
3.42 d
4.63 d
3.22 d
4.78 d
5.40 d
6.03 d
4.33 d
6.98 d
7.15 d
5.29 d
6.94 b,d,e
3.27 b

log(1/EClip
(mol/kglip)
0.64 d
1.08 d
0.65 d
1.03 d
1.66 d
1.90 d
1.15 d
2.34 d
2.92 d
1.74 d
2.58 b,d,e
0.61 b

TR
1.3
3.4
1.3
3.1
13
23
4.0
63
237
16
108
1.2

pH
n.d.
n.d.
n.d.
n.d.
n.d.
yes e
n.d.
yes e
yes e
n.d.
yes e
no b

classification
b
u
b
u
u
u
u
u
u
u
u
b

2-Chlorophenol
2CP
8.56 a
2.79 a
0.92 a
a
a
2,4-Dichlorophenol
24DCP
7.85
3.59
2.69 a
2,6-Dichlorophenol
26DCP
6.97 a
2.87 a
1.43 a
3,4-Dichlorophenol
34DCP
8.59 a
3.76 a
2.85 a
3,5-Dichlorophenol
35DCP
8.26 a
3.76 a
2.85 a
2,4,5-Trichlorophenol
245TriCP
6.94 a
4.46 a
2.98 a
a
a
2,4,6-Trichlorophenol
246TriCP
6.15
3.99
2.50 a
3,4,5-Trichlorophenol
345TriCP
7.73 a
4.71 a
3.16 a
2,3,4,5-Tetrachlorophenol
2345TeCP 6.35 a
4.76 a
3.90 a
2,3,4,6-Tetrachlorophenol
2346TeCP 5.4 a
4.46 a
3.46 a
Pentachlorophenol
PCP
4.75 a
5.10 a
4.35 a
b
b
3,4,5-Trimethylphenol
345TMP
10.2
2.66
n.d.
3,5-Dibromo-4methylphenol
35DBC
8.28 b
4.51 b
3.18 b
6.41 b
0.54 b
24
n.d.
u
3,5-Dibromo-4hydroxybenzonitrile
Bromox
4.09 b
3.16 b
2.10 b
4.90 b
2.79 b
175
n.d.
u
4-Nitrophenol
2NP
7.08 c
2.72 c
0.95 c
4.00 d
0.54 d
9.9
n.d.
u
2,4-Dinitrophenol
24DNP
3.94 a
2.64 a
1.90 a
4.14 d
2.24 d
50
yes e
u
a
a
a
d
d
2,6-Dinitrophenol
26DNP
3.7
2.03
1.86
3.09
1.23
4.8
n.d.
u
3,4-Dinitrophenol
34DNP
5.48 a
3.17 a
1.90 a
4.84 d
2.76 d
165
yes e
u
2-Methyl-4,6-dinitrophenol
DNOC
4.31 a
2.76 a
2.35 a
4.75 d
2.40 d
72
n.d.
u
4-Methyl 2,6-Dinitrophenol
DNPC
4.06 a
2.34 a
2.26 a
3.42 d
1.16 d
4.1
n.d.
u
2-s -butyl-4,6-dinitrophenol
Dinoseb
4.62 a
3.96 a
3.35 a
6.39 d
3.04 d
312
yes e
u
a
a
a
d
d
2-t-Butyl 4,6-Dinitrophenol
Dino2terb
4.8
4.10
3.59
7.00
3.40
717
yes e
u
4-t-Butyl 2,6-Dinitrophenol
Dino4terb
4.11 a
3.81 a
3.23 a
4.28 d
1.05 d
3.2
n.d.
u
a
Data from (Escher et al., 2000b). b(Escher et al., 2001). c (Escher & Schwarzenbach, 1996). d (Escher et al., 1996). e (Escher et al.,
1999). n.d. = not determined, b = baseline toxicant, u = uncoupler.
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cytosolic concentrations in an organism. Biological organisms
are internally buffered and it is therefore not possible to
investigate the role of the pH on the toxic effect in-vivo but in
the Kinspec system the pH can be varied from 5 to 9, which
accomplishes a true change in speciation in the membrane and
allows the investigation of the role of speciation of uncouplers
for their potency (Escher et al., 1999).
The aqueous effect concentrations of baseline toxicants in
the Kinspec system, ECw, which correspond to aqueous internal
concentrations, are related to the liposome water partition
coefficients through equation 11 (Escher et al., 2002).
log (1/ECw(M)) = (0.93±0.06) . log Klipw + (0.66±0.17)
r2 = 0.952, n = 14, F = 280, s = 24

(11)

The effective membrane concentration of baseline toxicants
in the test system, EClip is fairly constant and amounts to 286
mmol.kglip-1 (upper 95 % confidence limit 468 mmol.kglip–1,
lower 95 % confidence limit 218 mmol.kglip-1) (Escher et al.,
2002).
Weak organic acids can now be classified as uncouplers if
•
they show a toxic response in the Kinspec system, and
•
they exhibit a toxic ratio ≥ 3 (3 corresponds to twice the
95 % confidence interval of the critical membrane
concentration of baseline toxicants), and
•
their activity is dependent on the pH.
The effect concentrations and toxic ratios of a series of
substituted phenols at pH 7 are listed in Table 1. Detailed
information about the pH-dependence of uncoupling that leads to
the category of pH-dependence is given in ref. (Escher et al.,
1999). In general, the pH-dependent curve of uncoupling activity
is bell-shaped with a maximum at equimolar concentrations of
neutral and charged species in the membrane (Figure 2). The two
peaks in Figure 2 refer to the two mechanisms of uncoupling,
with the left representing the contribution of the dimeric shuttle
mechanism, where the charged membrane-permeating species is
a dimer of phenol and its conjugate base, and the right peak
represents the monomeric uncoupling mechanism. Therefore the
effect data at pH 7 is not necessarily the effect at the maximum
of uncoupling activity and does not give a full picture of the
intrinsic toxicity of a given uncoupler but is representative of the
conditions inside an organism. Note, however, that cytosolic pHvalues are often slightly more alkaline than pH 7, e.g. pH 7.2 to
7.5 for fish (Clairborne, 1998) and 7.3 to 7.8 in algae (Küsel et
al., 1990) but the cytosolic pH is essentially independent on
external pH.
From Table 1 it can be seen that the mono-chloro- and the
methylated phenols are baseline toxicants. Also 26DCP is a
baseline toxicant while 24DCP and 34DCP are weak uncouplers.
Hence the substitution pattern plays a crucial role because it
influences hydrophobicity and speciation. Among the
compounds investigated, the strongest uncouplers at pH 7 are
Dinoseb and Dinoterb, followed by 2345TeCP and Bromox.
PCP is still 100 times more toxic than expected from baseline
toxicity. For chlorophenols, the TR increases with increasing
number of chloro substituents. Consistent with the conceptual
model of uncoupling (Escher et al., 1999), the compounds with
bulky ortho substituents are less effective than their
corresponding isomers with substituents in meta- and paraposition.
The information obtained from the mechanistic system is in
the following related to effects observed in-vivo. In the next two
sections, a comparison is made with reference to aqueous
exposure concentrations followed by an analysis of the internal
distribution of chemical in an organism.
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Comparison of TRKinspec from membrane
toxicity (Kinspec) with TRorganism of acute
toxicity data of HIOCs for different aquatic
organisms
The T R organism is calculated by LC50,baseline divided by
LC50,experimental (eq. 1). LC50,baseline is calculated from the QSARs
of baseline toxicity derived in Box 1. The same species,
endpoint, and exposure time were used in each comparison
unless otherwise indicated. In Figure 3A, the QSAR of baseline
toxicity in the Kinspec system is plotted and compared to the
experimental values for chloro- and nitrophenols. The analogous
plots were prepared for the bacterium Vibrio fischeri (Figures
3B), the protozoa Tetrahymena pyriformis (Figure 3C), the algae
Chlorella fusca (Figure 3D), the invertebrate Daphnia magna
(Figure 3E), and the fish Poecilia reticulata (Figure 1C).
The 30-min bioluminescence inhibition test with Vibrio
fischeri (Microtox or Lumistox test) is one of the most popular
and fast screening assays. The effect concentrations from the
Kinspec-system extend over four orders of magnitude (5.10-8 to
10-4 M), while the Microtox data for various chloro- and
nitrophenols (Schüürmann et al., 1997; Grimme et al., 1998) are
all within the same order of magnitude. The most hydrophobic
phenols, the 246TCP and PCP, do not have any excess toxicity.
In contrast, all nitrophenols have TRVibrio Fischeri -values in the
same range as in the Kinspec-system and could therefore be
classified as uncouplers. The invariance of the EC-values is
possibly an indication of a kinetic artifact. The decreasing
toxicity with increasing hydrophobicity might be caused by
slower uptake for the more hydrophobic compounds, i.e. that
these compounds are not in the steady state for biouptake within
30 min. An alternative explanation is that the short-term test of
Vibrio fischeri may not be affected by the uncoupling
mechanism of weak organic acid because the membrane may not
be energized in Vibrio fischeri in the test with reconstituted
bacteria and a short test time of 30 min.
In population growth assays with Tetrahymena pyriformis
(Pirselova et al., 1996) and with green algae (Shigeoka et al.,
1988) as well as in lethality studies with daphnia (Nendza &
Klein, 1990; Cronin et al., 2000) and fish (Saarikoski &
Viluksela, 1981; Howe et al., 1994; Kishino & Kobayashi,
1995b; Kishino, 1996a), chloro- and nitrophenols behave
qualitatively as predicted from the classification by the Kinspecsystem. However, there is no quantitative agreement. While the
TR organism-values are similar to the Kinspec system for the less
hydrophobic compounds, the TR organism -values of the more
hydrophobic compounds are always smaller for the in-vivo data
than in the Kinspec system. All nitrophenols exhibit excess
toxicity in all organisms. In agreement with expectations from
the Kinspec system, 24DNP is a stronger uncoupler than 26DNP
but 34DNP, which is very active in the Kinspec system, is
comparable with other DNPs in toxicity towards Tetrahymena
pyriformis. The picture of the chlorophenols is less clear. PCP
has excess toxicity in Tetrahymena pyriformis, Daphnia magna,
and fish, but not in algae. In addition, the chlorophenols with
lower number of chloro-substituents did not show the expected
excess toxicity in Daphnia but agreed fairly well in the other test
systems.
Substituted phenols are metabolized quite readily in fish but
not in algae and bacteria. After 48 h, 84 % of 4CP and 73 % of
PCP but only 17 % of 4NP were metabolized to the
corresponding glucoronide or sulfate conjugate in zebra fish
(Kasokat et al., 1987). Therefore it is possible that in fish the
toxic ratio of chlorophenols is smaller because the formed
metabolites are less toxic. The observations for the other aquatic
organisms in Figure 3 cannot be interpreted easily. Metabolic
activity varies in the different organisms, which might explain
the variable effects. Alternatively, uptake and distribution can be
influenced by the pH. A conclusive analysis is therefore only
possible if measured internal lethal concentration or lethal body
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emphasizing that such a QSAR is hampered by the collinearity
of these descriptors for the test set of chlorophenols. Saarikoski
and Viluksela confirmed this view and proposed an empirical
formula for the prediction of the toxicity at any given pH that
contains a correction factor for the ionization (Saarikoski &
Viluksela, 1982). Schüürmann explicitly analyzed the toxicity as
concentration additive effects of the two species (Schüürmann,
1998).
However, some of these studies did not account for the fact
that biological organisms are buffered internally and that the pHdependence of toxicity is in fact a pH-dependence of the
bioconcentration. In addition, both neutral and charged species
have to cooperate for the uncoupling mechanism to be efficient,
neither of them is an uncoupler of its own (Escher et al., 1999).
Kishino and Kobayashi published a series of studies in the
mid-nineties, in which both bioconcentration and toxicity of
chlorophenols in goldfish were studied between pH 6 and 10
(Kishino & Kobayashi, 1995b; a; Kishino, 1996b; a). The
bioconcentration factor BCF decreased with increasing pH
(illustrated for PCP in Figure 4). Kishino and Kobayashi
postulated that only the neutral species could pass the gill
membrane. However, the pH-dependent bioconcentration curve
does not correlate directly with the deprotonation curve but is
somewhat shifted to the alkaline side (Saarikoski et al., 1986;
Kishino & Kobayashi, 1995b). Possible explanations for this
observation include a decreased pH near the gill surface caused
by a higher CO2 concentration due to respiration (Pärt, 1990). In

burdens are analyzed. Only then one can clearly distinguish
between toxicokinetic effects, e.g., due to different uptake rate
and metabolic activity, and differences in intrinsic toxicity.

pH-dependence of the uncoupling activity
For uncouplers, uptake is diminished when an organic
compound is deprotonated (Kishino & Kobayashi, 1995b) but
the charged species plays an important role for the mechanism of
uncoupling (Escher et al., 1999). The interplay between these
two opposing effects has never been systematically investigated
but the pH-dependence of the uncoupling activity provides
valuable clues.
The exposure-based, i.e., aqueous effect concentrations of
uncouplers are strongly dependent on the pH of the experiment,
i.e. on the degree of dissociation (Fujita, 1966) and usually
increase with increasing pH. From a comparison of various
QSAR equations with a hydrophobicity term and an electronic
parameter, Fujita concluded that only the neutral species is
physiologically active. In contrast, Tabata postulated that the
neutral phenol and the deprotonated phenoxide are both active
and exhibit additive effects but he argued that the neutral species
is more toxic than the charged species, mainly because of its
higher uptake (Tabata, 1962). Könemann and Musch took up this
idea (Könemann & Musch, 1981), followed later by Schüürmann
et al. (Schüürmann, 1998). Könemann and Musch developed a
QSAR equation with log Kow and pK a as descriptors, while

6

A

Dinoseb

5

50

6
34DNP

DNOC

C

PCP

5

345TCP
log(1/IC (M))

log(1/EC(M))

7

6

B

PCP

2345TeCP
Dino2terb

Dinoseb

4
26DNP

24DNP

3

PCP

DNOC

5
log(1/EC 50(M))

8

24DNP
4
26DNP
3

34DNP

26DCP

345TMP

2CP

24DNP
4
3

2
345TMP
2CP
26DNP
26DCP
1

2

3

4

5

1

6

2

1

2

3

logDlipw(pH)

4

1

6

1

2

3

logDlipw(pH)

6

5

6

PCP pH6
PCP pH7.8

E

Dinoseb

5

6

3

log(1/EC 50(M))

PCP

24DCP
4NP
4CP

4

2CP

2
1

4

logDlipw(pH)

7

D
log(1/EC 50(M))

5

5

24DNP
pH6
pH7.8
pH9

PCP pH9

4

26DCP
2CP

3

1

2

3

4

logDlipw(pH)

5

6

2

1

2

3

4

5

6

logDlipw(pH)

Figure 3 The toxicity of various chloro- and nitrophenols, which act as baseline toxicants and as uncouplers, is plotted as a function of the
uptake into biological membranes as expressed by the liposome-water distribution ratio Dlipw at the given external pH. The symbols are
experimental values for Q chlorophenols and z nitrophenols and the lines correspond to QSAR equations for baseline toxicants in the
respective organism. Empty symbols refer to compounds that are classified as baseline toxicants in the Kinspec system, filled symbols
refer to compounds classified as uncouplers. (A) EC in the Kinspec system. (B) 30-min luminescence inhibitory concentration
log (1/IC50(M)) of uncouplers in Vibrio fischeri (Schüürmann et al., 1997; Grimme et al., 1998), baseline toxicity QSAR (5). (C) 96-h growth
inhibition log (1/EC50(M)) for Tetrahymena pyriformis (Schultz et al., 1986; Schultz et al., 1990; Pirselova et al., 1996; Schultz & Cronin,
1997), baseline QSAR (6). (D) 96-h growth inhibition log (1/EC50(M)) in different Chlorella algae (Hawby et al., 1977; Irmer et al., 1985;
Shigeoka et al., 1988), baseline toxicity QSAR (7) for Chlorella vulgaris. (E) 24/48-h immobilization log (1/EC50(M)) for Daphnia magna
(Nendza & Klein, 1990; Cronin et al., 2000), baseline toxicity QSAR (8).
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ILC50 = LC50 . BCF

(12)

Both calculated and measured internal lethal concentrations
ILC50 in gold fish were fairly constant at all pH values for PCP
(Figure 4), but also for all other chlorophenols within each pH
series for a given compound (Kishino & Kobayashi, 1995b;
Kishino, 1996a). PCP and other uncouplers had ILC50, which
were 5 to 7 times lower than the monochlorophenols, which act
as baseline toxicants.
In conclusion, consideration of the aqueous effect
concentrations does not allow a final conclusion that membrane
toxicity can be considered the cause of the lethality in all aquatic
organisms. It is necessary to look at the target site concentration
and pH inside the cell to understand the mechanisms of toxicity.
The pH-dependence of the intrinsic toxicity can only be tested
with in-vitro test systems like the Kinspec system because of the
buffer capacity of aquatic organisms. Below we will develop a
model to estimate the effective membrane concentrations of
baseline toxicants and uncouplers.

Modeling of the effective membrane
concentrations of baseline toxicants
Measurement of the baseline toxicity in the Kinspec system
has revealed that the effective membrane concentrations,
IECmembrane lipid, are similar for non-polar and polar narcotics
(Escher et al., 2002). Measured whole-body ILC50 in fish are by
a factor of 2 to 5 lower for polar narcotics than for non-polar
narcotics (McCarty et al., 1993; van Wezel et al., 1995b). Van
Wezel and Opperhuizen has put forward the hypothesis that the
difference between polar and non-polar compounds is due to
unequal partitioning into the target lipids of the biological
membrane, whose head group region has a strongly bipolar
character (van Wezel & Opperhuizen, 1995).
Van Wezel and coworkers developed a simple threecompartment equilibrium-partitioning model to estimate
membrane burdens of chlorophenols (van Wezel et al., 1995b).
The model compartments consisted of 95 % aqueous phase
(fw = 0.95) and 5 % lipoid phase. Partitioning to proteins and
other hydrophobic macromolecules was neglected. 75 % of the
lipids were assumed to be neutral storage lipids (fstorage lipids =
0.0375) and 25 % were polar lipids, i.e., mainly the lipid bilayers
of membranes (fmembrane lipids = 0.0125). Kow was used as
descriptor for membrane-water partitioning and the hexane-

4

logLC50, logBCF or log ILC50

addition, the BCF is also still significant at high pH, where the
charged species is absolutely dominant, i.e. the charged species
might additionally play a role in the uptake. This observation can
be rationalized considering membrane permeabilities deduced
from the kinetic uncoupling experiments (Escher et al., 1999).
The translocation coefficient of the charged species was 4 to 5
orders of magnitude smaller than of the neutral species but the
flux of the charged species can become significant under the
influence of a driving force (concentration or potential gradient).
The internal lethal concentrations ILC 5 0 (i.e. the
concentration inside the organism where 50 % of lethality
occurs, expressed in mol per kg body weight) were calculated
from LC50 and the BCF (eq. 12) (McCarty, 1986).
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Figure 4 pH-dependence of 5h-LC50 , S BCF and ILC50 of PCP
in goldfish (Kishino & Kobayashi, 1995b; Kishino, 1996a);  log
ILC50 values calculated by eq 12,  experimentally determined log
ILC50 values.

water partition coefficient Khw as descriptor for storage lipidwater partitioning. This simple model gave evidence that the
critical membrane concentrations are indistinguishable for polar
and non-polar narcotics. Vaes et al. improved the model by using
liposomes made from phosphatidylcholine as a surrogate for the
membrane lipids and octanol as a surrogate for the storage lipids
and obtained qualitatively similar results (Vaes et al., 1998b).
Liposomes are quite a good surrogate for biological membranes.
The neutral storage lipids, which are mostly made up of
triacylgycerols can be looked at as a predominantly apolar
solvent phase. An ideal surrogate would be olive oil or triolein
but there are too few literature data available. The next best
choice is alkanes, e.g. hexane or heptane, but not octanol, which
has a strongly bipolar character.
We remodeled the data of the two former authors and
additional data collected from the literature (see Table 2) with
Klipw as descriptor for target lipid-water partitioning and Khw as
descriptor for storage lipid-water partitioning. The mass balance
for the total internal effect concentration IEC is:

IEC = fw ⋅ IEC w + fmembranelipid ⋅ IEC membranelipid + fstoragelipid ⋅ IEC storagelipid
(13)
IEC is often called lethal body burden (LBB) or critical body
residue (CBR). Here IEC is used because it can clearly be related
to an endpoint, e.g., ILC50 is the total internal concentration at
the LC50 and INOEC is the internal concentration of the NOE
(no observed effect)-endpoint. In addition it is unambiguously a
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Table 2. Lethal body burdens (whole-body internal effect concentrations) and modeled concentration in membranes and storage lipids of
polar and non-polar narcotics.
Algae
log

log
Dow,pH7

Daphnia

Fish

log

Dhw,pH7 Dlipw,pH7

IEC50
(mmol/
kgwet weight)

Polar Narcotics

IECmembrane
lipid

IEC50
(mmol/

(mmol/kglip)

kgwet weight)

IECmembrane

IECstorage

lipid

lipid

ILC50
ILCmembrane ILCstorage
(mmol/
lipid
lipid
(mmol/kglip) (mmol/kglip) kgwet weight) (mmol/kglip) (mmol/kglip)

Phenol

1.45 a

-1.00 a

1.97 I

1.6 m

97

0.1

2.6 p,q

113

0.1

2-Chlorophenol

2.14 b

0.76 f

2.78 j

2.1 m

259

2.5

1.1 r,s

79

0.8

4-Chlorophenol

2.39

b

f

j

m

0.1

r,s

81

0.0

2-Chloroaniline

1.91 c

1.09 e

1.53 k

0.2 q

4

1.5

4-Chloroaniline

1.88 c

0.58 e

1.53 k

0.9 q

Nitrobenzene

1.85 d

1.46 a

2.01 d

3-Nitroaniline

1.37 d

-0.61 e

2.17 d

-0.40

d

2.96

2,4,5-Trichloroaniline

3.69

4-n-Pentylphenol

4.24 d

1.02 c

4.31 d

Aniline
4-Chloro-3methylphenol

0.90 d

-0.10 a

1.63 d

3.10 d

0.31 e

3.34 d

2-Phenylphenol

3.09 d

1.53 c

d

e

Quinoline

2.03

4.16

d

1.26

1.9

13 n
0.6

538

n

2.4 n

1.1

21

2.3

1.2 m

65

18

4.6 n

143

40.5

0.8 m

64

0.1

1.9 n

102

0.2

2.9 n

465

0.2

1.7 n

138

0.1

5.8 n,p,q

163

3.1

40
165

0.6 n

86

0.1

1.3 n

96

0.1

3.46 d

1.1 n

165

1.9

1.2 n

90

1.1

d

n

27

10.5

1.67

16 n

266

1070

0.8

Nonpolar Narcotics
1,2-Dichlorobenzene

3.43 e

3.59 g

3.61 g

1,3-Dichlorobenzene

3.53

e

g

g

1,4-Dichlorobenzene

3.44 e

3.70 g

3.57 g

e

g

g

3.81
4.15

3.71

1,2,3-Trichlorobenzene

4.05

1,2,4-Trichlorbenzene

4.00 a

4.30 g

4.20 h

1,3,5-Trichlorbenzene
1,2,3,4Tetrachlorobenzene

4.19 a

4.38 e

4.15 d

4.60 e

4.86 g

4.87 l

e

g

g

40

4.0 p,t,u,w

82

78

83

105

5.1 p,w

85

107

0.9 m

47

63

6.7 p,t,u,w

106

143

1.5
0.7

m,n

5.1 m,n

0.6

n

49

49

294

369

5.18

1,4-Dibromobenzene
1,1,2,2-Tetrachloroethan

3.79 e

4.33 h

4.30 h

2.39 a

1.99 e

2.39 l

0.9 m

66

26

2-Butoxyethanol

0.83 d

-0.70 e

0.60 d

3.7 o

14

0.7

3-Pentanol

1.21 d

-0.33 e

1.00 d

4.5 n

42

2.0

2.90

d

3.00

e

2.81

d

2.7 n

128

198

3.15

d

3.44

e

2.98

d

n

103

296

p-Xylene

5.26

42

m

Pentachlorobenzene

Chlorobenzene

5.32

4.15

0.6 m,n

10.9

n

701

3.4

39

45

5.9

p,v,x

117

117

6.9 x

115

144

30.5 p

400

679

3.8 v

77

75

3.6 p,v,x

65

75

3.4 t,u,w

65

70

9.7 p

134

208

1-Butanol
0.88 d -0.82 e 0.45 d
5.3 n
15
0.8
a
(Schwarzenbach et al., 1993). b (Escher & Schwarzenbach, 1996). c(Hansch et al., 1995). d(Vaes et al., 1998a). e(Abraham et al., 1994).
f
(Kishino & Kobayashi, 1995a). g(van Wezel et al., 1996a). h (Gobas et al., 1988). i(Miyoshi et al., 1987a). j(Escher et al., 2000a). kOwn
measurements, unpublished data. lKow. m Daphnia magna (Zhao et al., 1998). nChlorella vulgaris and Daphnia magna and references cited
herein (Urrestarazu-Ramos et al., 1998b). o Daphnia magna (Bringmann & Kuhn, 1977). pRainbow trout (Hodson et al., 1988). q Rainbow
trout (McKim & Schmieder, 1991). rGoldfish (Kobayashi et al., 1979). s Fathead minnow (van Wezel et al., 1995b). t Guppy (Sijm et al.,
1993). u Fathead minnow (Sijm et al., 1993). v Fathead minnow (van Wezel et al., 1995c). w Guppy (van Hoogen & Opperhuizen, 1988). x
Mosquito fish (Chaisuksant et al., 1997).

concentration (a burden can also be a dose) and it cannot
only mathematically, but also linguistically be easily converted
to IECstorage lipid and IECmembrane lipid. The concentrations in the
storage lipids and in the membrane lipids are then defined
according to equations 14 and 15.

IEC storagelipid =

IEC ⋅ K hw
fw ⋅ +fmembrane lipid ⋅ K lipw + fstorage lipid ⋅ K hw

(14)

IEC ⋅ K lipw

(15)

IEC membranelipid =

fw ⋅ +fmembrane lipid ⋅ K lipw + fstorage lipid ⋅ K hw

For fish, the lipid fractions proposed by van Wezel (van
Wezel et al., 1995b) were used. Varying the lipid fractions
according to the measured total lipid content of the fish, if

available, did not decrease the variance of the results. The
variability of the measured IEC50- and ILC50-values was even
larger than what could be explained by lipid content and because
there is both an intraspecies and an interspecies variation of the
IEC (van Wezel et al., 1995a; van Wezel et al., 1995c). In
addition, the exposure concentration and the exposure time
influence the ILC50 (Chaisuksant et al., 1997), however, here
only 96-h lethality tests were evaluated. For every species, the
reported mean value was used and an average was calculated if
data were available for several fish species. The ILC50-values
and the calculated concentrations in the two lipid compartments
are listed in Table 2 and the concentration ranges are depicted in
Figure 5. While the whole-body ILC50 are significantly smaller
for polar narcotics than for non-polar narcotics, there is no
difference in the ILC50,membrane lipid and the variance of the
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Figure 5 Comparison of ILC50 in fish expressed as total
concentration, and as concentrations in membrane and storage
lipids. The graph shows boxes, which extend from the 25 th to the
75th percentile, with a line marking the median. The whiskers
extend above/below to the highest/lowest value.

ILC50,membrane lipid is much smaller than for ILC50. In contrast, the
modeled concentrations in the storage lipids vary over 4 orders
of magnitude. The non-polar compounds partition much more
favorably into the storage lipids than the polar compounds.
While non-polar compounds are equally well distributed in both
lipid compartments, the polar compounds do not have a high
affinity to the storage lipids. Hence the difference in ILC50 of
polar and non-polar narcotics is an artifact due to uneven
distribution in storage lipids but not a difference in intrinsic
toxicity of the two groups.
The model can be extended also to daphnids and algae. For
Daphnia magna, there were not enough suitable IEC50 values
available in the literature, therefore IEC50 were calculated from
EC50 and the bioconcentration factor BCF (eq. 16). BCF-values
were calculated with a QSAR reported by Geyer et al. (Geyer et
al., 1991). Juvenile Daphnia magna contained 0.69 %
phospholipids and 0.89 % neutral lipids (Bychek & Gushchina,
1999). The few reported measured IEC50 in Daphnia magna
agreed with the modeled IEC50 (Pawlisz & Peters, 1993).
There were only four IEC50-values for algae reported for our
test set of compounds (Table 2); therefore, the data for non-polar
narcotics were complemented with measured IEC50 of PCBs in
Selenastrum capricornutum (Mayer et al., 1998). For algae, a
total lipid content of 1.45 % was assumed, all of which was
attributed to membrane lipids.
The calculations for daphnids and algae gave qualitatively
similar results to those in fish. A comparison of the IEC50,membrane
lipid of all organisms investigated with EClip for the Kinspec
system indicates that the critical membrane concentrations are
approximately equal in all organisms (Figure 6). Details of the
calculations and statistics are given in (Escher et al., 2002).
Note, however, that the toxicity endpoints are not directly
comparable. They range from lethality to growth inhibition and
the endpoint in the Kinspec system is not directly translatable
into survival. Nevertheless the agreement is sufficient to
conclude that indeed the membrane lipids are the target site of
narcotics and there is no distinction in effective target site
concentration between polar and non-polar compounds.

Figure 6 Comparison of IEC 50,membrane lipid (mmol/kg lip) of polar and
non-polar narcotics in algae (IEC50, membrane lipid
) daphnids (IEC50,
membrane lipid ) , fish (ILC50, membrane lipid) and in the Kinspec system
(EClip); p = polar, np = non-polar. For definition of boxes and
whiskers see legend to Figure 5.

Modeling of the effective membrane
concentrations of uncouplers
As shown above, the internal lethal concentration of
uncouplers in fish is independent of the pH of the external
aqueous medium. In this section, we extend the three-phase
partitioning model for baseline toxicants to uncouplers in order
to model the effective membrane concentrations of uncouplers
and to test the hypothesis that the protonophoric mechanism of
uncoupling as determined by the Kinspec system is responsible
for the toxicity in aquatic organisms. In fish, the pH of the blood
ranges from 7.7 to 8.0 in most species while the intracellular pH
ranges usually from pH 7.2 to 7.5 (Clairborne, 1998). Therefore
we assumed a constant internal pH of 7.4. Partitioning into the
membrane lipids was described by logD lipw (pH 7.4) and
partitioning into the storage lipids by the ion-corrected hexanewater distribution ratio Dhw(pH 7.4) (equation 16).
Dhw(pH) = αHA . Khw

(16)

Hence it was assumed that the phenoxide is taken up in
membrane lipids but not in storage lipids. It is known that the
distribution of phenoxides into octanol is about three orders of
magnitude smaller than into liposomes (Jafvert et al., 1990;
Escher & Schwarzenbach, 1996). In storage lipids, the difference
will even be larger due to the higher apolarity of the storage
lipids. Thus, the partitioning of the charged species can be
neglected. Consequently, the modeled concentrations of the
storage lipids were very small for the more acidic phenols that
are almost fully dissociated at pH 7.4. As expected, the modeled
membrane concentrations ILC50,membrane lipid decreased with
increasing intrinsic uncoupling potency of the substituted
phenol. The TR based on ILC50,membrane lipid correlated well with
the TR-values determined for the Kinspec system for the
chlorophenols with only one or two chloro-substituents and for
the two nitrophenols, whereas the TR were larger in the Kinspec
system that in the in-vivo data for the 245TCP, 2346TeCP and
PCP (Figure 7). Note that the values for the mono-chlorophenols
from the same data set, i.e. not from all fish data but only from
the data set of goldfish (Kishino & Kobayashi, 1995b; Kishino,
1996a), were used as ILC50,membrane lipid, baseline because the
standard deviations for the large dataset derived for various fish
(Table 2) species are rather large. Consequently, the standard
error of TR, which was calculated by error propagation, would
be unreasonably large. The means agree, however, between the
two data sets. The intrinsic toxicity of 245TCP and PCP was
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Conclusion
The mechanistic approach described in this paper provides
direct information on the mechanism of membrane toxicity and
gives an estimate of the intrinsic toxicity of a given pollutant. It
confirms the equal intrinsic potency of polar and non-polar
narcotics. A comparison with modeled effective membrane
concentrations in aquatic organisms gives clear evidence that the
mechanistic test system Kinspec is a very valuable method to
determine the toxicodynamics of membrane toxicity and to
distinguish between baseline toxicity and uncoupling. The
effective membrane concentrations of baseline toxicants are
approximately equal in algae, daphnids and fish and correspond
well to effective concentrations in chromatophore membranes of
the Kinspec system. With the exception of the 30 min Vibrio
fischeri test, uncoupling appears to be the determinant
mechanism of toxicity that leads finally to lethality in protozoa,
algae, daphnids, and fish.
With a modular extension of the test system, it is
additionally possible to detect inhibitions of the electron transfer
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underestimated by the modeled membrane concentrations by a
factor of 4 to 20, respectively. The membrane concentrations in
Daphnia magna, which were modeled with the data from Cronin
et al. (Cronin et al., 2000) and the same model and the lipid
contents described above for baseline toxicants, did also agree
well with the Kinspec system with the exception of PCP (Figure
7). It is possible that for these outliers the model is too simplified
and subtle differences in pH within the different internal
compartments should have to be considered in the model.
Alternatively it is possible that partitioning into other
hydrophobic phases (e.g. proteins) and into the storage lipids
plays a role for the higher chlorinated phenols, which are among
the most hydrophobic compounds in the test set. Consequently,
the modeled ILC50,membrane lipid might still overestimate the true
internal concentrations but the error is smaller as compared to
exposure-based concentrations.
Nevertheless, the agreement between modeled lethal
membrane concentrations in fish and effective concentrations in
the Kinspec system is sufficient to confirm that the substituted
phenols act according to the same mechanism in fish and
daphnia. Since baseline toxicity and uncoupling is clearly the
mechanism observed for substituted phenols in the Kinspec
system, we conclude that the experiments in the Kinspec system
are representative for the toxicodynamics in the investigated
aquatic organisms. Similar results are obtained from modeling
the pH-dependent acute toxicity data for green algae (H. Walter,
R. Altenburger, in preparation). Hence, interspecies variation is
due to variation of the toxicokinetic phase, while toxicodynamics
are equivalent for the three aquatic species (algae, daphnids,
fish) investigated.

Section 3 Membrane toxicity

Figure 7 Toxic ratios of chloro- and nitrophenols O TRKinspec and
derived from the modeled membrane concentrations in-vivo U
TRfish (Howe et al., 1994; Kishino & Kobayashi, 1995b; Kishino,
1996a) and { TRDaphnia magna (Cronin et al., 2000). Error bars
correspond to standard deviations calculated by error propagation
from the standard deviations of the modeled effect concentrations.

process (Escher et al., 1997b) and overall inhibition of the ATP
synthesis yield (Hunziker et al., 2001a). It is envisaged to extend
the principle of this approach also to other target site and modes
of toxic action, finally building an entire mode-of-action based
test battery.
In combination with uptake studies and toxicokinetic
modeling, the presented mechanistic test system is a suitable
basis for the development of novel mechanism-based risk
assessment tools. Such an extension would also allow one to
investigate the time-dependence of toxicity and poses the
opportunity to include chronic endpoints. In the meanwhile the
system can be used as a screening tool for the hazard
identification of environmental pollutants.
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Chapter 10
Membrane toxicity of linear alcohol
ethoxylates
Markus T. Müller, Beate I. Escher•, Alexander J B. Zehnder
The membrane toxicity of linear alcohol ethoxylates (single reference compounds and technical mixtures) was investigated with an invitro method based on time-resolved spectroscopy on energy transducing membranes. The non-specific membrane perturbation of
narcotic chemicals can be quantified by the degree of disturbance of build-up and relaxation of the membrane potential in membrane
preparations of the purple bacterium Rhodobacter sphaeroides. The effect concentrations obtained for this narcotic effect correlated
well with the results from various toxicity tests on whole organisms. In addition, the effect concentrations at the target site, the
biological membrane, were derived from the nominal effect concentrations using membrane-water partition coefficients. The test set of
linear alcohol ethoxylates comprised compounds with an alkyl chain length of 8 to 16 carbon units and 5 to 14 ethoxylate units
covering more than four orders of magnitude of hydrophobicity (expressed as octanol-water partition coefficient). All alcohol
ethoxylates exhibited their toxic effect at concentrations well below the critical micelle concentration. When comparing aqueous effect
concentrations, toxicity increased strongly with increasing length of the alkyl chain and showed a small parabolic dependence on the
number of ethoxylate units with a maximum at 8 ethoxylate units. With the toxic effect expressed in terms of membrane concentrations,
all alcohol ethoxylates exhibited similar activity in the concentration range typical for narcotic chemicals. The toxic membrane
concentrations of alcohol ethoxylates with 5 and ≥ 8 ethoxylate units were 200 and 60 mmole per kg lipid which correspond to the
critical body residues of non-polar and polar narcotics in fish, respectively. In addition, the toxic effects of mixtures of alcohol
ethoxylates were measured and could be modeled as the sum of activity of the single constituents, confirming the concept of
concentration additivity of compounds with the same mode of toxic action.

Introduction
Alcohol ethoxylates (AEO) represent the largest volume of
nonionic surfactants produced in Europe and the US (Talmage,
1993). Linear primary AEO are the predominant type because
they are readily biodegradable under aerobic conditions
(McAvoy et al., 1998). However, in wastewater treatment plants,
hydrophobic AEO may reach the anaerobic reactor adsorbed to
primary sludge, where they may pose problems due to
persistence and toxicity. In most studies, AEO were found to be
relatively recalcitrant to anaerobic biodegradation (< 60 %
within 30 days), and anaerobic biodegradation required long
adaptation periods (Steber & Wierich, 1987; Federle & Schwab,
1992; Müller et al., 1996). Because of their persistence under
anaerobic conditions, it is important to assess the toxic potential
of AEO.
The inhibitory activity towards bacteria in anaerobic sludge
(Müller, 1999) and the toxic effects upon higher organisms
(Lewis, 1991; Holt et al., 1992) have been studied extensively,
mainly with mixtures of AEO from commercial products.
However, there is only limited knowledge about the underlying
mechanism of toxicity and about how the structure of a given
AEO relates to its activity (Talmage, 1993).
Surface-active compounds interact with biological membranes. At low concentrations of surfactant, the monomer
adsorbs onto and absorbs into the membrane, causing the
permeability of the membrane and the transmembrane solute
transport to increase (Florence et al., 1984; de la Maza et al.,
1991; de la Maza & Parra, 1996). At higher concentrations the
lamellar structure of the membrane begins to disintegrate, and
the membrane-bound proteins become solubilized (Schöberl &
Scholz, 1993). This effect can be observed only at concentrations
higher than the critical micelle concentration (CMC), which
•

corresponds to the maximum concentration of monomers in
solutions above which micelles are formed.
For environmental toxicology, toxicity of AEO at
concentrations below the CMC is of major interest. Despite their
good aerobic biodegradability, linear AEO with an alkyl chain
length of C12 to C15 and an ethoxylation degree of 2 to 10 have to
be labeled as ‘dangerous for the environment’ because of their
high acute ecotoxicity (Kaluza & Taeger, 1996). Chronic
toxicity towards different aquatic organisms was found at
concentrations between 0.1 and 1 mg.L-1 (Lewis, 1991) with fish
being slightly more sensitive than daphnia and algae (Scholz,
1997). Toxicity towards aquatic organisms increased with
increasing length of the alkyl chain and decreasing degree of
branching (Kaluza & Taeger, 1996). In a homologous series of
linear AEO with constant ethoxylate (EO) chain length, highest
activity was usually found for C12 -alcohols with decreasing
activity towards lower and higher alcohols (Florence et al.,
1984). If the alcohol chain length was kept constant and the
number of EO units was varied, a parabolic relationship between
toxicity and lipophilicity was obtained with a maximum of toxic
activity at 10 EO units (Florence et al., 1984).
Commercial AEO products are mostly mixtures of AEO that
cover a certain range of alkyl chain length and a certain
distribution of EO units. Although, so far, no study has
systematically investigated the relationship between the toxicity
of pure compounds and mixtures of AEO, it was commonly
assumed that the overall effect of the mixture is the sum of the
effects of the single constituents (Roberts, 1991; Wong et al.,
1997). It is well accepted that the toxicity of a mixture of
compounds acting by the same mechanism can be described by
the concentration addition model (Hermens et al., 1985a).
Quantitative Structure-Activity Relationships (QSAR)
connecting the toxicity of AEO to the hydrophobicity of the
molecule, expressed in terms of the octanol-water partition
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Experimental

measurement cycle, 4 kinetic traces were averaged, each of
which consisted of the relative absorption change at 503 nm over
a 150 ms interval. The absorbance change at 503 nm is
proportional to the membrane potential (Junge & Jackson, 1982),
which accounts for the majority of the electrochemical proton
gradient in chromatophores (Melandri et al., 1984).
Compounds that disturb the membrane integrity and
functioning show two types of effects on the membrane
potential: The build-up of the membrane potential is decreased
and the relaxation of the membrane potential after a pulse of
light is disturbed. The main effect of non-specifically acting
compounds is the acceleration of the decay of the membrane
potential after its initial build-up. This decay was quantified as
the pseudo first-order decay rate constant (k o b s) of the
absorbance at 503 nm and hence of the membrane potential. The
value of kobs is normalized for the properties of a particular
chromatophore preparation by dividing each value of the kinetic
trace by the corresponding value of the control. More details on
the measurements are given by Escher et al. (Escher et al., 1996;
Escher et al., 1997b). The toxic endpoint chosen was the
effective concentration, EC, at which the half-time of decay of
the membrane potential was 500 ms. This endpoint was
validated earlier by comparison with various toxicity tests using
a set of substituted phenols (Escher et al., 1997b).
In addition, the decrease of maximum absorbance change
was used as second indicator of non-specific membrane toxicity.
The corresponding endpoint was the inhibitory concentration
IC20, at which the maximum of the membrane potential change
was 80 % of the control value. IC20 was chosen because the
conventionally used IC50-concentrations were so high that they
could not be reached in many cases or were above the CMC. In
addition, EC and IC20 lay typically in the same concentration
range.
Both EC and IC 2 0 were converted from nominal
concentrations, ECtot and IC20,tot to free aqueous concentrations,
ECw and IC20,w, and to membrane-lipid concentrations, EClip and
IC20,lip with the following equations (Müller et al., 1999a):

Chemicals

Cw =

coefficient (Kow) (Roberts, 1991; Roberts & Marshall, 1995;
Wong et al., 1997), were found to be very similar to the classical
narcosis-QSAR developed by Könemann for a set of 50
industrial chemicals that all act according to a non-specific
mechanism on biological membranes (Könemann, 1981b). From
this comparison it was concluded that AEO act also according to
non-specific narcosis. Other investigators proposed that AEO
act according to another distinct mechanism, the so-called
‘ethoxylate narcosis syndrome’ (Schüürmann, 1991).
The goal of the present study was to investigate
systematically the membrane toxicity of a series of single
reference AEO and compare them to the effect of two technical
AEO mixtures. The membrane toxicities were investigated with
time-resolved spectroscopy on energy-transducing membranes of
the purple bacterium Rhodobacter sphaeroides (Escher et al.,
1997b). This method was developed initially for the
simultaneous quantification of uncoupling of photophosphorylation and inhibition of the photosynthetic electron transfer
chain but it may also serve to detect non-specific effects on the
membrane integrity and functioning. The set-up of the test
system allows one to relate the toxic effect to the concentration
present at the target site, the biological membrane. Effective
membrane concentrations can be calculated from nominal
concentrations with liposome-water partitioning coefficients
(Müller et al., 1999a) and the membrane lipid content of the
energy-tranducing membranes. Sorption to the protein fraction
of this membrane is negligible as compared to sorption to the
lipid fraction, which has been shown earlier for a series of
neutral and charged hydrophobic compounds (Escher &
Schwarzenbach, 1996). The use of target-site concentrations is
advantageous over the use of nominal aqueous concentrations
because it allows one to compare the effective concentration in
this test system with lethal body burdens of non-polar and polar
narcotics. From this comparison, conclusions regarding the mode
of toxic action of AEO will be drawn.

Single linear alcohol ethoxylates with an alkyl chain length
of C8 to C16 and an ethoxylation degree of 1 to 9 mol EO per mol
alcohol were purchased from Fluka (Buchs, Switzerland). Two
higher ethoxylated alcohols (C14 E O 11 and C14 E O 14 ) were
obtained from J. Tolls (RITOX, Utrecht University, The
Netherlands). The technical mixtures of AEO were a gift from
Dr. W. Kolb Company (Hedingen, Switzerland): LA-C12/14EO5
and LA-C12/14EO10 have an average number of EO of 5 and 9.1,
respectively; both alkyl chains are >99 % linear, and have a
C12:C1 4 ratio of 7:3. The buffer used was MOPS (3-(Nmorpholino)propanesulfonic acid (pK a = 7.2)) from Fluka
(Buchs, Switzerland). Chemicals used for time-resolved
spectroscopy are described by Escher et al. (1997b).
Determination of the membrane toxicity
Membrane vesicles (chromatophores) of Rhodobacter
sphaeroides were prepared and characterized as described
previously (Escher, 1995; Escher et al., 1997b). The single-beam
spectrophotometer equipped with a flash excitation unit and
kinetic data acquisition capabilities is described elsewhere
(Escher et al., 1997b). The measurements were performed in an
anaerobic cuvette at a redox potential adjusted to 120 - 130 mV
with ferricyanide/dithionite and redox mediators (2,3,5,6tetramethyl-phenylene diamine, N-methyl phenazonium
methosulfate, duroquinone, 1,2-naphtoquinone, 1,4naphtoquinone) in 50 mM MOPS buffer containing 100 mM
KCl at pH 7. One measurement cycle was conducted without
AEO to obtain a control curve followed by several measurement
cycles with increasing AEO concentration. After each addition
of AEO, the system was equilibrated for 15 min. During one

C lip =

C tot

[lip] K lipw + 1
C tot − C w
[lip]

(1)

(2)

where Ctot is the nominal, Cw the free aqueous, and Clip the
membrane-lipid bound concentration. Klipw is the liposome-water
partition coefficient and [lip] corresponds to the concentration of
lipids in the assay, which is the product of the fraction of lipids
in the chromatophore membrane (~ 30 %), and the concentration
of chromatophores in the assay (typically 2.7 g.L-1). Sorption to
the proteins of the chromatophore membrane was assumed to be
negligible. This assumption was based on findings of an earlier
study in which liposome- and chromatophore-water partitioning
of substituted phenols were compared (Escher & Schwarzenbach, 1996).

Results and discussion
Effects of AEO on energy-transducing membranes
The short flash induced a biphasic rise of the membrane
potential, which was first fast, then slow (Figure 1a). The
membrane potential is directly proportional to the relative
absorbance at 503 nm (Junge & Jackson, 1982). The effect of
AEO was two-fold: the maximal build-up of the membrane
potential was reduced, and the decay of the membrane potential
was accelerated. Both effects can be interpreted as non-specific
perturbation of the membrane integrity. The reduction of the
maximum absorbance change was particularly pronounced for
the slower phase of the build-up of the membrane potential,
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Figure 1 Kinetic trace at 503 nm (each trace is the average of 4 measurement cycles), one single-turnover flash at t = 0, 2.7 g.L-1
chromatophores; (a) C14EO5 (A) control trace, (B) addition of 150 µM C14EO5 (kobs = 0.4 s-1, reduction of maximum of absorbance change
14 %), (C) nominal concentration of 250 µM C14EO5 (kobs = 2.9 s-1, reduction 26 %), (D) nominal concentration of 400 µM C14EO5
(kobs = 11.1 s-1, reduction 46 %). (b) technical C12/14EO10 (A) control trace, (B) addition of 100 µM C12/14EO10 (kobs = 0.2 s-1, reduction 32 %),
(C) nominal concentration of 300 µM C12/14EO10 (kobs = 1.2 s-1, reduction 54 %), (D) nominal concentration of 500 µM C12/14EO10 (kobs = 4.6 s1
, reduction 73 %).

Dose-response curves
When kobs is plotted against the nominal concentrations
(Ctot), three distinct dose-response curves were obtained (Figure
2a). The least hydrophobic C8EO5 was active in the millimolar
concentration range. Activity of AEO with 5 EO units and
C10EO8 occurred at tenfold smaller concentrations, and for the
remaining compounds the critical concentration dropped another
factor of five. The more hydrophobic compounds appeared to
show effects at even lower concentrations but no quantitative
correlation between Ctot and hydrophobicity was found.
Since the AEO investigated here cover more than three to
four orders of magnitude in hydrophobicity (expressed as Klipw
or Ko w, respectively), Ctot does not reflect the free aqueous
concentration Cw . Therefore, Cw was calculated from Ctot with
equation 1, and the resulting dose-response curves are plotted in
Figure 2b. The curve of the most hydrophilic compound is
hardly shifted because only a small fraction of AEO is taken up
into the membrane. The dose-response curves for the more
hydrophobic compounds are shifted up to three orders of
magnitude since these chemicals are removed to a large extent
from the aqueous phase due to sorption to the membrane. Plotted
on a linear scale, these curves are slightly non-linear but up to

kobs of 30 s-1 no saturation was observed (not shown). The order
of the curve is between 1 and 2 as deduced from the doublelogarithmic plot. No satisfactory results were obtained with a
second order polynomial fit. A threshold concentration, below
which no effect occurs is a more likely explanation of the non-
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which corresponds to electrogenic events in the bc1-complex of
the chromatophore membrane (Jackson & Crofts, 1971). This
reduction is presumably not caused by a direct interaction of
AEO with the membrane proteins, otherwise both phases would
be affected. It is more likely that a fraction of the electrons does
not reach the bc1 -complex because the quinone/quinol shuttle
between reaction center complex and bc1-complex (Snozzi &
Crofts, 1984) is disturbed by intercalation of the AEO in the
lipid bilayer.
The intercalation of AEO results in an increased
permeability to small charged solutes of the otherwise insulated
lipid bilayer. As a consequence the decay of the membrane
potential, expressed as kobs, is accelerated. The reduction of the
maximum absorbance was less pronounced, occurred at higher
concentrations, and was much less reproducible than the
acceleration of the decay of membrane potential. Hence, in the
following, we use kobs as indicator of the non-specific toxic
effect.
The kinetic traces of the technical AEO have a different
general appearance (Figure 1b). The reducing effect on the
maximum of absorbance was stronger than the effect on the
membrane potential. Possible interpretations of this finding are
discussed below in the section ‘Toxicity of commercial mixtures
of AEO’.
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10
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w

Figure 2 Dose-response curves of all single AEO investigated:
kobs is plotted against the (a) nominal concentration Ctot and (b) the
free aqueous concentration Cw; calculated with eq 1: C8EO5 , Q
C10EO5 ,
C10EO8 ,
C12EO5 ,
C12EO8 ,
C14EO5 ,
C14EO8 , x
C14EO11, + C14EO14, C16EO8.
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linearity. Some adsorption of AEO to the experimental devices
(cuvette, stirrer, electrode) cannot be excluded, though they were
made of glass and metal. In case of adsorption, Cw would be
overestimated.
A biphasic linear response with one line for concentrations
below CMC and one line above CMC did not explain the nonlinearity of the dose-response curves because the intersections
of the two regression lines are at concentrations that are two- to
ten-fold smaller than the CMC. The CMC-values were
calculated according to the method of Huibers (Huibers et al.,
1996) and might lack absolute accuracy but a deviation by a
factor of 10 is unlikely. Since it was not possible to find a
satisfying interpretation of the shape of the dose-response
curves, the effect concentrations (EC) for the endpoint decay
half-time of 500 ms (kobs = 1.46 s-1) were not deduced from an
analytical form of the dose-response curves but from a linear
interpolation between the nearest neighbors on the curves.
Development of QSAR

-log ECw(CxEO5)(M) = 0.87 (± 0.02) . log Klipw + 1.17 (± 0.05)
n = 4, R2 = 0.999, s = 0.029, F = 3564

(3)

-log ECw(CxEO≥8) (M) = 0.91 (± 0.02) . log Klipw + 1.62 (± 0.07)
n = 6, R2 = 0.999, s = 0.034, F = 3336

(4)

2

The conventional way to express effect concentrations is in
units of concentration in the surrounding aqueous phase. For
development of QSARs and comparison with data from the
literature, we therefore used ECw -values although more
mechanistic information can be deduced from effect
concentrations in the target site, EClip.
The ECw-values depended strongly on the hydrophobicity of
the AEO. Toxicity, expressed as -log ECw , increased linearly
with increasing length of the alkyl chain as is shown in Figure 3
for AEO with 5 and 8 EO units. The influence of the alkyl chain
length on the toxic effect was more pronounced than the
influence of the number of EO units. The AEO with 5 EO units
were only slightly less toxic than the ones with 8 EO units. The
plot of the toxicity as a function of number of EO-units, as

N is the number of data points, R corresponds to the coefficient
of correlation, s is the standard error and F is the F-observed
value.
QSARs with log Kow as descriptor (eq 5) were developed to
allow comparison with literature data although Klipw is a better
descriptor for the hydrophobicity of AEO in QSARs than the
octanol-water partition coefficient (Kow) (Müller et al., 1999a).
Log Kow was calculated with the fragment method (Hansch &
Leo, 1995) using the increment values of Roberts (Roberts &
Marshall, 1995). The two separate regression lines for EO5 and
EO≥8 of -log ECw versus log Kow are much closer to each other
than the regression with Klipw and are statistically not more
significant than a single QSAR. Therefore, just one QSAR
equation containing the entire test set of compounds was set up
(eq 5).
-log ECw (M) = 0.82 (± 0.06) . log Kow + 0.91 (± 0.28)

7

n = 10, R2 = 0.963, s = 0.206, F = 210

6.5
- log (ECw (M))

shown in Figure 4 for C14-AEO, is parabolic. Toxicity increased
from EO5 to EO8 , as it also did for C10 and C12-AEO, but
decreased again for higher EO numbers.
When plotting the effective concentrations (-log ECw)
against the liposome-water partition coefficients (Table 1), it
becomes evident that, although the toxicity increases as expected
linearly with log Klipw (Figure 5), two separate linear regressions
can be calculated for AEO with 5 EO units (eq 3) and AEO with
8 and more EO units (eq 4). These separate equations are
statistically more significant than a single QSAR with all
compounds (n = 8, R2 = 0.921, s = 0.303, F = 93).

(5)

This equation is very similar to the classical narcosis QSAR
(eq 6) that was derived by Könemann (Könemann, 1981b) for
the toxicity expressed in terms of LC50 (lethal concentration for
50 % of the organisms tested) of 50 non-polar industrial
chemicals towards guppy fish. Könemann’s QSAR has already
been applied to investigate the toxicity of nonionic surfactant
mixtures (Roberts & Marshall, 1995).

6
5.5
5
4.5

-log LC50 (M) = 0.87 . log Kow + 1.13

4
3.5
3
8
10
12
14
16
n (length of alkyl chain -(CH )- )

The similarity of eqs 5 and 6 demonstrates that the
experimental method presented here is suitable to estimate the
acute toxicity of nonionic surfactants. Direct comparison with

2 n

Figure 3 Effective concentration, -log ECw, as a function of alkyl
chain length at a constant EO chain length; EO5, EO8.
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7
6.5
-log (EC w (M))

6
5.5

-log (EC w (M))

6
5.5

4.5

5

4.5
4

5

4

3.5
6
8 10 12 14 16
n (number of EO units)

Figure 4 Effective concentration, -log EC w , as a function of
number of ethoxylate units for C14-AEO.

3
2

2.5

3

3.5 4
log K

4.5

5

5.5

lipw

Figure 5 Linear regression of -log ECw against log Klipw;
EO ≥ 8.
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Table 1 CMC, octanol-water, liposome-water partition coefficients, and toxicity of AEO
AEO

abbreviation

-log (CMCa
(M))

log KOWb

log Klipw

-log (ECtot
(M))

-log (ECw
(M)) e

-log (EClip -log (IC20,tot
(mol.kg-1)) e
(M)) f

CH3(CH2)7(OC2H4)5OH

C8EO5

2.11

2.67

2.24 c

3.08

3.14

0.90

3.19

CH3(CH2)9(OC2H4)5OH

C10EO5

3.11

3.75

2.97 c

3.50

3.75

0.78

3.49

CH3(CH2)9(OC2H4)8OH

C10EO8

2.98

3.45

2.55 c

3.84

3.96

1.41

3.52

CH3(CH2)11(OC2H4)5OH

C12EO5

4.11

4.83

4.01 c

3.66

4.63

0.62

3.85

c

4.24

4.74

1.32

3.92

CH3(CH2)11(OC2H4)8OH

C12EO8

3.95

4.53

3.42

CH3(CH2)13(OC2H4)5OH

C14EO5

5.11

5.91

4.86 c

3.65

5.43

0.57

3.82

CH3(CH2)13(OC2H4)8OH

C14EO8

4.93

5.61

4.45 c

4.25

5.63

1.18

4.03

CH3(CH2)13(OC2H4)11OH

C14EO11

4.74

5.31

4.12 c

4.23

5.30

1.18

4.03

CH3(CH2)13(OC2H4)14OH

C14EO14

4.56

5.01

3.94 c

4.12

5.04

1.10

3.95

CH3(CH2)15(OC2H4)8OH

C16EO8

5.90

6.69

5.45 d

4.24

6.61

1.16

3.85

a

Calculated according to (Huibers et al., 1996).
Calculated with the fragment method using the values of Roberts (Roberts & Marshall, 1995).
c
(Müller et al., 1999a).
d
Log Klipw of C16EO8 was estimated with the fragment method described in (Müller et al., 1999a), using the EO-fragment
-0.12 (± 0.05) and the -CH2- fragment +0.45 (± 0.06) starting with the log Klipw = 4.01 (C12EO5).
e
Calculated from ECtot and Klipw with eqs 1 and 2.
f
Nominal inhibitory concentration at which the build-up of the membrane potential is reduced to 80 % of the control value.
b

toxicity data from various organisms are given below in section
‘Toxicity of commercial mixtures of AEO’.
Schüürmann developed a toxicity QSAR of alkyl phenol
ethoxylates which is presented in eq 7. This equation fell in
between typical QSARs for non-polar and polar narcotics,
concluding that there exists another distinct mode of action,
“ethoxylate narcosis” (Schüürmann, 1991). It is interesting to
note that the QSAR equation for AEO (eq 5) is much more
similar to the one for non-polar narcotics (eq 6) than to the one
for alkyl phenol ethoxylates (eq 7).
-log LC50 (M) = 0.74 . log Kow + 2.01

(7)

More recently, Vaes et al. (Vaes et al., 1998b) showed for
non-polar and polar narcotics that the differences in toxicity
QSAR disappeared when using log Klipw as hydrophobicity
descriptor instead of log Kow. In contrast to these findings, the
confounding difference between AEO with EO = 5 and EO ≥ 8
only appears with log Klipw as descriptor. As a consequence, the
difference between the two groups cannot a priori be explained
by two different modes of action like non-polar and polar
narcosis. Thus, it is necessary to analyze the membrane

3
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-log (EC lip (mol kg ))
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3.5 4 4.5
log Klipw
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Figure 6 Linear regression of -log EClip against log Klipw;
EO ≥ 8.

EO = 5,

concentrations to get a clearer picture of the mode of toxic
action.
Critical membrane burdens of AEO
If the effect concentration is expressed in terms of membrane
concentrations, i.e. in units of mole per kg lipid, the activity of
the different AEO tested varied by less than one order of
magnitude as shown in Figure 6. There is again a distinct
difference between AEO with 5 EO and ≥8 EO-units. The
average EClip of CxEO5 is 200 ± 65 mmol.kglip-1, and the average
EC lip of CxEO ≥8 is 61 ± 15 mmol.kglip-1. There is a slight but
systematic decrease of toxicity with increasing alkyl chain length
or hydrophobicity. However, the magnitude of this trend is less
pronounced than the difference between the two classes of AEO.
Statistically, the two classes are significantly different as
indicated by a P-value of 0.01 (α = 5 %) obtained after
submitting the data to an analysis of variance.
Constant EClip-values are in line with the concept of “critical
body residues” of narcotics (van Wezel & Opperhuizen, 1995).
McCarty et al. (McCarty, 1986) pointed out that the toxicant
concentration at the time of death, called lethal body burden
(LBB) or critical body residue (CBR) is fairly constant for
narcotic chemicals. A lower CBR points to a specific mode of
action and CBRs are a means of distinguishing between nonpolar and polar narcosis (McCarty et al., 1993). The EClip of
CxE O 5 are in the range of the LBB of non-polar narcotic
chemicals in fish when both values are expressed in
concentrations in the lipid phase, and the EClip values of CxEO≥8
correspond to LBB of polar narcotic chemicals (Figure 7).
There is still debate over the question whether non-polar and
polar narcosis represent two different mechanisms or if the
difference is just an artifact of unsuitable descriptors. According
to van Wezel et al. (van Wezel et al., 1995b), the differences
between non-polar and polar narcotics can be explained by a
different partitioning between target and nontarget lipids. About
75 % of the total lipid content of a fish are non-polar storage
lipids (nontarget lipids), and the remaining fraction are polar
lipids, in particular phospholipids, that make up biological
membranes (target lipids). If only partitioning into target lipids is
modeled, CBR of non-polar and polar narcotics are almost equal
(van Wezel et al., 1995b; Vaes et al., 1998b). The results
presented here are not in agreement with this model because
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Table 2 Comparison of ECw to toxicity data for technical mixtures from the literature
Testorganism and test

reference

CH2-range EO range

equation

n

R2

eq

of AEO
10 - 14

4-8

- logEC50 = 1.33 . (-log ECw) + 1.08

5

0.976

(8)

(Wong et al., 1997)

10 - 14.5

5 - 13

- logLC50 = 0.79 . (-log ECw) + 2.44

9

0.902

(9)

Daphnia magna immobilization test (Wong et al., 1997)

10 - 14.5

5 - 13

- logEC50 = 0.86 . (-log ECw) + 2.30

9

0.941

(10)

8 - 12

4 - 20

- logEC50 = 1.22 . (-log ECw) – 1.30

5

0.914

(11)

rotifer toxicity test

(Morall et al., 1996b)

fathead minnow 96-h lethality test

inhibition test of motility of

(Baillie et al., 1989)

Toxicity of commercial mixtures of AEO
It is commonly accepted that the toxicity of narcotics in
mixtures is concentration-additive (Hermens et al., 1985a). The
concept of additivity has been applied successfully by Roberts
and Marshall (Roberts & Marshall, 1995) to describe the toxicity
of commercial mixtures of AEO but was never validated
experimentally for surface-active compounds. Here, the
hypothesis of additivity was tested in two ways: first, ECw values were calculated for various commercial mixtures and
were compared to toxicity data for different test organisms and
endpoints from the literature. Second, the activity of two
technical mixtures was determined with time-resolved spectroscopy on energy-transducing membranes.
Toxicity data for commercial mixtures and single AEO,

1000
or EC lip (mmol/kg lip)

different EClip-values were observed although our test system
contains only membrane lipids, i.e., target lipids.
Another possible explanation is a different distribution of
polar and non-polar chemicals within the membrane, with polar
chemicals accumulating at the lipid-water interface and nonpolar chemicals in the hydrophobic core of the membrane (van
Wezel et al., 1995b). This is a reasonable explanation for
amphiphilic molecules like AEO that have a very similar shape
to membrane lipids with a long alkyl chain and a large polar
domain, the EO-chain. It can be assumed that the AEO are
deeply intercalated in the hydrophobic core with their alkyl chain
and that the EO groups interact with the polar headgroups of the
phospholipids. A high number of EO, however, seems to be too
bulky to be fully integrated in the polar part of the membrane.
Therefore, AEO with a high number of EO (≥ 8) either disturb
the polar region of the membrane more strongly and are more
toxic than AEO with short EO chains, or the EO groups are
located at the surface of the membrane thereby disturbing the
access to the membrane.
Further work is required to elucidate fully the mode of toxic
action of non-polar and polar narcotics and the specific case of
amphiphilic surfactants. The test system presented here offers
many advantages over previous studies that were a combination
of fish toxicity studies with modeling efforts since our model
system is made up of only the target site lipids.

lethal body burden LLB (mmol/kglip)

Tetrahymena elliotti

100

10

polar
narcotics

nonpolar
narcotics

Figure 7 Comparison of lethal body burdens with EClip -values for
polar and non-polar narcotics;
ref. (Vaes et al., 1998b), n ref.
(McCarty et al., 1993), refs. (van Wezel & Opperhuizen, 1995;
van Wezel et al., 1995b),
this work, left CxEO≥ 8 , right CxEO5;
symbols represent averages, lines represent ranges.

which were not included in the test set of this study, were
selected from the literature (Baillie et al., 1989; Morall et al.,
1996b; Wong et al., 1997). Only those data were used where the
average alkyl chain length and the average number of EO units
or distributions thereof were given. The corresponding Klipwvalues of the single compounds were calculated with the recently
developed fragment method (Müller et al., 1999a), and Klipwvalues of the mixture with known distribution of ethoxamers
were calculated using the method of weighted average partition
coefficients (WAP) proposed by Roberts (Roberts et al., 1995)
EC w-values were calculated with the QSAR equations 3 and 4.
Correlations between the thus obtained ECw-values and toxicity
towards various organisms (eqs 8 to 11) are presented in Table 2.
The high to good quality of these correlations confirms on one
hand the concept of concentration additivity and proves on the
other hand that the in-vitro test system presented here is a valid

Table 3 Toxicity of technical AEO
AEO

a

Linearitya

C12:C14a

average
number of
EO a

log Klipwb

-log (ECtot (M)) -log (EC50 4d- -log (ECw (M)) d -log (EClip
(mol.kg-1)) d
anaerobic (M))

-log (IC20,tot
(M)) e

c

C12/14EO5

> 99%

7:3

5

4.50

3.75

3.92

5.18

0.69

4.40

C12/14EO10

> 99%

7:3

9.1

4.01

3.73

3.87

4.70

0.69

4.30

Information provided by Kolb AG, Hedingen, Switzerland.
Log Klipw of two components with C12- and C14-alkyl chain and the respective EO average of the given technical mixture were estimated
with the fragment method described in (Müller et al., 1999a), using the EO-fragment (-0.12 ± 0.05) and the -CH2- fragment (+0.45 ± 0.05)
starting with the log Klipw = 4.01 (C12EO5). The average Klipw of the mixture was computed after taking antilogs, multiplying by the fraction
in the mixture, summing up, and taking the logarithm.
c
(Müller, 1999).
d
Calculated from ECtot and Klipw with equations 1 and 2.
e
Nominal inhibitory concentration at which the build-up of the membrane potential is reduced to 80 % of the control value.
b
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tool to predict non-specific narcotic effects. The sensitivity of
this test is in the range of the acute toxicity tests. Our in-vitro
test method is less sensitive than the test of rotifer toxicity
(Morall et al., 1996b), 96-hours fatheat minnow lethality (Wong
et al., 1997), and 48-hours Daphnia magna acute toxicity (Wong
et al., 1997) but is more sensitive than the test of 48-hours fish
toxicity and daphnia toxicity (Schöberl & Scholz, 1993), and the
Tetrahymena motility test (Baillie et al., 1989).
Two technical mixtures of linear AEO, C12/14EO5 and
C12/14EO10, were tested directly with time-resolved spectroscopy.
The average composition of the alkyl- and ethoxylate component
and the results of the toxicity test are presented in Table 3. The
nominal effect concentrations ECtot agreed well with EC50-values
from 4-day toxicity experiments with anaerobic sludge (Müller
et al., 1996). When toxicity was expressed in terms of ECw , as
expected, C12/14EO5 was slightly more toxic than C12/14EO10.
Both were on the regression line for Cx EO5 (eq 3). Note,
however, the parabolic dependence of ECw from ethoxylation
degree with a maximum at approximately 8 EO units as shown
in Figure 4 for C14EOx. The data of the technical mixtures can be
qualitatively explained with such a parabolic curve.
Unfortunately, there are not enough single AEO available to
perform the experiment to quantitatively explain this
observation.
The membrane concentrations EClip were approximately
equal (206 and 202 mmol.kglip–1) and were typical for CxEO5 of
200 ± 65 mmol.kglip-1 that were classified as non-polar narcotics.
Taken the average composition of C12/14E O 10 , it should be
classified as polar narcotic. However, technical AEO contain 40
to 50 ethoxy-homologues including a certain fraction of lower
ethoxylated AEO and free alcohol which are more hydrophobic
and are expected to act as non-polar narcotics. Therefore one
should know the distribution of ethoxamers to draw any final
conclusion.
Whereas the EC-values of the technical products were a sum
of the single components, the build-up of the membrane
potential was affected differently by the single AEO and the
mixtures. The reduction of the build-up of the membrane
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potential to 80 % of the control value, as expressed by IC20,tot,
occurred at much lower concentrations for the technical mixtures
than for the single AEO. For the single AEO, there is an
approximately one-to-one correlation between log IC20,tot and
log ECtot (slope = 0.966, R2 = 0.423). The -log IC20,tot values for
the technical mixtures are about 0.5 units higher than expected
from the above correlation. This higher toxicity cannot be
explained by any known concept of mixture toxicity. It is more
likely that this observation is related to the broad EO distribution
of the technical products with a significant fraction of nonethoxylated alcohol, which may have different toxicological
attributes than the surface-active AEO.

Conclusion
The in-vitro assay presented here offers a fast and reliable
method to assess the membrane toxicity of the nonionic
surfactants AEO. The results obtained with this assay do not
only correlate well with acute toxicity tests using various
organisms but they also contain information regarding the mode
of toxic action of surface-active compounds. The series of linear
AEO investigated appear to act as either non-polar or polar
narcotics depending on the number of ethoxylate units. The
approach described here illustrates the need to combine toxicity
studies with the evaluation of bioavailability and target-site
concentrations (Escher et al., 1997a) in order to gain information
that can be generalized for and compared to other biological
systems.
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Chapter 11
Baseline toxicity (narcosis) of organic
pollutants and pharmaceuticals
determined by membrane potential
measurements in energy-transducing
membranes
Beate I. Escher•, Rik I.L. Eggen, Ulrich Schreiber, Zachariah Schreiber, Erika Vye, Bianca Wisner,
René P. Schwarzenbach
Baseline toxicity of a selection of industrial chemicals and pharmaceuticals is determined experimentally with a new in-vitro test
system (Kinspec) using membrane vesicles isolated from a photosynthetic bacterium, Rhodobacter sphaeroides. This test system is
selective and more sensitive than other mechanistic test systems for baseline toxicity. Since the tests system contains only the target site
for baseline toxicants, the biological membrane, effective target site concentrations can be directly related to observed effects by
combining the in-vitro test with membrane-water partition experiments. No differences were found between the effective membrane
concentrations of non-polar and polar compounds, confirming the earlier hypothesis that differences in lethal body burdens are
primarily caused by unequal distribution of the compounds between target and non-target lipids and not by different mechanisms. A
selection of pharmaceuticals with various specific modes of toxic action exhibited the same constant effective membrane
concentrations as found for pure baseline toxicants. In mixtures of four to six components, the pharmaceuticals were concentrationadditive with each other and with the pure baseline toxicants. A potential application of the proposed test system lies, therefore, in
assessing the cumulative baseline toxicity in complex environmental mixtures.

Introduction
Approximately 60 % of all industrial chemicals exhibit no
specific toxicity (Nendza et al., 1995). Nevertheless, if such
chemicals are persistent and bioaccumulating, they may pose a
hazard to the environment by acting as baseline toxicants
(Franks & Lieb, 1994; van Wezel & Opperhuizen, 1995;
Krasowski & Harrison, 1999; Antkowiak, 2001; Moody &
Skolnick, 2001). Although baseline toxicity, which is also often
referred to as narcosis, is the minimal toxicity a compound may
elicit, it is relevant for assessing the risk of complex mixtures in
the environment. In particular for mixtures of large numbers of
compounds, all of which are present below the threshold level of
specific toxicity, the underlying, cumulative baseline toxicity
might be determining the overall toxic effect (Könemann, 1981;
Hermens & Leeuwangh, 1982; Dyer et al., 2000).
A method that is able to specifically measure baseline
toxicity is therefore an important tool for the characterization of
effects of single compounds and of complex environmental
mixtures, in particular, within mechanism-based test batteries
(Wenzel et al., 1997). In this paper, a novel in-vitro method for
the determination of baseline toxicity is presented that uses
energy-transducing membrane vesicles (chromatophores)
isolated from a photosynthetic bacterium, Rhodobacter sphaeroides. The method described is a one application of a modular
test system that was developed to quantitatively evaluate different toxic mechanisms on energy-transduction, including inhibition of the electron transfer chain (Escher et al., 1997), uncoupling (Escher et al., 1996; Escher et al., 1997), inhibition of
•
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adenosine triphosphate (ATP) synthesis (Hunziker et al., 2001a),
and non-specific membrane toxicity of surfactants (Müller et al.,
1999). The partitioning of baseline toxicants into the energytransducing membrane causes the membrane to lose its
insulating capacity and to become permeable to small ions. This
disturbance of the membrane integrity can be determined quantitatively by following the membrane potential through
measurement of the absorbance change of the carotenoids in the
chromatophores, which is directly proportional to the membrane
potential (Cramer & Crofts, 1982).
The target sites of hydrophobic toxicants are biological
membranes, where non-specifically disturbance of membrane
integrity and functioning occur (van Wezel & Opperhuizen,
1995). Since the test system contains only biological membranes
and no non-target tissue like storage lipids, DNA, or soluble
proteins, it is also suitable to investigate the question of whether
there is a difference in effective membrane concentrations of
non-polar and polar toxicants. For a long time, it was commonly
accepted that non-polar and polar chemicals should be classified
in two different groups of mode of action, non-polar and polar
narcosis (Veith & Broderius, 1990; Verhaar et al., 1996), but
more recent work suggests that such a distinction is not justified
(van Wezel & Opperhuizen, 1995; Vaes et al., 1998b; Gunatilleka & Poole, 1999a).
The earlier distinction as two modes of action was based on
several observations:
i . Quantitative Structure Activity Relationships (QSAR) of
baseline toxicants with the octanol-water partition
coefficient (log Kow) as physicochemical descriptor yielded
two separate lines for non-polar and polar compounds
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(Veith & Broderius, 1990). However, octanol is not an
optimal surrogate to model biological membranes. Better
surrogates are membrane vesicles made up of phospholipid
bilayers, so-called liposomes (Vaes et al., 1997; Vaes et al.,
1998a; Escher et al., 2000b; Hunziker et al., 2001b;
Krämer, 2001). When the liposome-water partition
coefficient (log Klipw) is used as descriptor in QSARs of
toxicity, non-polar and polar compounds fall on one
regression line (Vaes et al., 1998b).
ii. Total concentrations in fish at the time of death, so called
lethal body burdens, were smaller for polar compounds than
for non-polar compounds (McCarty & Mackay, 1993;
McCarty et al., 1993; van Wezel & Opperhuizen, 1995; van
Wezel et al., 1995). However, modeling of the internal
distribution of the chemicals within a fish or other aquatic
organisms indicated that the concentration in the membrane
(target lipid) is uniform for non-polar and polar compounds
while the concentration in storage lipids (non-target lipids)
is much smaller for polar than for non-polar compounds
(van Wezel et al., 1995). The proposed test system offers
the opportunity to measure directly the effects in the target
site and can therefore be used to experimentally verify these
distribution models.
iii. Mixture toxicity studies (Broderius et al., 1995) as well as
behavioral and physiological studies (Bradbury et al., 1989;
Drummond & Russom, 1990; Russom et al., 1997) also
gave evidence of a distinction of non-polar and polar
narcotic mechanisms. The results of the present study will
also be discussed in the light of these earlier findings.
In the work presented in this paper, the baseline toxicity of 8
polar and 8 non-polar compounds has been evaluated. This test
set has been selected as a sample representing wide diversity
from a large database using on principle component analysis
(Urrestarazu Ramos et al., 1997) and has already been used in
detailed investigations of membrane-water partitioning (Vaes et
al., 1997; Vaes et al., 1998a), aquatic toxicity (UrrestarazuRamos et al., 1998; Urrestarazu-Ramos et al., 1999), and QSAR
studies (Urrestarazu Ramos et al., 1998; Vaes et al., 1998b). In
addition, we evaluated the baseline effects of 10
pharmaceuticals, most of which have been detected in the
aquatic environment (Ternes, 1998; Daughton & Ternes, 1999).
Each of these pharmaceuticals acts according to one or more
specific modes of toxic action. In the environment, these
chemicals are most likely present below their threshold for
specific effects, but they may contribute to the cumulative
baseline toxicity (Hermens & Leeuwangh, 1982; Hermens et al.,
1985). A series of mixture experiments was, therefore, also
conducted with the goal to test the hypothesis of additivity of
membrane concentrations of baseline toxicants.

Baseline toxicity
(additional chapter in habilitation thesis, not in submitted paper)
Baseline toxicity is believed to be a result of the nonspecific
disturbance of the membrane integrity and functioning as a result
of the partitioning of pollutants into biological membranes (van
Wezel & Opperhuizen, 1995). Baseline toxicity is a reversible
mechanism, i.e., before irreparable damage is done, an organism
brought into a clean environment can recover because
partitioning is a reversible process. In this regard, baseline
toxicity is directly related to the pharmacological mechanism of
anaesthesia or narcosis. Many conclusions drawn in
pharmacology are relevant for aquatic organisms and therefore
narcosis is a term often used in ecotoxicology, too. We avoid the
term narcosis or anesthesia because in pharmacology it is mainly
used in the context of nerve cells and specific interactions with
receptors. Ligand-gated ion channels are the most important
target sites for anesthetics in the mammalian central nervous
system because they play a key role in neuronal information
processing but at higher concentration, a variety of other
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hydrophobic sites are also affected (Franks & Lieb, 1994;
Krasowski & Harrison, 1999; Antkowiak, 2001; Moody &
Skolnick, 2001).
Even though quite a few studies have been conducted on
baseline toxicity in environmental sciences, there still remain
some unanswered questions. In particular, the question of the
underlying molecular mechanism of narcosis has not been
answered conclusively yet. It is commonly accepted that the
membrane disturbance is caused by accumulation of
environmental pollutants in hydrophobic phases within the
organism such as membrane lipids (van Wezel & Opperhuizen,
1995) although some alternative explanations such as specific
protein interactions have also been proposed (Franks & Lieb,
1990). As early as 1900, Meyer and Overton (Meyer, 1899;
Overton, 1901) developed the ‘lipoid theory of narcosis’
motivated by their observation that the narcotic activity of
organic compounds depends on their hydrophobicity. When the
narcotic effect is correlated with the octanol-water partition
coefficient (log Kow) as a measure of hydrophobicity, regression
lines are found to be significantly different for non-polar and
polar chemicals. From this finding it was concluded that two
mechanisms, i.e. non-polar and polar narcosis, could be
distinguished (Veith & Broderius, 1990; Verhaar et al., 1996).
However, later studies indicated that the difference between nonpolar and polar narcosis is only due to the inappropriate choice
of the molecular descriptor, the octanol-water partition
coefficient Kow, which underestimates the partitioning of polar
narcotic compounds between biological membranes and water
(Vaes et al., 1998b). With the liposome-water distribution
coefficient (log Klipw) instead of log Kow as descriptor, QSARs
fall on a single line for a series of polar and non-polar narcotics,
suggesting that there is a common mode of action for polar and
non-polar narcotics (Vaes et al., 1997; Vaes et al., 1998b).
Urrestarazu Ramos et al. proposed a mechanistic model of
baseline toxicity where the toxicant accumulates at the interface
between the membrane and the aqueous phase, which is
supported by molecular dynamics calculations and rationalizes
the importance of H-donor/acceptor interactions (Urrestarazu
Ramos et al., 1998a).
McCarty et al. (McCarty & Mackay, 1993; McCarty et al.,
1993) showed that narcosis is directly related to
bioaccumulation. The product of the bioconcentration factor
(BCF) and the lethal concentration in the aqueous phase (LC50)
was found to be constant for a large number of chemicals, and is
therefore commonly referred to as lethal body burden (LBB) or
critical body residue (CBR). Lethal body burdens determined for
a series of non-polar and polar narcotics differed significantly
(van Wezel & Opperhuizen, 1995), i.e., polar narcotic chemicals
appeared to have a higher intrinsic toxicity than non-polar
narcotics. However, van Wezel et al. (van Wezel &
Opperhuizen, 1995) postulated that the higher intrinsic toxicity
of polar narcotics is due to their different accumulation behavior
into non-target as compared to target lipids. In this case, the
overall concentration at the target site, i.e. the membrane, would
be the same for both non-polar and polar narcotic chemicals but
would differ in the non-target lipids. Until now, this hypothesis
could not be tested experimentally, since there was no test
system available that only contains target lipids. So far,
membrane concentrations have only been modeled via body
residues and assumed amount of target tissue (van Wezel et al.,
1995b; Vaes et al., 1998b).

Material and Methods
Chemicals
The compounds were purchased from the following
companies (purity in parentheses): Riedel-de Häen (Seelze,
Germany): p-xylene (≥ 99.9 %), nitrobenzene (≥ 99.9 %), 3nitroaniline (≥ 99 %), 2,4,5-trichloroaniline (≥ 98 %), 2-
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phenylphenol (≥ 99 %); Fluka (Buchs, Switzerland): 1,3,5trichlorobenzene (≥ 98 %), 2-butoxyethanol (≥ 99.8 %), 3pentanol (≥ 99.5 %), chlorobenzene (≥ 99.5 %), 1-butanol (UVspectroscopy quality), 1-hexanol (≥ 99.5 %), 4-n-pentylphenol
(≥ 99 %); Aldrich (Buchs, Switzerland): 2-nitrotoluene (≥ 99 %),
2-allylphenol (≥ 98 %), 4-chloro-3-methylphenol (≥ 99 %);
Sigma (Buchs, Switzerland): acetaminophen (≥ 99.7 %),
clofibrate (100 %), diclofenac (100 %), ethinylestradiol
(≥ 98 %), ibuprofen (100 %), propranolol (100 %); Supelco
(Bellefonte, PA, USA): 2,4,5-trichlorotoluene (neat); HoffmannLa Roche (Basel, Switzerland): diazepam (100 %). MOPS buffer
(3-(N-morpholino)propanesulfonic acid, p K a = 7.2) was
obtained Fluka (Buchs, Switzerland). The inhibitors antimycin
and myxothiazol were purchased from Sigma (Buchs,
Switzerland).
Time resolved photometry
The kinetic single beam spectrophotometer (Kinspec I)
developed for the concomitant measurement of uncoupling and
the inhibitory effect on the electron transfer chain (Escher et al.,
1997) can also be used for the determination of baseline toxicity.
Additionally, a second, newly developed photometer
(Kinspec II) exclusively measures the membrane potential.
Major advantages of this new instrument in comparison to the
original Kinspec I are a higher signal/noise ratio, a more
compact and robust design, as well as lower costs. Kinspec II
was developed on the basis of a PAM-101 Chlorophyll
Fluorometer (Heinz Walz GmbH, Effeltrich, Germany) in
conjunction with an Emitter-Detector Unit ED-101US (Heinz
Walz GmbH, Effeltrich, Germany), which was modified for the
purpose of split-beam 505 nm absorbance measurements. The
new system displays similar properties as previously described
single beam photometers (Klughammer et al., 1998;
Klughammer & Schreiber, 1998), which were developed for
measurements of P700 and P515 absorbance changes in isolated
chloroplasts. In the new system, a light-emitting-diode (LED)
with peak emission at 505 nm (type NSPE 590S, Nichia, Tokyo,
Japan) serves as the source of high frequency pulse-modulated
measuring light (100 kHz). The measuring light passes an
interference filter (505 nm, half-band-width 8 nm, Omega
Optical Inc., Brattleborro, Vermont, USA) before it is divided
into two beams by a beamsplitter. Part of the measuring light is
guided via a 10 x 10 x 100 mm quartz rod to the 10 x 10 mm
cuvette containing the sample, while another part is directed via
a flexible light guide to a reference detector. The measuring light
transmitted by the sample is guided via a second 10 x 10 x 100
mm quartz rod to the detector unit of the ED-101US. This unit
was modified for split beam measurements: The reference
detector, which consists of the same type of 10 x 10 mm PIN
photodiode as the transmittance detector (type S 1723,
Hamamatsu, Japan), is mounted within the same detector unit.
Transmittance and reference detectors are both protected by
short-pass filters (DT Cyan, Balzers, Liechtenstein). A conical
metal pin can be moved in and out of the reference beam, such
that transmittance and reference signals are equal. In this way,
the reference signal is used for compensation of the
transmittance signal. Hence, unavoidable fluctuations and drifts
of the measuring light LED, which are common to both signals,
are effectively eliminated in the difference signal. This is fed
into the detector-input of the PAM-101, where a high gainsetting can be applied in order to obtain high level difference
signals compatible with the A/D converter. A xenon discharge
lamp (XE-ST, Heinz Walz GmbH, Effeltrich, Germany) with 1
µsec half-width was applied for saturating single-turnover
flashes. A high power LED-Lamp (Heinz Walz GmbH,
Effeltrich, Germany) was used for inducing electron transfer
with saturating 1 ms light pulses. Control of the instrument, data
acquisition, and data analysis were performed with Labview,
version 6.0. (National Instruments).
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Determination of baseline toxicity
The majority of the baseline toxicants were measured with
the Kinspec I (Escher et al., 1997), all measurement with
pharmaceuticals and some baseline toxicants as well as the
mixture experiments were performed with Kinspec II. Although
the extent and the kinetics of the membrane potential differed
between the two systems, the resulting toxicant’s effect was
equivalent as a comparative validation of the new test system for
several baseline toxicants and uncouplers in both test systems
showed (data not shown).
All measurements were performed in the presence of a redox
buffer. In earlier studies, the experiments had been performed
with redox control under an argon stream (Escher et al., 1997;
Müller et al., 1999). This adaptation of the method became
necessary because of the higher volatility of the test chemicals as
compared to uncouplers such a substituted phenols and to
surfactants. Consequently the system had to be closed and
oxygen had to be allowed to be present. Although this adaptation
made the performance of an experiment much easier and faster,
it also has disadvantages because of the limited stability of the
redox buffer, which becomes reductively depleted causing the
ambient redox potential to decrease approx. 2 hr after the
beginning of the measurements.
Membrane vesicles (chromatophores) were prepared and
characterized as described previously (Escher et al., 1997). For a
given assay, frozen chromatophores were thawed and diluted to
a concentration of approximately 150 nM of reaction center in 2
to 5 ml of buffer containing 50 mM MOPS, 100 mM KCl, and
1 mM each of succinate and fumarate at pH 7 and an ambient
redox potential of approximately 30 mV in a precision cell
(1x1x6 cm) made of special optical glass closed tightly by a
screw cap with septum. Hence, headspace varied from 1 ml (for
the more volatile compounds) to 4 ml, to keep loss to the
headspace below 5 %. For example, up to 3 % of 1,3,5trichlorobenzene, the most volatile compound in the test set, and
5 % of p-xylene, a less volatile, but also less hydrophobic,
compound, were present in the headspace according to threephase equilibrium partitioning calculations (Schwarzenbach et
al., 1993). All other headspace concentrations were calculated to
be lower. All additions were made by injection through the
septum.
The chromatophore suspension was equilibrated in the
darkness with stirring for 30 minutes. Then 10 µM of antimycin
and 4 µM of myxothiazol (final concentrations, dissolved in a
total of 10 µL of ethanol) were injected through the septum and
equilibration was continued for another 30 min. Antimycin and
myxothiazol inhibit the cyt bc1-complex of the electron transfer
chain. They were added to avoid any interference due to possible
inhibitory activity of the cyt bc1-complex and to exclude the
slow phase of build-up of the membrane potential that could
interfere with the decay kinetics (Escher et al., 1997). Then a
control measurement of the absorbance change at 505 nm
(∆A505) was performed followed by incremental addition of
toxicant dissolved in buffer, ethanol or DMSO (only for the four
most hydrophobic compounds) and repetitive measurements of
∆A505. A maximum of 50 µl of ethanol or 35 µl of DMSO were
added, which by themselves at these concentration did not
exhibit any effect. The suspension was equilibrated after each
addition for 10 min. A measurement consisted of the following
routine: (i) stirrer off and measuring light on, (ii) 5 sec pause,
(iii) data read for 20 msec before flash, (iv) flash, (v) data read
for 150 msec after flash (vi) measuring light off and stirrer on,
and (vii) 1 min dark equilibration. Each measurement was
repeated four times.
For two compounds, 2,4,5-trichlorotoluene and chlorobenzene, we did not obtain an analyzable concentration-effect
curve. For these two compounds and also for 1,3,5-trichlorobenzene and p-xylene, i.e., for the four most hydrophobic and
most volatile compounds studied, a different experimental
design was used. The approximate EC was predicted from a
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experiments were conducted up to a kobs ≈ 5 s-1, but the less
hydrophobic compounds often reached only kobs ≈ 1 s-1. The
more hydrophilic compounds required very high aqueous
concentrations and sometimes precipitation occurred.
Unlike for uncouplers, for which a mechanistic model
determines the mathematical function of the concentration-effect
curve, there is no evident model to describe the concentrationeffect curves for baseline toxicants in the Kinspec system. For
surfactants, which also act as baseline toxicants, the
concentration effect curves were biphasic, most likely due to the
presence of micelles at higher concentrations and the EC was not
deduced from an analytical form of the concentration effect
curve but from a linear interpolation between the nearest
neighbors in the curve (Müller et al., 1999). Despite its
simplicity, the disadvantage of this approach are very large
confidence intervals of the interpolated concentrations.
Effects that are influenced by many independent factors,
each of which is ideally normally distributed, often show a lognormal and log-logistic distribution of responses. Such a
behavior results in a sigmoidal concentration-effect curve.
Equation 1 represents the log-logistic concentration-effect curve,

QSAR of the already obtained data. Consequently, an
experiment with this single concentration, but with an hour of
equilibration after addition of the compound, was performed.
The results did not differ between the two experimental designs.
This comparison assured that equilibration time did not produce
any artifacts, even for the most hydrophobic compounds.
For the mixture experiments, five separate 5 ml-vials were
prepared as controls and five vials each with the mixture
components in a total of 30 µL of DMSO added 30 min after the
initial equilibration started. After another 30 min of
equilibration, the measurement was performed. The n
components of a given mixture were present at 1/n of the
effective concentrations EC (for definition see below).
Liposome-water distribution ratios
Liposome-water distribution ratios at pH 7, log Dlipw(pH 7)
were determined for clofibrate, diazepam, and ethinyestradiol
with the Transil method (Escher et al., 2000a). Lipid bilayers
consisted of egg yolk phosphatidyl choline. Experimental details
are described in (Escher et al., 2000a).

Results and Discussion

k obs =

ln (∆A 505/∆A505,control )

Data analysis
Baseline toxicants exhibit two types of effects on the
membrane potential (Figure 1A): First, the build-up of the
membrane potential following a single turnover flash is lowered,
i.e., the maximum absorbance change at 505 nm is inhibited.
Second, the relaxation of the membrane potential after it has
reached its maximum is accelerated. The effect on the build-up
of the membrane potential is less sensitive to toxicants and less
reproducible than the effect on the decay kinetics (Müller et al.,
1999). Therefore, the decay of the membrane potential is used as
an indicator of the non-specific disturbance of the membrane
integrity. The decay of the membrane potential is accelerated in
the presence of baseline toxicants and this acceleration of decay
can be quantified by a first-order decay rate constant kobs (Figure
1A, inset), whose derivation is presented in ref. (Escher et al.,
1997).
The concentration-effect curves of the baseline toxicants of
the present study appeared like the lower part of a sigmoidal
curve as is depicted for butoxyethanol in Figure 1B. Typical

acceleration
of decay
rate

0

(1)

where log C refers to the decadic logarithm of the
concentration (Cw for aqueous concentration in units of M and
Clip for lipid-based membrane concentration in units of mol.kglipmax
1
), k obs is the upper limit of effect, and b1 and b2 are fitting
parameters for the slope and location of the concentration–effect
curve. However, due to the experimental limits of the Kinspek
system, we cannot reach high enough effects to see saturation,
even though in principle the effect cannot rise to indefinite but
has to have a certain limit. It was observed that activity
decreased or levelled off after approximately 2 hours of
measurement, but this is an artifact of the test system presumably
due to depletion of the redox buffer or other unstable
components of the redox system. However, for uncouplers that
are effective at much lower concentrations in the membranes, a
saturation of the concentration-effect curve was observed at kobsvalues of approximately 20 s-1 (unpublished data from our lab).
We therefore used a kobsmax = 20 s-1. A sensitivity analysis
showed that results were equal between kobsmax = 20 to 50 s-1 but
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Figure 1 (A) Typical raw data of experiments with Kinspec II shown for one control absorption trace and one absorption trace after
addition of 7.8 mM nitrobenzene. The two effects of baseline toxicants are indicated with arrows in the figure. In the inlay, the derivation of
the first-order decay rate constant kobs (in the example kobs = 2.9 s-1) is illustrated.
(B) Concentration effect curve for butoxyethanol. The symbols represent the experimental data points, error bars are standard deviations
of the measurements. The line is the fit of the data to the log-logistic model (equation 1).
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quality of the fit decreased at kobsmax -values below 15 s-1.
Alternatively, a probit-model, which is based on the log-normal
distribution and differs from the logistic distribution by slightly
narrower tails, yielded slightly worse quality of fits (data not
shown).
Since there is no upper limit of effect, an endpoint effect
concentration cannot simply be defined as 50% of a maximum
effect. The effect concentration EC was derived from the toxic
endpoint kobs = 0.5 s-1. In earlier studies, a toxic endpoint
representing a half-time of decay of 500 ms (i.e., kobs = 1.38 s-1)
was chosen (Escher et al., 1996; Müller et al., 1999). In this
study, a lower endpoint was chosen for two reasons: First, the
aqueous concentrations required to obtain the higher endpoint
are very large for the less hydrophobic compounds. Second, the
membrane concentrations for the new endpoint of kobs = 0.5 s-1
are the same magnitude as toxic membrane concentrations in
aquatic organisms (see below).
The effect concentration of the compounds in the membrane
lipids, EClip, and the free aqueous effect concentration, ECw ,
were calculated from the nominal effect concentration, ECtot, and
the liposome-water distribution ratio at the pH 7, Dlipw with
equations 2 and 3 (Table 1).

EC lip =

(2)

EC tot
1
+ [lip]
Dlipw

EC w =

EC lip

(3)

D lipw

where [lip] is the mass concentration of the membrane lipids
in the assay in units of kglip.L–1. Dlipw has the units of L.kglip-1 and
corresponds to the liposome-water partition coefficients Klipw for
the neutral compounds. For the weak acids and bases, Dlipw was
calculated from the liposome-water partition coefficients of
neutral and charged species and the acidity constants with the
equations derived in (Escher & Schwarzenbach, 1996) or
directly measured at pH 7 (Table 1).
For the conversion from nominal concentrations to
concentrations in the membrane, it was assumed that sorption to
the proteins of the chromatophore membranes and to the soluble
cytochromes was negligible. This assumption had been
confirmed earlier for a series chlorophenols with a log Dlipwrange of 2.5 to 5 at pH 7 (Escher & Schwarzenbach, 1996), and
should also hold for the compounds investigated here. Loss due
to sorption to the walls of the cuvette was minimized because
only glass was in contact with the solution, and the surface-tovolume ratio was kept small. The headspace was kept to a
minimum for the more volatile compounds (see experimental
section).
Non-polar versus polar narcosis
The effect concentrations EC w and EC lip of the 16 selected
non-polar and polar compounds are listed in Table 1. A single
regression line (eq. 4) is obtained when plotting the log ECw -

Table 1 Membrane-water distribution ratios and effect concentrations for the test set of baseline toxicants

Classa

log Dlipw

log(1/ECw
(M))

lower
95% CIb

upper
95% CI

EClip
(mmol/kglip)

lower
95% CI

upper
95% CI

df

sr

1,3,5-trichlorobenzene

np

3.95

4.06

4.32

3.84

770

429

1295

9

0.179

2-butoxyethanol

np

0.60

1.40

1.46

1.33

158

136

183

24

0.405

2,4,5-trichlorotoluene

np

4.77

5.21

n.d.

3-pentanol

np

1.00

1.59

1.68

204

309

17

0.532

chlorobenzene

np

2.81

2.93

n.d.

p-xylene

np

2.98

3.08

3.42

2.75

794

364

1704

4

1.522

1-butanol

np

0.45

1.21

1.26

1.17

172

154

190

14

0.265

1-hexanol

np

1.91

2.40

2.47

2.35

320

278

366

16

0.607

2-nitrotoluene

p

2.41

3.22

3.33

3.13

154

121

192

20

0.682

nitrobenzene

p

2.01

2.48

2.55

2.42

340

291

393

22

0.556

3-nitroaniline

p

2.17

2.56

2.64

2.48

409

339

493

21

0.567

2,4,5-trichloroaniline

p

4.16

4.57

4.62

4.52

387

345

438

28

0.311

4-n-pentylphenol

p

4.31

5.30

5.43

5.17

102

75

137

15

0.667

2-allylphenol

p

3.06

3.68

3.78

3.58

237

190

301

17

0.464

4-chloro-3-methylphenol

p

3.34

4.15

4.25

4.07

153

124

187

17

0.408

2-phenylphenol
p
3.46
4.37
4.43
4.32
123
108
139
17
Former classification: np = non-polar, p = polar. b CI = confidence interval c Degrees of freedom, here corresponding to number of
experimental data points minus one. d Standard deviation of the residuals sr= √ (sum of squares/ degrees of freedom).

0.323

a

361
1.50

251
756
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values against log Dlipw (Figure 2A).
.

log (1/ECw) = (0.93±0.06) log Dlipw + (0.66±0.17)
r2 = 0.952, n = 14, F = 280, s = 24

(4)

The effective membrane concentration, EClip is fairly constant
(Figure 2B) and amounts to approximately 300 mmol.kglip-1 (for
statistics see Table 2). Three values of the non-polar narcotics
are somewhat higher than all other values, but these values also
have very wide confidence intervals. In addition, the outliers of
the regression appear for more hydrophobic compounds
(log Kow ≥ 2.7), for which a distinction between non-polar and
polar narcosis is usually not observed (Veith & Broderius, 1990).
Despite the precaution to avoid losses to headspace and other
components of the test system it is possible that the variability of
the calculated EClip is partially due to experimental artifacts.
If the two groups of polar and non-polar narcotics are
analyzed independently, the EC lip of the non-polar compounds
are slightly higher than of the polar compounds but the
difference is not statistically significant. A one-sample t-test
showed that both polar and non-polar test set of compounds were
not significantly different from the overall median (P = 0.14 for
polar, P = 0.34 for non-polar), and the unpaired, non-parametric
Mann-Whitney test also revealed no statistical difference
between the two test sets (P = 0.11).
Our results, determined with a completely independent
method, further validate the hypothesis of Vaes et al. that the
difference between non-polar and polar narcotics is an artifact of
the inappropriate choice of the QSAR descriptor (Vaes et al.,
1998b). This is also corroborated by an analysis of the data using
the solvation parameter model (Gunatilleka & Poole, 1999a;
Goss & Schwarzenbach, 2001). This model describes the
partitioning between two phases (in our case between water and
octanol, liposomes, or biological organisms) with a cavity model
of solvation. A polyparameter Linear Free Energy Relationship
(LFER) links solute properties to system properties characteristic
for the partitioning process. Solute properties relevant for the

partitioning process include the molar volume of the compound,
Vx (cm3.mol-1), which is important for the size of the cavity to be
created in the partitioning medium. Parameters that describe the
solute-solvent interaction include the air-hexadecane partition
constant Kair/hexadecane (m3/m3), which describes the van der Waals
interactions, the solute’s dipolarity/ polarizability π H2 , the
solute’s effective hydrogen-bond acidity ∑ α H2 and the solute’s
effective hydrogen-bond basicity ∑ β O2 . Analysis of the solute
parameters of our test set (data from (Abraham, 1993; Abraham
et al., 1994; Gunatilleka & Poole, 1999a)) revealed that the Hbond acidity and basicity are not suitable discriminators for nonpolar and polar compound, although several studies have used
such parameters to bring QSARs of polar and non-polar
narcotics together (Dearden et al., 2000). The only discriminator
between the two sets is the π H2 descriptor. The polar narcotics
have a significantly higher π H2 -values than the non-polar
narcotics. Interestingly, the dipolarity/ polarizability-parameter
π H2 has a significant coefficient only in LFERs for Kow (Abraham
et al., 1994) but not in the equations for Dlipw and the aquatic
toxicity (Gunatilleka & Poole, 1999a). Hence, Kow is not
representative for biopartitioning, and, by deduction, neither
is π H2 .
The polyparameter LFER for the Kinspec data is given in eq.
5.
log(1 / EC ) = (3.99 ± 1.43) ⋅ Vx + (0.19 ± 0.36) ⋅ log K air / hexadecane
+ (−0.47 ± 0.67) ⋅ π H2 + (1.02 ± 0.37) ⋅∑ α H2
+ (−3.73 ± 0.50) ⋅∑ β O2 + (−0.59 ± 0.45)

r2 = 0.981, n = 14, F = 82, s = 22

(5)

This equation has solvent parameters (regression coefficients)
very similar to the LFER for Dlipw (eq.6). Eq. 6 is based on the
Dlipw-values for the compound set presented here; therefore there
are small differences to the published LFER for D l i p w
(Gunatilleka & Poole, 1999a).
log D lipw = (3.29 ± 0.82) ⋅ Vx + (0.26 ± 0.21) ⋅ log K air / hexadecane
+ (−0.61 ± 0.39) ⋅ π H2 + (0.58 ± 0.21) ⋅∑ α H2

Table 2 Effective concentrations in the membrane, EClip
(mmol/kglip)

all baseline
toxicants
non-polar
chemicals
polar chemicals
pharmaceuticals

lower
95% CI
218

r2 = 0.994, n = 14, F = 254, s = 23

upper
95% CI
468

median
286

mean
343

341

448

215

680

196
189

238
192

135
126

351
259

+ (−4.24 ± 0.29) ⋅∑ β O2 + (−0.32 ± 0.26)

Note that our data set contains only a very small number of data
points (n = 14). Therefore, the regression results have to be
interpreted with caution. However, the comparison of eq. 5 with
eq. 6 confirms that the target site of effect in chromatophores has
very similar properties to the lipid bilayer in liposomes. H-donor
functions slightly increase the toxicity while H-acceptor
functions strongly decrease the toxicity. Overall, the cavity term
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log((1/EC ) . (mol. kg -1))
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Figure 2 QSAR of (A) ECw and (B) EClip as a function of Dlipw. The line represents (A) a linear regression through all data of classical
baseline toxicants (eq. 4), (B) the constant EClip of 286 mmol/kglip; V non-polar compounds,W polar compounds,  pharmaceuticals.
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dominates the toxicity, i.e., the transfer from the aqueous phase
to the target site is the dominant process responsible for baseline
H
toxicity. The π 2 descriptor and the descriptor for van der Waals
interactions are not significant in both equations. These results
are in agreement with polyparameter LFER for acute toxicity
towards fish, daphnids, Vibrio fischeri and other short-term
bioassays (Gunatilleka & Poole, 1999a; Gunatilleka & Poole,
1999b).
The relatively constant effective membrane concentrations in
the Kinspec system are also consistent with the hypothesis of
van Wezel and coworkers that the difference in internal effect
concentrations between non-polar and polar compounds is due to
uneven distribution into target and non-target lipid tissue (van
Wezel et al., 1995). We have reevaluated the three-compartment
equilibrium-partitioning model proposed by van Wezel et al.
using liposomes as surrogates for the target lipids, the biological
membrane and hexane as surrogate for neutral storage lipids
(Escher & Schwarzenbach, 2002). For fish, 95 % of the body
weight was assumed to be aqueous phase, the remaining 5 %
lipids. The lipid compartment was split into 75 % storage lipids
and 25 % membrane lipids (van Wezel et al., 1995). Partitioning
to other material, e.g., proteins, was neglected. For daphnia, lipid
contents of 0.69 % membrane lipids and 0.89 % neutral lipids
were assumed (Bychek & Gushchina, 1999). For algae, no
storage lipids were included in the model. All data and the mass
balance equations are reported in (Escher & Schwarzenbach,
2002). The modeled storage lipid concentrations varied over
several orders of magnitude. The polar narcotics had
significantly smaller storage lipid concentrations than the nonpolar narcotics. In contrast, the effective membrane
concentrations were indistinguishable between non-polar and
polar compounds and did not vary much between the Kinspec
system and the three aquatic organisms, algae, daphnia, and fish
(Figure 3) (Escher & Schwarzenbach, 2002). Note, however, that
the endpoints in the four tests systems are not equivalent and
therefore not directly comparable.
One remaining inconsistency between results from the
literature and the present study is the behavioral and
physiological assessment of the responses of fish to baseline
toxicants (McKim et al., 1987a; McKim et al., 1987b; Bradbury
et al., 1989; Drummond & Russom, 1990; Bradbury et al., 1991;
Russom et al., 1997). A set of respiratory-cardiovascular
responses was used to define so–called “Fish Acute Toxicity
Syndromes”. The response set determined with rainbow trout,
which were analyzed with principal component analysis,
identified clear differences between the two sets of compounds.
While non-polar narcotics lead to hypoactivity, the fish reacted
to polar narcotics with hyperactivity. It can be speculated that

mechanisms and effects other than baseline toxicity, or possibly
even differences in the toxicokinetic phase are responsible for
the discrepancy between these studies on fish behavior and
physiology and our in-vitro studies on isolated membranes.
Comparison of the Kinspec method with other in-vitro tests
for determining baseline toxicity
A widely applied test for membrane damage is the neutral
red assay, which has already been used in mode-of-action based
ecotoxicological test batteries (Nendza et al., 1995; Wenzel et
al., 1997). This test was initially developed for mammalian cells
but has been applied also to fish cell lines (Babich &
Borenfreund, 1990). The principle underlying the test is that
dead or damaged cells cannot retain the cationic dye, neutral red,
which was accumulated passively in the lysosomes prior to the
toxicity experiment. The measure of cytotoxicity, the NR50value, is defined as the concentration of toxicant that induced a
50 % decrease of absorbance of the retained dye, which is
measured photometrically after digestion of the cells.
The ratio of 24 h-NR50 in mouse fibroblasts cells to the ECvalues from the Kinspec system is 7 for 1,3,5-trichlorobenzene,
5 for chlorobenzene, and 19 for 2,4,5-trichloroaniline (Babich &
Borenfreund, 1990). NR50 data determined with goldfish scale
cells for a series of chlorophenols, which act as baseline
toxicants or uncouplers, was 3 to 60 times less sensitive than the
corresponding EC from the Kinspec system (Saito et al., 1991).
Only two pharmaceuticals, propranolol and acetaminophen, had
approximately equal effect concentrations in both test systems
(Rasmussen, 1993). Overall, it can be concluded that the neutral
red assay is less sensitive than the Kinspec test.
Baseline toxicity might also be caused by disturbance of
membrane-bound proteins (Franks & Lieb, 1994). However, the
activity of the Na+/K+ ATPase in erythrocyte ghosts (membrane
of blood cells) was not affected up to membrane concentrations
of 110 to 1100 mmol/kglip (vanWezel et al., 1997). Therefore
measurement of the activity of membrane-bound enzymes is not
a good tool for the assessment of baseline membrane toxicity.
The mitochondrial membrane potential has also been used as
indicator of cytotoxicity (Rahn et al., 1991). Measurements were
performed with fluorescent dyes, whose fluorescence is
influenced by the membrane potential. This method is
conceptually equivalent to the Kinspec method but results are
qualitative only and the test is quite insensitive, thus requiring
high concentrations.
In conclusion, in comparison with other in-vitro test systems
specific for membrane toxicity, the Kinspec seems to be superior
regarding selectivity, reproducibility, sensitivity, and ease of
performance.
Baseline toxicity of the pharmaceuticals
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EClip (mmol/kglip)

3

10

2

10

1

10

1

algae

daphnia

fish

Kinspec

Figure 3 Effective membrane concentrations of polar ()and nonpolar () compounds in algae, daphnia, fish (data and model from
ref. (Escher & Schwarzenbach, 2002)), and in the Kinspec
system.

Out of the test set of 10 pharmaceuticals (for names and
physicochemical descriptor see Table 3), three of the less
hydrophobic compounds, caffeine (log Kow = -0.07 (Hansch et
al., 1995), sulfamethoxazole (log Kow = 0.89 (Hansch et al.,
1995), and amoxicillin (log Kow = 0.87 (Sangster, 1994), did not
show an effect in the Kinspec system up to nominal
concentrations of 70 mM, 0.5 mM, and 3 mM, respectively. All
other pharmaceuticals clearly exhibited baseline toxicity (Table
3). Their EC w -values fit perfectly into the QSAR equation of
baseline toxicity (eq. 4 and Figure 2A), and their EClip-values
have a median of approximately 200 mmol/kglip (for statistics
see Table 2) and do not differ statistically from the membrane
concentrations of the other test set of baseline toxicants (MannWhitney test, p = 0.16).
The test set of pharmaceuticals included weak organic acids
as well as one weak base, which were partially
deprotonated/protonated to their charged conjugate species. In
principle, weak organic acids and bases can also act as
uncouplers in energy-transducing membranes (Terada, 1990). It
was therefore necessary to check if these acidic and basic
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Table 2 Membrane-water distribution ratios and effect concentrations for the test set of pharmaceuticals
df

sr

213

21

0.298

150

279

15

0.520

186

112

308

9

0.457

3.13

314

284

346

28

0.191

4.50

4.42

224

204

246

12

0.205

3.07

2.99

77

70

85

18

0.161

pKa

log Dlipw

log(1/ECw (M))

lower
95% CI

upper
95% CI

EClip (mmol/kg)

lower
95% CI

upper
95% CI

10.1a

0.51 e

1.23

1.29

1.18

189

167

clofibrate

-

3.53 f

4.22

4.36

4.08

204

diazepam

3.31b

2.79 f

3.52

3.74

3.30

diclofenac

3.99 c

2.67 g

3.17

3.21

-

3.81 f

4.46

4.45 c

1.91 g

3.03

acetaminophen

ethinylestradiol
ibuprofen

2.77 h
3.58
3.71
3.45
153
113
207
26
0.320
propranolol
9.24 d
b
(Broderius et al., 1995). (Ottiger & Wunderli-Allenspach, 1997). c(Avdeef et al., 1998). d(Pauletti & Wunderli-Allenspach, 1994).
e
corresponds to the Kow-value (Ruelle & Kesselring, 1998). fThis work, determined at pH 7 with egg yolk liposomes using the Transil
method. gCalculated for pH 7 from the partition coefficients of the neutral and charged species, log Klipw,HA = 4.45 and log Klipw,A = 2.64 for
diclofenac and log Klipw,HA = 3.80 and log Klipw,A = 1.81 for ibuprofen (Avdeef et al., 1998). gCalculated for pH 7 form the partition coefficients
of the neutral and charged species, log Klipw,A = 3.24 and log Klipw,HA = 2.76 (Pauletti & Wunderli-Allenspach, 1994).
a

pharmaceuticals act as baseline toxicants or if they have an
additional non-target, but specific mechanism, in energytransducing membranes, i.e., if they can act as uncouplers.
Ibuprofen is slightly more toxic than expected from baseline
toxicity with an excess toxicity of a factor 3.1, but this value is
barely outside the 95 % confidence interval of effective
membrane concentrations for baseline toxicants. The acidic
groups of these two pharmaceuticals are carboxylic acids, for
which the charge on the deprotonated conjugate base is not well
delocalized in the aromatic ring system but is rather isolated.
Only a well-delocalized anion is membrane-permeable and can
thus contribute to uncoupling (Terada, 1990). Aromatic bases are
known to be weaker uncouplers than the corresponding acids
because of the positive potential in the interior of the lipid
bilayer (Flewelling & Hubbell, 1986). Aliphatic amines have no
opportunity to delocalize the positive charge. In consistency with
this expectation, the tertiary aliphatic amine propranolol did not
show any excess membrane toxicity.
Mixture experiments
Three mixture experiments were performed with n
components (n= 4 to 6). Each component i was present at
concentration Ci, at 1/nth of its ECi. The compositions of the
mixtures are listed in Table 4. Mixture I was a selection of three
non-polar and three polar compounds from the test set of
classical baseline toxicants, mixture II consisted of four
pharmaceuticals and mixture III of three classical baseline toxicants and three pharmaceuticals. The following assumption was
tested: if the components of the mixtures acted concentration
additive, i.e. obeyed eq. 7, then the observed effect should equal
to the endpoint effect kobs = 0.5 s-1.

Ci
=1
i=1 EC
i
n

∑

actually used as discriminator between non-polar and polar
narcosis. These results are contradictory to what is now expected
from theory, while the present results confirm the predictions.
Another goal was to investigate if baseline toxicants were
additive with pharmaceuticals with respect to their non-target
effect, baseline toxicity. The results of mixture II and III clearly
show that pharmaceuticals and classical baseline toxicants act
additive in mixtures. This finding is particularly relevant for
mixtures where the single compounds are present at
concentrations below the effect threshold of their specific
effect(s) but contribute to the cumulative baseline toxicity. Such
conditions are likely to be encountered in effluents of wastewater
treatment plants and in the aquatic environment, whereas in
industrial effluents as well as in urine and manure, a dominance
of specific effects could be expected.
Resulting consequences for the risk assessment of pharmaceuticals imply that not only the specific effects, e.g. endocrine
disruption, have to be considered but that additionally a
cumulative risk assessment of the non-specific, but additive,
baseline toxicity has to be performed. Since, at least in our study,
the slopes of the concentration effect curves are similar for the
Table 4 Mixture experiments
Mixture
I

II

(7)

All mixture combinations exhibited the expected
concentration additivity (Table 4).
The results obtained with mixture I are inconsistent with
results from the literature (Veith & Broderius, 1990; Broderius et
al., 1995), but confirm that non-polar and polar narcosis are not
different mechanisms. In the mixture studies performed by
Broderius and co-workers, concentration additivity was found in
binary mixtures of non-polar narcotics with octanol and of polar
narcotics with phenol (Veith & Broderius, 1990; Broderius et al.,
1995). In that study, additive and non-additive effects were

III

a

Componentsa
2-butoxyethanol
1,3,5-trichlorobenzene
1-hexanol
2-nitrotoluene
2,4,5-trichloroaniline
4-chloro,3-methylphenol
diazepam
diclofenac
ethinylestradiol
ibuprofen
2-butoxyethanol
1-hexanol
2,4,5-trichloroaniline
diazepam
diclofenac
ethinylestradiol

kobs
(s-1)
0.467

std.
dev.
0.144

pvalueb
0.600

0.525

0.246

0.814

0.438

0.231

0.537

Each of the n components is present in the mixture at 1/nth of its
effect concentration EC. bOne sample t-test; theoretical mean 0.5
s-1. All p-values indicate that the experimental kobs are not different
from the value predicted from concentration addition.
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different baseline toxicants (data not shown), the concept of
toxic equivalence factors can be applied to estimate the risk
posed by a mixture of baseline toxicants (Birnbaum & DeVito,
1995). Then the risk quotients of the single components of a
given mixture can be added up (Wilkinson et al., 2000). When
assessing the risk of a complex environmental mixture, both a
cumulative assessment of the baseline toxicity and a common
mechanism specific risk assessment should be carried out to
assess the multiple role of potential cumulative effects.

that the response in specific test systems is not caused by
unspecific cytotoxicity.
For the assessment of complex environmental samples, this
method is additionally an indirect measure of the bioavailable
total molar concentration of pollutants and therefore may
complement other methods for biomimetic extractions (Verhaar
et al., 1995; Parkerton et al., 2000; Petty et al., 2000; van Loon et
al., 2000).

Potential applications of the Kinspec test system
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The presented in-vitro method for the determination of
baseline toxicity is an important component in any mechanismbased test battery, both for the effect assessment of single
compounds and for mixtures. For single compounds this test is
relevant because the majority of industrial chemicals act as
baseline toxicants. In addition it may serve as a control to assure
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Chapter 12
Kinetic model to describe the intrinsic
uncoupling activity of substituted phenols
in energy transducing membranes
Beate I. Escher•, René Hunziker, René P. Schwarzenbach, John C. Westall
A new approach to understand the increased toxicity of uncouplers as compared to baseline toxicity (narcosis) is presented here. The
overall uncoupling activity is quantitatively separated into the contribution of membrane concentration and speciation, and intrinsic
activity. This approach is a further step towards the development of improved Quantitative Structure Activity Relationships (QSAR)
and of toxicokinetic models used in risk assessment. The protonophoric uncoupling activity of seven nitro- and chlorophenols has been
investigated as a function of pH and concentration using time-resolved spectroscopy on photosynthetic membranes. The experimental
data are described by a kinetic model that includes a monomeric and a dimeric protonophoric shuttle mechanisms. Input parameters of
the model are the experimental data for relaxation of the membrane potential, the biomembrane-water distribution constants of the
phenol and phenoxide species, and the acidity constant of the phenol. Adjustable parameters are the translocation rate constants of all
phenolic species and the heterodimer formation constant. These parameters constitute the intrinsic uncoupling activity. Hydrophobicity
and acidity govern the partitioning of phenols into the membrane but appear not to be the sole determining factors for the intrinsic
uncoupling activity of phenolic compounds. Additional factors include steric effects and charge distribution within the molecule.

Introduction
For the development of predictive toxicity models it is
important to identify and understand the mechanism of toxicity
(Escher et al., 1997a). The toxicity of non-specifically acting
compounds (narcotics) is a direct function of the amount of
chemical present in the organism (van Wezel & Opperhuizen,
1995) and can be predicted from their hydrophobicity by
Quantitative Structure Activity Relationships (QSAR). Other
compounds exhibit toxicity greater than that predicted from
QSARs of narcotic baseline toxicity (Verhaar et al., 1992). For
these compounds, predictive models have to account for the
ability of a compound already present at the target site to act
according to a specific mechanism. The toxic activity of such a
specifically acting compound, normalized to its concentration at
the target site, is referred to as the “intrinsic toxicity” of the
compound.
A large number of phenolic compounds and other
hydrophobic ionogenic organic compounds (HIOCs) act
specifically by interfering with one of the basic cellular
functions, namely, energy transduction. In energy-transducing
membranes, HIOCs may inhibit the electron flow by binding
directly to specific components of the electron transfer chain
(Escher et al., 1997b), and, even more importantly, they can
destroy the electrochemical proton gradient by transporting
protons across the membrane thereby short-circuiting the
chemiosmotic proton cycle and preventing ATP synthesis
(McLaughlin & Dilger, 1980; Terada, 1990). This mechanism is
commonly referred to as uncoupling of oxidative- or photophosphorylation, or simply “uncoupling”.
In the case of phenolic compounds and other weak organic
acids, the mechanism of uncoupling is viewed as a shuttle
mechanism, in which both the neutral phenol species and the
charged phenoxide act together to transport protons across the
membrane. In addition, a heterodimer composed of one phenol
•

plus one phenoxide species can participate as charge carrier in
the shuttle mechanism (Finkelstein, 1970). The model of the
protonophoric shuttle mechanism is sketched in Figure 1. The
charged species migrate across the membrane driven by the
membrane potential. Protons are then taken up from the aqueous
phase and the resulting neutral phenols diffuse back across the
membrane driven by the concentration gradient of phenols that
has been built by the migration processes. Hence, the overall
uncoupling activity of a given phenol is dependent not only on
its total concentration in the membrane (as is the case for
narcotic effects) but also on its speciation in the membrane (i.e.,
degree of dissociation and formation of heterodimers), and the
abilities of the various species to cross the membrane. These
transport characteristics, or the ability of the compound already
present in the membrane to relax the electrochemical proton
gradient across the membrane, corresponds to the intrinsic
uncoupling activity.
In earlier work, we have shown that time-resolved
spectroscopy can be used to quantify the uncoupling activity of
phenols in photosynthetic membranes of the purple bacterium
Rhodobacter sphaeroides (Escher et al., 1997b). In this test
system, the membrane potential is created by a brief, “singleturnover” flash of light. The build-up and the subsequent
relaxation of the membrane potential is deduced from the change
in absorbance at 503 nm (Crielaard et al., 1992). Uncouplers
increase the relaxation rate. The uncoupling activity can be
expressed as the pseudo first-order rate constant for the decay of
absorbance (and hence membrane potential).
In a subsequent study we related the first-order decay
constants of a large number of chloro- and nitrophenols to the
concentration of the phenol and phenoxide species sorbed into
the membrane at pH 7 (Escher et al., 1996) by combining the
results of the earlier study with results of membrane-water
partitioning experiments (Escher & Schwarzenbach, 1996). This
first crude analysis of the data already provided some interesting
insight into the factors that determine the overall uncoupling

Escher, B. I., Hunziker, R., Westall, J. C., Schwarzenbach, R. P. (1999), "Kinetic model to describe the intrinsic uncoupling activity of
substituted phenols in energy transducing membranes", Environ. Sci. Technol., 33, 560-570.
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activity of a given compound and pointed to the fact that there
are activity differences between the different phenols in addition
to the effect of membrane concentration and speciation.
However, the simple model failed to describe adequately the
effect of pH on the uncoupling activity of the compounds.
In the work presented in this paper, we measured the pHdependence of the uncoupling activity of seven chloro- and
nitrophenols with the goal of assessing the relative contributions
of various factors (i.e., membrane-water partitioning, speciation
inside the membrane, transport rates of the various species) to
the pH-dependent effect of a given compound. The model
described in this paper is an extension of biophysical models
used in the past to describe the kinetics of the protonophoric
shuttle mechanism of weak organic acids in artificial planar lipid
bilayers (Benz & McLaughlin, 1983; Kasianowicz et al., 1984).
It is shown that the experimental data can be adequately
described with this model, and that translocation rate constants
can be deduced for all species involved. The results of this study
demonstrate that for developing improved QSARs for
specifically acting chemicals and for assessing possible
synergistic effects of such compounds in mixtures, it is
necessary to separate target site (membrane) concentration from
intrinsic activity.

Uncoupling Model
Description of the protonophoric uncoupling process
The observed rate constant of the exponential decay in
absorbance at 503 nm, kobs, is the experimental measure of the
uncoupling activity. To explain the dependence of kobs on pH
and total concentration of phenol in the aqueous phase, we
present a new kinetic model of a protonophoric shuttle
mechanism of uncoupling. This model was adapted from the
kinetic transport model of acidic uncouplers in artificial planar
lipid bilayer membranes used by McLaughlin and coworkers
(Benz & McLaughlin, 1983; Kasianowicz et al., 1984; 1987;
Benz, 1988). Our model relies on a number of assumptions
introduced by McLaughlin et al. (Benz & McLaughlin, 1983;
Kasianowicz et al., 1984; 1987; Benz, 1988) and extends that
work closer to a real biological system and accounts for possible
heterodimer formation. In this section, the assumptions and the
essential features of the model are described for weak organic
acids. A general derivation is presented in the Appendix.
Figure 1 gives an overview of the relevant processes
considered in the kinetic uncoupling model. The neutral acid HA
and the charged conjugate base A are in equilibrium between the
aqueous phase and the surface layers on both sides of the
chromatophore membrane. At equilibrium, the concentrations in
the aqueous phases adjacent to the ´-side and the ´´ -side of the
membrane are equal, as they are in the membrane phase at ´ and
´´. During a typical experiment (< 1s) the membrane can be
considered to be temporarily isolated from the aqueous solution
because the permeability of the membrane (thickness
approximately 5 nm) to all organic molecules is at least three
orders of magnitude greater than the permeability of the
unstirred aqueous boundary layer adjacent to the membrane
(thickness 100 µm) (McLaughlin & Dilger, 1980). The proton is
assumed to be the only species that moves between the bulk
aqueous phases supposedly by a “buffer shuttle” mechanism
through the unstirred aqueous layer (Benz & McLaughlin, 1983).
In the excitation phase of the experiment, the flash of light
causes rapid transport of electrons from the ´´-side to the ´-side
of the membrane through a series of oxidation-reduction
reactions followed by a slower transfer of protons from the ´-side
to the ´´-side thereby building up a surface charge and the
membrane potential, ∆φ. Because the concentrations of all
uncoupler species, both in the membrane and in solution, are
small compared to the concentrations of buffer ions in solution,
and the buffer capacity in the aqueous phase is high, the charge
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Figure 1 Model for protonophoric shuttle mechanism of weak
organic acids. Slow equilibrium processes before the experiment
are the distribution of the neutral acid HAw and the charged
conjugated base Aw into the polar head groups of the lipid bilayer
described by K m w , H A and K mw,A . During the experiment, the
concentrations of HAm, Am and the heterodimer AHAm in the
membrane are rapidly equilibrated according to the acidity
m
constant Km
a and the heterodimer formation constant KAHA . The
translocation processes across the membrane involved are the
m
diffusion of HAm, JHAdiff, and the migration of Am, Jmig
A , and of AHA ,
JAHAmig.

created by the transport of protons across the membrane is
presumed to be accommodated by slight shifts in the buffer
speciation, while the pH remains constant.
During the relaxation phase, only the processes occurring
within the membrane have to be considered. The charged
species, phenoxide Am and heterodimer AHA m (where the
superscript m represents the membrane), migrate along the
membrane potential from the ´-side to the ´´-side of the
membrane. At the membrane-water interfaces, the acid-base
equilibrium is maintained and protons are exchanged with the
buffer or water in the aqueous boundary layer (Kasianowicz et
al., 1987). The acid-base and heterodimer formation reactions
are fast compared to the diffusion of the molecules across the
membrane (Benz & McLaughlin, 1983). Therefore, it can be
assumed that these reactions are in equilibrium at any time
during the experiment. Then, the neutral species HAm diffuses
back across the membrane from the ´´-side to the ´-side along the
concentration gradient that is built up as a result of the migration
processes. Ultimately the initial equilibrium state is regained.
Speciation in the aqueous phase (w)
The organic acid dissociates in the aqueous phase according
to the reaction
HAw

H + Aw
w

(1)
w

where HA represents the neutral protonated form, A the
acid anion, and H the aqueous hydrogen ion, and Kwa is the
equilibrium constant. Representations of positive charge of
proton and negative charge of phenoxide are omitted for brevity.
The mass law expression for this reaction is
K aw =

C wA a H
C wHA

(2)

where CwA and CwHA (mol.L-1) represent the concentrations of
A and HA in the aqueous phase and aH the hydrogen activity (pH
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= -log aH), and the total concentration in the aqueous phase Cwtot
is defined by

C wtot = C wHA + C wA

(3)

Concentration and speciation in the membrane (m). Both the
species HA and A partition between the aqueous phase and
membrane phase according to reactions of the type
HAw

HAm

Aw

(4)

Am

(5)

m

m

where HA and A refer to the species in the membrane. The
mass law equations for these reactions are

K mw,HA =

K mw,A =

C
C

m
HA
w
HA

(7)

AHAm

(8)

for which the mass law expression is
m
C AHA
m
C HA ⋅ C Am

(9)

The total concentration of uncoupler in the membrane, Cm
tot,
is the sum of the concentrations of all these species
m
m
m
C mtot = C HA
+ C A + 2 C AHA

(10)

and the total concentration of uncoupler in the system, Ctot, is

C tot = C mtot ⋅ [ m ] + C wtot

α wi =

C wi
C wtot

(12)

α im =

C im
C mtot

(13)

Cm
A aH
m
C HA

= K aw

K mw, A

(16)

K mw,HA

Note that the acidity constant in the membrane phase Km
a is
operationally defined in terms of the proton activity in the
aqueous phase because we assume that there are no free protons
in the membrane and that the protons of the acid-base reaction in
the membrane are directly exchanged with the adjacent aqueous
solution.
The equations above refer to the bulk partitioning and
speciation of the acid in the solution and in the membrane.
However, both neutral and charged species are assumed to be
located primarily near the surface of the membrane, at the
interface between polar head groups and hydrophobic membrane
core (Bäuerle & Seelig, 1991; Seelig & Ganz, 1991). Therefore,
the bulk membrane concentrations of a species i can be
converted to surface-normalized concentrations on each side of
the membrane, Γ i (mol.m-2), by dividing Cm
i by the specific
surface area, s, of the phospholipids in the chromatophore
membrane:
C im
s

(17)

NA A
m PL

(18)

Γi =

s=

where the average molecular weight of the phospholipids in
chromatophores mPL is 760 g.mol-1 (Birrell et al., 1978), NA is
the Avogadro number, and the average surface area A of one
phospholipid in a membrane is approximately 5 to 6 x 10-19 m2
(Casadio et al., 1988). The resulting specific surface area s is
4.4 . 105 m2kg-1.
General membrane transport

Substitution of eqs 3 and 10 in eq 11 yields a complete mass
balance. All species concentrations are then reexpressed in terms
of CwHA and the relevant mass law equations.

C tot = C wHA + C wHA

(15)

for which the mass law expression is

(11)

where [m] is the ratio of membrane lipid to aqueous phase
expressed in units of kg phospholipid per liter.
It is convenient to define the fractions of the different
phenolic species present in the aqueous phase and inside the
membrane, αwiand αm
i , respectively, at a given pH

+

H + Am

K am =

m
where Cm
A and CH A are the effective concentrations in the
membrane phase in units of mol of HA or A per kg of
phospholipid in the membrane.
Furthermore, HA and A are postulated to react in the
membrane to form the negatively charged heterodimer, AHA,

m
K AHA
=

HAm

(6)

C Am
C wA

HAm + Am

m
m
Cm
AHA term is negligible compared to the sum of CH A and CA.
Barstad et al. (Barstad et al., 1993) detected AHA heterodimers
in non-hydrogen-bonding solvents but were unable to detect
AHA in lipid bilayers in aqueous solution. They estimated Km
AHA
for pentachlorophenol to lie between 0.005 kg.mol-1 and 0.5
.
-1
kg mol from a combination of membrane conductivity
measurements and the surface density of adsorbed PCP. Since
the heterodimer can migrate more easily across the membrane
than the anionic monomer, it may contribute significantly to the
overall process despite its low concentration (Finkelstein, 1970).
Finally, the acid-base reaction in the membrane is defined by
the reaction

Ka
Ka
w
w
+ C HA K mw , HA [ m ] + C HA K mw , A
[m]
aH
aH

2 C wHA K mw, HA C wHA

(14)

Ka
m
K mw, A K AHA
[m]
aH

The resulting quadratic equation is solved for CwHA , from
which the concentrations of all species and the values of αwi and
m
m
m
αm
i can be calculated. The values of α A , αH A , and α AHA so
calculated are exact for the initial equilibrium condition, and are
a very good approximation of the speciation during excitation
and relaxation if the Cm
AHA term is negligible in eq 10, or the
relative changes in total concentration of phenol at both sides of
the membrane are small following a flash. As will be shown,
these conditions are generally met. There is evidence that the

The flux of species i, Ji [mol.m 2.s-1], from ´ across the
membrane to ´´ is defined by the first order translocation
expression

Ji =

− dΓi ' dΓi ' '
=
dt
dt

(19)

The driving force of the flux of species i is on the one hand
the concentration gradient that causes the diffusional flux Jdiff
i
(translocation independent of electric field) and on the other
hand the membrane potential that causes the migrational flux Jmig
i
(translocation of charged species in an electric field).

J diff
= − k i Γi ' ' + k i Γi '
i
J imig = − k i z i 


Γi ' + Γi ' ' 
∆u
2 

(20)
(21)

where ki is a homogeneous translocation coefficient
expressed in units of s-1, zi is the charge of species i, (Γi' + Γi'')/2
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= Γi0 corresponds the total surface concentration of species i, and
∆u is the dimensionless membrane potential defined by

∆u =

F ∆φ
RT

(22)

where ∆φ is the membrane potential (φ´´- φ´) [V], F is the
Faraday constant, R is the gas constant, and T is the temperature.
The sum of the diffusional and the migrational flux
constitutes the total flux Ji

 ∆u 
 ∆u 
J i = J idiff + J imig = − k i Γi '' 1 +
z i + k i Γi ' 1 −
z



2
2 i  (23)
= −2 k i ∆Γi − k i z i Γi0 ∆u
where ∆Γi = (Γi'' - Γi')/2.
It remains to relate the membrane potential to surface
concentrations. The membrane potential is related to the surface
charge, σ, as in a parallel plate capacitor

∆φ = C −1 σ

(24)

where C is the capacitance of the chromatophore membrane
of approximately 5.5.10 -3 F m-2 (Casadio et al., 1988). The
change in surface charge σ is a function of the flux of the
charged species.

dσ
= F∑ zi J i
dt
i

(25)

Eqs 1 to 25 define the uncoupling model. As shown in the
Appendix, rearrangement of eqs 1 to 25 yields two coupled
differential equations (eqs 41 and 43), for which the eigenvalues
λ1 and λ 2 (eq 47) are the characteristic times to be compared to
kobs. The rate constants of decay are a function of the
experimental conditions (total organic acid concentration, total
concentration of phospholipid, pH), three independently
determined parameters describing membrane concentration and
speciation (Kmw,HA, Kmw,A, and pKwa ) and the adjustable
parameters describing the intrinsic activity (kHA , kA , kAHA, and
Km
AHA).
The model described above predicts a biphasic decay in
membrane potential with characteristic times corresponding to
the values of λ1 and λ2. This biphasic decay could be observed in
charge-pulse experiments on artificial lipid membranes (Benz &
McLaughlin, 1983). For the movement of tetraphenylborate ions
across black lipid membranes under charge-pulse conditions, the
fast phase λ2 was attributed to the displacement of lipophilic ions
as a consequence of the suddenly applied voltage whereas the
second slow voltage relaxation λ1 represents the slow discharge
of the membrane through the external resistor and the
redistribution of charges within the membrane (Benz, 1988).
However, the faster phase of the decay, which is
described by the greater eigenvalue λ 2, was too fast to be
detected with the experimental system described here. Since the
build-up of the membrane potential is polyphasic with half-times
of the spatial electron-transfer reactions from picoseconds to
milliseconds (Crofts & Wraight, 1983), decay rate constants ≥
70 s-1 cannot be resolved. Consequently, the values of the
adjustable parameters were derived from a nonlinear fit of the
observed monophasic decay rate constants (kobs) to the calculated
values of λ 1 (eq 47), for sets of experiments in which both the
pH value and the total concentration of organic acid were varied.
Transport processes for acidic uncouplers
From the general equations given above, the equations for
acidic uncouplers that can additionally form heterodimers can be
set up. The diffusional flux of the neutral species, JHAdiff is

J diff
HA = −2 k HA ∆ΓHA

(26)

The diffusional fluxes of the phenoxide, Jdiff
A , and of the
heterodimer, J A HAdi f f , are defined analogously and are
implemented as well in the uncoupling model. The modeling
results show, however, that these latter fluxes are rather small
under most experimental conditions. The migrational fluxes of
mig
the charged species, Jmig
A and JAHA , are defined according to

J Amig = − k A ΓA0 ∆u

(27)

mig
0
J AHA
= − k AHA ΓAHA
∆u

(28)

If the back-diffusion of the neutral species did not influence
the overall uncoupling mechanism, the uncoupling model could
be simplified to the migration of the charged species, and kobs
would be a linear combination of the contribution from
phenoxide and heterodimer:
0
k obs = k A ΓA0 + k AHA ΓAHA

(29)

In this case, the experimental data, kobs, can be related to the
total concentration of phenol added to the system, Ctot, from the
quadratic equation

k obs = a ⋅ C tot + b ⋅ C2tot

(30)

This simple equation was used in a previous study (Escher et
al., 1996) to describe the concentration dependence of kobs at
constant pH and is still applied in the present study to identify
the relevant charged species of a given compound. Note,
however, that for all data presented here, the back-diffusion of
HA had a significant contribution to the overall uncoupling
process and could not be set to indefinite.

Material and Methods
Chemicals
The phenols (full names and abbreviations are given in
Table 1) were purchased from the following companies: Riedelde Häen (Seelze, Germany): 245TCP, DINOSEB, DINOTERB;
Fluka (Buchs, Switzerland): 345TCP, 2345TeCP, PCP, 34DNP.
The following biological buffers were used: MES (2morpholino-ethanesulfonic acid, pK a = 6.15); MOPS (3-(Nmorpholino)propanesulfonic acid, pK a = 7.2); HEPPS (N-2hydroxyethylpiperazine-N'-3-propanesulfonic acid, pKa = 7.8);
CHES (2-(cyclohexylamino)-ethanesulfonic acid, pKa = 9.55),
all of which were from Fluka (Buchs, Switzerland). Chemicals
used for time-resolved spectroscopy are described in ref. (Escher
et al., 1997b).
Determination of the uncoupling activity
Membrane vesicles (chromatophores) of the purple bacterium Rhodobacter sphaeroides were prepared and characterized
as described previously (Escher, 1995; Escher et al., 1997b). The
single-beam spectrophotometer equipped with a flash excitation
unit and kinetic data acquisition capabilities is described
elsewhere (Escher et al., 1997b). The measurements were
performed in an anaerobic cuvette at a redox potential adjusted
to 120 - 130 mV with redox mediators (2,3,5,6-tetramethylphenylene diamine, N-methyl phenazonium methosulfate, duroquinone, 1,2-naphtoquinone, 1,4-naphtoquinone) and ferricyanide/dithionite in a buffer composed of a mixture of MES,
MOPS, HEPPS, and CHES, adjusted to a total buffer- and K+
concentration (KCl/KOH) of 50 mM and 100 mM, respectively.
Since the buffer mixture did not buffer equally well at every
point and the stock suspension of chromatophores was prepared
in a buffer of pH 7, the pH was measured at the end of each
series directly in the cuvette. Deviation from the initial value was
never larger than ± 0.2 pH-units. At each pH-value, several
measurement cycles with different total concentrations of phenol
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distribution coefficients of the neutral phenol, Kmw,HA, and of the
phenoxide, Kmw,A, were calculated from the experimental values
with an improved membrane-water partitioning model [Escher,
1998 #577]. The improved model is superior to the previously
published version (Escher & Schwarzenbach, 1996), which was
just an extension of the octanol-water partitioning model. In the
improved version, the membrane-water distribution is treated as
a surface sorption process and not as a bulk partitioning process,
and therefore does not include ion-pair formation in the lipid
bilayer. The resulting distribution ratios for an ionic strength of
100 mM are listed in Table 1.
For some compounds (34DNP, 245TCP, 345TCP, and
2345TeCP), the experimentally determined Kmw,A led to an
underestimation of the contribution of the charged species in the
uncoupling model. Therefore, Kmw,A was also used as an
adjustable parameter, and the Kmw,A determined from the
relaxation experiment turned out to be somewhat higher than the
experimentally determined Kmw,A. It is possible that the
experimentally determined Kmw,A, which were measured with
pure phosphatidylcholine membranes, underestimate the true
uptake of charged species in the chromatophore membrane, 30
% of which consists of various different phospholipids (23 %
phosphatidylcholine, 35 % phosphatidylethanolamine, 34 %
phosphatidylglycerol, 4 % cardiolipin, and 3 % phosphatidic
acid (Birrell et al., 1978)) and 70 % of which are integral
membrane proteins (Escher et al., 1996).
An attempt was made to determine distribution ratios
directly with chromatophore membranes (unpublished results)
but the pH range of the experiments was too limited to allow the
extrapolation of the distribution ratios of the species HA and A.

were performed. During one measurement cycle, 4 kinetic traces
were averaged, each of which consisted of the relative
absorption change at 503 nm over a 150 ms intervall, beginning
2 µs after the xenon flash, followed by one minute of reequilibration. The absorbance change at 503 nm is proportional
to the membrane potential (Junge & Jackson, 1982). The
membrane potential accounts for the majority of the
electrochemical proton gradient in chromatophores (after singleturnover flash ∆pH ≈ 0.003, ∆ φ ≈ 70 mV) (Melandri et al.,
1984).
The “uncoupling activity” was quantified as the pseudo firstorder decay rate constant, kobs, of the absorbance at 503 nm and
hence of the membrane potential. The value of kobs is normalized
via a control for the properties of a particular chromatophore
preparation. For more details see references (Escher et al., 1996;
Escher et al., 1997b). No second faster phase of decay could be
resolved despite the model predictions due to interference with
the build-up of the membrane potential and large scattering of
the kinetic traces.
Determination of acidity constants
In the uncoupling model, the acid-base equilibrium in the
aqueous phase is defined by the mixed acidity constant at an
ionic strength of 100 mM (eq 2). The mixed acidity constant of
34 DNP was determined with a potentiometric titrator (PCA 101,
Sirius Analytical Intruments, Riverside, UK) (Albert & Serjeant,
1984). The other pKwa values were taken from literature
(Schellenberg et al., 1984; Miyoshi et al., 1987b; Schwarzenbach
et al., 1988). In all references, the values refer to mixed acidity
constants. Since the exact ionic strength was not given in all
cases, and since the estimated error due to differences in ionic
strength are estimated to be smaller than 1 %, the values given in
refs (Schellenberg et al., 1984; Miyoshi et al., 1987b;
Schwarzenbach et al., 1988) were directly used.

Results and Discussion

Determination of membrane-water distribution ratios

Determination of the adjustable model parameters

Liposomes prepared from phosphatidylcholine were used as
model systems for the determination of the chromatophore-water
distribution ratios. Substituted phenols were found to partition
nearly quantitatively into the lipid moiety of the chromatophore
membrane and uptake into the protein moiety was negligible
(Escher & Schwarzenbach, 1996). Liposome-water distribution
ratios of 34DNP were measured as described in (Escher &
Schwarzenbach, 1996) as a function of concentration, pH and
ionic strength. All other experimental data were taken from ref.
(Escher & Schwarzenbach, 1996). The membrane-water

The experimental data consisted of a set of observed rate
constants, kobs, determined as a function of total concentration of
phenol in the chromatophore suspension, Ctot, and of pH, as
illustrated for 34DNP in Figure 2 (see Table 1 for abbreviations
of compound names). The lines in Figure 2 are the fits of the
quadratic model (eq 30). This simplified model was used to
obtain preliminary information on the relevant charged species.
A linear dependence of kobs from Ctot indicates that the monomer
is the dominant charged species and a purely quadratic
dependence of kobs on Ctot indicates that the heterodimer is the

Table 1 Summary of All Parameters that Determine the Uncoupling Model
compound

abbreviation

3,4-dinitrophenol

34DNP

Kmw,HA a
(L.kg-1)

pKaw

Kmw,A(L.kg-1)

1.47.103

5.38b
4.62c

(7.51±2.28 f).102

.

3

range
of Ctot
(µM)k

nl

82±23

0.07±0.01

53±10

5-100

102

2-10

36

0.1-40

78

1005±151

0.48±0.03

a

6006±697

1.45±0.11

0j

DINOTERB

1.26.104

4.80d

3.89.103

245TCP

2.18.104

(1.05±0.13).104

3,4,5-trichlorophenol

345TCP

5.13.104

6.94e
7.73e

2,3,4,5tetrachlorophenol
pentachlorophenol

2345TeCP

7.80.104

6.35e

(3.44±0.59).104

1.23.105

4.75e

2.16 10

g

kAHAi
(s-1)

0j

9.45 10

3

kA
(s-1)

a

DINOSEB

2-sec-butyl-4,6dinitrophenol
2-tert-butyl-4,6dinitrophenol
2,4,5-trichlorophenol

.

kHA
(s-1)

.

(2.46±0.36) 10

4

g

142±816

0.014±0.001

10.0±0.9

2-70

50

g

150h
108±29

0.09±0.01

21.6±2.6

2-30

43

0.19±0.02

157±20

1-8

52

g

a

346±24
0.17±0.09
1-50
101
0j
a Data from (Escher & Schwarzenbach, 1996). bExperimentally determined. c I = 50 mM (Schwarzenbach et al., 1988). d I = 250 mM, 1 %
PCP

3.09.104

methanol mM (Miyoshi et al., 1987b). e I = 10 and 50 mM (Schellenberg et al., 1984). fStandard error. gFitted. hPKm
a is at the limit of
acceptable range that there is no convergence of fit unless kHA is fixed to an estimated value (approximately equal to the value of
245TCP). i Value refers to k if Km is set to 1 kg L-1, i.e., more precisely, the values in this column correspond to the product of
AHA

AHA

j
k
kAHA.Km
AHA. Fixed to zero because of linear dependence of kobs from Ctot. Concentration range of experimental measurements; membrane
.
-4
. -1 l
lipid concentration in the assay varied between 7.5 to 8.1 10 kg L . Number of measurements.
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and acidity constants Kwa given in Table 1. The fractions of the
different species in the membrane were calculated from pH and
the acidity constants with eqs 12 to 14.
A typical plot illustrating the quality of fit is shown in Figure
3, in which the membrane potential decay rate constants, λ 1 ,
which were calculated from the model, are plotted against the
experimentally determined kobs for 34DNP. Despite scatter in the
data, there is no systematic deviation from the line of unit slope.
Figure 4 illustrates the ability of the model to capture
variations in kobs as a function of pH at a given value of Ctot.
Each of the experimental values in Figure 4 represents one data
series at a given pH as shown in Figure 2. The pH-dependent
curves pass through a maximum. For compounds whose overall
activity is dominated by the heterodimer, as is the case for
34DNP (Figure 4A), the maximum of activity is at a pH that
corresponds to the pKm
a in the membrane. Compounds that show
only little or no heterodimer formation, e.g. PCP (Figure 4B),
have a maximum of activity that is shifted to the alkaline side of
the pKm
a . The maximum is broadened by high kHA values. If
phenoxide and heterodimer are equally important, the pH range
below pKam is dominated by the flux of the heterodimer and the
pH range above pKam is dominated by the flux of the phenoxide
ion, and the maximum of activity is between these two maxima
as in the case of 2345TeCP (Figure 4C).

obs

obs

10

4

Figure 3 Calculated λ1 versus the experimentally determined kobs
for 34DNP; λ1 were calculated with eq 47 using the parameters
listed in Table 1, zpH 5.3, pH 5.6, pH 6.05, pH 6.18, pH
6.33, pH 6.42, pH 6.5, pH 6.89, pH 6.90,  pH 6.94,
pH 7.31,  pH 7.35, S pH 7.82, T pH 8.25.

k

-1

-1

(s )

15
(s )

3

B

20

obs

2

obs

dominant charged species. If both linear and quadratic term are
significant, as is the case for 34DNP, both monomer and
heterodimer are assumed to contribute significantly to the
protonophoric shuttle mechanism.
Three compounds, DINOSEB, DINOTERB, and PCP,
showed a linear dependence of kobs on Ctot over the entire pH
range investigated, indicating that the heterodimer was
insignificant. For these compounds Km
AHA was set to zero. Four
compounds, 34DNP, 245TCP, 345TCP, and 2345TeCP, had a
contribution from the monomer and heterodimer in the secondorder polynomial model. These data sets were fitted with the
complete model by assuming a heterodimer formation constant
.
-1
Km
A H A of 1 kg m o l , which is greater than the heterodimer
formation constant of PCP estimated by Barstad et al. (Barstad et
al., 1993), and which is low enough that the assumptions for eqs
12 to 14 are justified (αm
AHA < 1%). Alternatively, one could have
.
modeled the term Km
AHA kAHA together, which yields the same
result.
The translocation rate constants kH A , kA , and kAHA were
determined from the experimental data by a nonlinear fit of eq
47 with the statistics function “Nonlinear Regress” in
Mathematica (Wolfram, 1996). They are summarized in Table 1.
The initial total surface concentrations Γ 0 (eq 36) were
calculated from the total concentration of uncoupler and the pH,
with the membrane-water distribution ratios Kmw,HA and Kmw,A,

4

1

k

Figure 2 Plot of kobs versus the total concentration of uncoupler
34DNP, C tot, at different pH-values, z pH 5.3,
pH 5.6,
pH
6.05, pH 6.18, pH 6.33, pH 6.42, pH 6.5, pH 6.89,
pH 6.90,  pH 6.94, pH 7.31,  pH 7.35, S pH 7.82, TpH 8.25.
Solid lines are best fits to the simplified quadratic model (eq 30).
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Figure 4 Plot of kobs versus pH for (A) 34DNP at Ctot = 5.10-5 M, (B) PCP at Ctot = 10-5 M, and (C) 2345TeCP at Ctot = 4.10-6 M. The solid
line corresponds to the model described by eq 47 and the parameters from Table 1. The broken line and the dotted line represent the
contribution of the heterodimer and the phenoxide species, respectively, to the overall activity. The symbols correspond to the
experimental values at the given Ctot, each point is intrapolated from the simplified quadratic model described by eq 30. The different
symbols for the experimental data of 34DNP correspond to experiments with different batches of chromatophores.
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Figure 6 The relationship between the translocation rate
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The fluxes of all phenolic species can be calculated with eqs
23 and 26 to 28 with the parameters listed in Table 1, and the
appropriate values of pH, Ctot and [m]. These fluxes are depicted
in Figure 5 for 34DNP at pH 6 and 8. Positive values of flux
correspond to a translocation from surface ´ to surface ´´, and
negative fluxes to the opposite way. Note that the time scale is
logarithmic, and that the overall process has a neutral mass
balance. Initially, the charged species migrate across the
membrane, driven by the membrane potential. At pH 6, the
heterodimer is the dominant charged species, and at pH 8, the
monomer dominates the overall migration. At the beginning of
the experiment, when the membrane potential is the only driving
force and no phenolic species have moved across the membrane,
the maximum of loss rate of phenol migrating from one surface
to the other is small enough that the concentrations of phenolic
species at one surface do not get depleted before back-diffusion
starts to occur. The back-diffusion of the neutral phenol and, to a
very small extent, phenoxide and heterodimer, sets in after 1 to
10 ms. The potential gradient is destroyed and the concentrations
are re-equilibrated within 1 to 10 s. From Figure 5 it is evident
that the simple quadratic model of uncoupling that is based on
the flux of the anions as rate-limiting step of the overall process
cannot fully explain the protonophoric shuttle mechanism
because the back-diffusion of phenol contributes significantly to
the overall process. Note also that at the higher pH values,
typically above pH 8, there is a significant theoretical
contribution of λ 2 to the overall process which is taken into
account in Figure 5B, although it was not possible to resolve the
fast decay phase experimentally.
Despite structure-dependent variability of the ki values of the
different compounds investigated, which is discussed in more
detail below, there are two distinct ranges of translocation rate
constants as shown in Figure 6. The values of kHA are more than
three orders of magnitude greater than the corresponding kA, but
only about one order of magnitude higher than kAHA. Since Km
AHA
was set to 1, in fact the product of Km
AHA and kAHA was modeled.
The values themselves vary within one order of magnitude
between the compounds. If a heterodimer is formed at all, the
values of kAHA are almost three orders of magnitude greater than
the values of kA, which is consistent with the expectation that the
dimer has a larger translocation rate constant than the anion
because the solubility of an ion increases strongly with size in a
medium of low dielectric constant, i.e. in the interior of the lipid
membrane. It is difficult to discuss quantitatively this ratio
because the heterodimer formation constant Km
AHA is not known.
Although the value of Km
AHA was set to 1 for simplicity of the
modeling, one would expect that it is not the same for the
different substituted phenols but it is influenced by geometric
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Figure 5 Migrational and diffusive fluxes as a function of time for
34DNP at (A) pH 6 and (B) pH 8 calculated for a total
concentration of uncoupler Ctot = 15 µM and a membrane lipid to
water ratio [m] of 8.1.10-4 kg.L-1.

parameters. It is more likely that kAHA/ kA is constant because it
should depend only on the effective size of the ions. Independent
measurements of heterodimer formation constants are required
for a more detailed interpretation of this issue. The ratio of kHA
to kA varies much more than the ratio of kAHA to kA. This result
indicates that different factors influence the translocation rates of
the neutral and charged species of the same compound. Note that
the set of compounds is far too small to allow any definitive
conclusions to be reached.
As shown in Figure 6, it is evident that the type and position
of the substituents strongly influence the translocation rate
constants. The effect of a given substituent on the translocation
rate constants is different from its effect on the membrane-water
distribution ratio. The most hydrophobic compounds have not
necessarily the highest kA and kAHA. For instance, DINOSEB and
DINOTERB have smaller Kmw,HA a n d Kmw,A than all
chlorophenols but exhibit the highest kA and kHA. The charge of
DINOSEB and DINOTERB appears to be most effectively
distributed over the entire molecule and the s- and the t-butyl
groups shield the hydroxy function sterically. 34DNP has a very
low k A and a significant kA H A , which points to a good
delocalization of the charge and a good ability to form
heterodimers but both A and AHA are only slightly membrane
permeable because they are rather hydrophilic.
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The formation of heterodimers is highly unfavorable for
DINOSEB, DINOTERB, and PCP due to the two bulky ortho
substituents. Only compounds with either no or just one orthosubstituent (i.e., 34DNP, 245TCP, 345TCP, and 2345TeCP)
appear to to form heterodimers. The heterodimer increases the
overall activity of these compounds but they still are not as
strong uncouplers as the di-ortho substituted phenols
investigated here despite their generally higher hydrophobicity.
Phenols without ortho substituents appear to have significantly
lower k A and kA H A , even if the charge can be very well
delocalized over the entire molecule as is the case for 34DNP. It
can be hypothesized that steric shielding of the charge plays a
more important role than charge delocalization for the
translocation rates of hydrophobic ions. This view is consistent
with the extraordinarily high translocation rates of
tetraphenylborate analogues (Benz, 1988).
Critical evaluation of the uncoupling model
When one considers that the kinetic uncoupling model was
initially developed from charge pulse and voltage-clamp
measurements on black lipid bilayer membranes (Benz &
McLaughlin, 1983), it is quite impressive that the model can be
applied and extended to a subcellular biological system.
However, as expected, the model is less well defined for the
biological system than for the planar lipid membrane. A single
set of kobs data measured as a function of pH and Ctot has to be fit
by the complete uncoupling model with two to four adjustable
parameters. It is straightforward to derive from this observation
that the experimental data need to cover both flanks of the peakshaped pH-dependent curve to yield good results. Since the
experimental pH range is limited to pH 5.2 to 9.0 due to
denaturation of proteins at low pH and fusion of chromatophores
at high pH, good fitting results, in particular good estimates of
both kA and kAHA, can be obtained only with compounds with a
pKwa between approximately 5.5 and 7.5, such as 2345TeCP
(Figure 4C); exceptions are cases in which there is a structural
preference for either species, as is the case for the good
heterodimer former 34DNP (Figure 4A) and the preferentially
monomeric PCP (Figure 4B). For the purely monomeric
uncouplers, compounds with pKwa values as low as 4 still yield
good modeling results.
The experimental data of the more acidic 2,4-dinitrophenol
(pKwa of 3.94) (data not shown) could not be fit to the model for
three reasons. First, the experimental values cover only the far
right flank of the pH-dependent activity curve. Second, both
monomeric and dimeric shuttle mechanism contribute to the
overall effect. Third, the overall activity in the experimentally
available pH range is influenced by baseline toxicity as
described below. The kA of the less acidic compounds, 245TCP
and 345TCP, exhibited large errors because no data at pH-values
higher than pH 9 could be measured and because both
presumably form heterodimers easily.
The model was not very sensitive to changes in values of
kHA, although the fitted values of kHA were significantly different
for the different compounds and the values did have to be greater
than zero and not too high (otherwise the model would have
been reduced to the earlier quadratic model of eq 30).
Finally, a good fit of the adjustable parameters can be
obtained only for rather strong uncouplers, whose activity is not
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disturbed by the narcotic effect that constitutes the baseline
toxicity of any hydrophobic compound. The activity of two
weaker uncouplers, 4-nitrophenol and 3,4-dichlorophenol (data
not shown), as well as the activity of 2,4-dinitrophenol could not
be modeled satisfactorily because the effective concentrations in
the membrane were in the range of critical membrane burdens of
the narcotic chemicals (van Wezel & Opperhuizen, 1995) or
slightly below. Even the activities of stronger uncouplers were
often underestimated by the model in the outer pH region,
indicating a significant contribution of the underlying baseline
toxicity. One focus of research presently conducted in our group
is to incorporate the contribution of baseline toxicity into the
kinetic uncoupling model.
Comparison of translocation rate constants with membrane
permeabilities from the literature
The overall membrane permeability of species i, Pi. is
defined by Fick’s Law

J i = Pi (C wi ' ' −C wi ' )

(31)

that is, the rate constant for transport of a species from the
aqueous phase on one side of the membrane, through the
membrane, to the aqueous phase on the other side. Since it can
be assumed that transport through the membrane itself is the rate
limiting step (Kasianowicz et al., 1984), the translocation rate
constants ki can be transformed into membrane permeabilities Pi

Pi =

K mw, i k i
s

(32)

where s, the specific surface area of the membrane, is 4.4 x 105
m2kg-1. This transformation allows comparison of ki values with
Pi values in the literature.
In Table 2 membrane permeabilities calculated from the ki
values given in Table 1 are compared to literature data from
various sources and from different types of measurements. In
most cases, the membrane permeabilities for the neutral acids are
three to four orders of magnitude greater than the permeabilities
of the corresponding charged bases.
The calculated membrane permeabilities PHA of the neutral
species of substituted phenols are only slightly smaller than the
ones deduced for carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) by Benz et al. (Benz & McLaughlin,
1983) from charge-pulse experiments. They are also in the same
order of magnitude as the permeabilities of the entire membrane
to FCCP and other weak acidic uncouplers that were determined
with an alternative method based on pH-dependent membrane
potential measurements on planar bilayer membranes (LeBlanc,
1971; Gutknecht & Tosteson, 1973; Cohen et al., 1977;
McLaughlin et al., 1978). The differences between the values
from various studies appear to be caused by the structure of the
molecules and not by the type of the membrane, because the
permeability of neutral species is assumed to be independent of
the dielectric constant of the membrane (Benz & McLaughlin,
1983).
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The membrane permeabilities of the neutral species obtained
in this study agree not only with the data from biophysical
studies on planar lipid bilayers but also with data from biological
experiments. The reported diffusion coefficient of ubiquinone
between two specific quinone binding sites located on opposite
sides on the reaction center complex and the cytochrome bc1
complex in chromatophores (Crofts et al., 1983), is in the same
order of magnitude as the diffusion coefficient of DINOSEB and
DINOTERB.
In contrast to the membrane permeability of neutral
molecules, the permeability of an anion is strongly dependent on
the dielectric constant ε. It is not clear whether there is an
interfacial barrier to A and AHA, so calculations of PA have to
be treated with caution. Nevertheless, our average values of kA
agree well with direct measurements of the membrane
permeability of hydrophobic anions in decane-containing planar
lipid bilayers from different phospholipids membranes (LeBlanc,
1971; McLaughlin et al., 1978) (Table 2). The permeability of
the FCCP anion, PA , is two orders of magnitude greater in a
chlorodecane containing planar lipid membrane (ε = 4.5)
compared to a decane containing membrane (ε = 2.1) (Dilger et
al., 1979; McLaughlin & Dilger, 1980). The dielectric constant
of chromatophore membranes is about 3.8 (Packham et al.,
1978). Consequently, permeabilities similar to chlorodecanecontaining membranes should be expected for PA in our system.
In contrast to expectation, PA of the phenoxides are much
smaller than PA of FCCP in chlorodecane-membranes.
Benz (Benz, 1988) showed for tetraphenylborate and
analogues that the structure of lipophilic ions has a strong
influence on their translocation rate constants but only a small
influence on their membrane-water distribution ratio. We also
find increasing translocation rate constants with increasing size
of the ion. The effect is not as large as expected from the
example of the tetraphenylborate analogues; tetraphenylborate
ions are much larger and spherical, and their charge is
presumably much better shielded from the surroundings than it is
the case for the phenoxides.
Practical Implications
The results presented here show clearly the relevance of
mechanistically-based toxicity studies. The combination of
uncoupling experiments and membrane-water partitioning
experiments together with modeling of the uncoupling
mechanism allow one to separate the overall uncoupling effect
into various factors that can be related to specific properties of
the compound investigated. These factors are on the one hand

related to the concentration and speciation of the substituted
phenols at the target site, the membrane, and on the other hand to
the intrinsic uncoupling parameters, i.e., translocation constants
of all species across the membrane and heterodimer formation
constant.
These parameters are the basis for the development of
meaningful QSAR equations for uncouplers. Saarikoski et al.
(Saarikoski & Viluksela, 1981; 1982) developed an empirical
model to predict the pH-dependence of the toxicity of substituted
phenols towards fish and derived QSARs with the octanol-water
partitioning constant Kow, the pH, and the acidity constant pKa as
descriptors. QSARs of the in-vitro uncoupling activity of
substituted phenols are usually based on one hydrophobicity
descriptor (e.g. log Kow), one descriptor for the speciation e.g.,
pKa), and one descriptor for the steric effect of ortho substituents
(Miyoshi & Fujita, 1988; Escher, 1995). The results of the
present study rationalize the choice of these descriptors since the
intrinsic toxicity is strongly dependent on the presence of
shielding ortho substituents for higher translocation rate
constants or the absence of ortho substituents for good
heterodimer formation. Ortho-alkyl-nitrophenols exhibited the
highest intrinsic toxicity of all phenols investigated presumably
due to steric shielding of the hydroxy group by the bulky alkyl
substituents. Phenols without ortho substituents have smaller
translocation rates among phenol and phenoxide species, but
their overall intrinsic toxicity is high due to their ability to form
heterodimers, whose translocation rate constants are almost three
orders of magnitude greater than those of the phenoxides.
Although the small data set of seven compounds presented here
does not allow to deduce any quantitative equations, the
generalization deduced above are an important basis for future
developments of QSARs.
The quantitative differentiation of uptake and speciation
from the intrinsic toxicity is in addition a prerequisite for the
development of toxicokinetic models. Toxicokinetic models are
a valuable tool for the prediction of the pH-dependent activity of
HIOCs (Howe et al., 1994) In a more general sense,
toxicokinetic models have been applied in aquatic toxicology to
link in-vitro responses to effects on whole organisms (McKim &
Nichols, 1994). They may find in the future an application in the
risk assessment of HIOCs including the extrapolation from one
organism to another.
The mechanistic approach presented here should be well
suited to investigate the joint effect of mixtures of uncouplers
and mixtures of baseline toxicants and uncouplers, and to test the
hypothesis that synergistic effects could occur if heterodimers

Table 2 Membrane Permeabilities PHA of Substituted Phenols and Other Weakly Acidic Uncouplers
compound

PHA (cm.s-1)
between sorption sites d

PHA (cm.s-1)
entire membranei

PA (cm.s-1)
between sorption sitesd

PA (cm.s-1)
entire membranei

34DNP
3.10-2e
10-5 e
DINOSEB
2e
2.10-4 e
DINOTERB
17e
10-3 e
245TCP
1e
3.10-5 e
345TCP
2e
5.10-4 e
e
2345TeCP
2
2.10-3 e
PCP
10e
1.10-3 e
FCCPa
30-60f
50f
2f,m
CCCPb
17g
11g,j
0.2g,m
2.10-3j
DTFBc
4h
picric acid
0.4 k
7.10-6 k
salicylic acid
0.7l
< 10-7 l
a
Carbonycyanide p-trifluoromethoxyphenylhydrazone. b Carbonycyanide m-chlorophenylhydrazone. c5,6-dichloro-2trifluoromethylbenzimidazole. dFrom kinetic measurements of uncoupling. eThis work; in biological membranes; calculated from data in
Table 1 with eq 32. fValues from Benz and McLaughlin (Benz & McLaughlin, 1983). gValues from Kasianowicz et al. (Kasianowicz et al.,
1984).h Values from Cohen et al. (Cohen et al., 1977). i From membrane potential measurements using the method described by LeBlanc
(LeBlanc, 1971).j Phosphatidylcholine/ phosphatidylethanolamine/ cardiolipin/ decane bilayers (LeBlanc, 1971). k
Lecithin/cholesterol/decane bilayers (McLaughlin et al., 1978). l Lecithin/ decane bilayers (Gutknecht & Tosteson, 1973). mChlorodecanecontaining planar phosphatidycholine membrane.
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are formed by the phenoxide species of a strong acid and the
neutral species from another compound.
Finally, the approach presented here allows one to deduce
clear classification criteria for the uncoupling potency of any
weak organic acids. These criteria include not only
hydrophobicity and acidity of a given compound but additional
electronic and steric factors. Further investigations are presently
being undertaken in our laboratory to extend the range of tested
compounds and to realize the envisaged applications.

and the differential equation for ∆Θ is derived from eqs 23,
37, and 38 and amounts to
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Conversion of the differential equation for the change
in surface charge (eq 25) to the dimensionless membrane
potential ∆u (eqs 22 and 24) yields the following differential
equation:

Appendix: Mathematical Derivation of the Uncoupling
Model
The following derivation of the uncoupling model is in
principle applicable to organic acids and bases and may account
for heterodimer formation and formation of other complexes. For
the organic acids described in this paper, species i refers to HA,
A, and AHA.
The total concentration of uncoupler molecules in the
membrane, Γ 0 (mol.m-2), during the course of the experiment is
assumed to be constant.
∑ n i Γi ' + ∑ n i Γi ' '
i
Γ0 = i
2

(33)

where ni refers to the stoichiometric coefficient (i.e., nHA = 1, nA
= 1, and nAHA = 2). At any time during the experiment, the
surface concentration of a single species, Γi´, is a function of the
fraction of this species, α m
i , in the membrane and the total
concentration at the given side of the membrane,
(34)

Γi ' = α mi Γ '

and the total concentration, Γ´, is the sum of the concentrations
of all species.
(35)

Γ ' = ∑ n i Γi '
i

Before the build-up of the membrane potential, the initial
surface concentration, Γ 0 , is equal on both sides of the
membrane and is the sum of the surface concentration of all
species.

Γ 0 = ∑ n i Γi0 ' = ∑ n i Γi0 ' '
i

(36)

i

The function ∆Γ, the difference in surface concentrations, is
defined by
∑ n i Γi ' ' − ∑ n i Γi '

∆Γ = i

i

(37)

2

To make the concentration term ∆Γ dimensionless, the function
∆Θ is introduced, which corresponds to the fractional coverage
of the surface:

∆Θ =

∆Γ
Γ0

(38)

With a combination of eqs 33 and 38, the flux equation (eq 23)
can be rewritten as

J i = −2 k i α mi Γ 0 ∆Θ − k i α mi Γ 0 z i ∆u

(39)

d∆Θ
1
= 0 ∑ niJi
dt
Γ i

(40)

or, upon substitution of eq 39 for Ji




d∆Θ
= −2  ∑ n i k i α mi  ∆Θ −  ∑ n i k i α mi z i  ∆u
dt
i

i


d∆u
F2
=
∑ zi Ji
dt
C RT i

(41)

(42)

which can be rearranged, upon substitution of eq 39 for Ji, to




d∆u
= −2 B  ∑ k i α mi z i  Γ 0 ∆Θ − B  ∑ k i α mi z i 2  Γ 0 ∆u
dt
i

i


(43)

where
B=

F2
C RT

(44)

The solution of the linear non-homogeneous differential
equation system that consists of eqs 41 and 43 is of the following
form:

∆Θ( t ) = b1 e λ1t + b 2 e λ 2 t

(45)

∆u( t ) = b1 u1 e λ 1 t + b 2 u 2 e λ 2 t

(46)

The eigenvalues λ 1 and λ2 correspond to the two expected
rate constants of decay of membrane potential.
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 +8 B ∑ n i k i α mi z i ∑ k i α mi z i  Γ 0

i
 i




(47)

The initial conditions are ∆u(t=0) = u0 and ∆Θ(t=0) = 0, i.e.
no reaction before the potential build-up induced by the flash.
The relaxation amplitudes are then given by



λ1 + 2  ∑ n i k i α mi 
i

u1 =
m
∑ n i k i α i zi

(48)



λ 2 + 2  ∑ n i k i α mi 
i

u2 =
m
∑ n i k i α i zi

(49)

i

i

b1 =

− ∑ n i k i α mi z i
i

λ1 − λ 2

u0

(50)

Since the membrane is isolated towards the aqueous phase, it
follows that b2 = -b1.
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Chapter 13
Acute toxicity of organotin compounds:
different specific effects on the energy
metabolism and role of pH
René W. Hunziker, Beate I. Escher•, René P. Schwarzenbach
Triorganotin compounds exhibit several modes of toxic action on the energy metabolism in energy-transducing membranes. The
inhibition of the adenosine-triphosphate (ATP) synthase and the hydroxide/chloride-antiport have been extensively investigated but
there is still debate on whether further mechanisms are relevant. In this work two possible further effects have been investigated:
Inhibition of the bc1 complex and the hydroxide-uniport, and in addition, the overall inhibition of the ATP synthesis were investigated
in chromatophores of the photosynthetic purple bacterium Rhodobacter sphaeroides at pH=7.5 and at pH=6.1. Experimental conditions
were chosen in order to exclude the hydroxide/anion antiport as a possible effect. Inhibition of the cytochromes bc1 complex was
detected; however, at such high concentrations that it is not relevant for acute toxicity. Tributyltin was found to induce a decrease of the
membrane potential, which can be attributed to a hydroxide uniport, whereas for triphenyltin no such activity was observed. For both
compounds, inhibition of the ATP synthesis was higher at pH=6.1 than at pH=7.5. Also the hydroxide-uniport activity of tributyltin
was higher at lower pH. The contribution of the hydroxide-uniport of tributyltin to the overall inhibition of the ATP synthesis cannot be
quantified, however, hydroxide-uniport occurred in the same concentration range as inhibition of the ATP synthesis. For triphenyltin,
inhibition of the ATP synthesis can be attributed to the inhibition of the ATP synthase. It was concluded that chromatophores of R.
sphaeroides are a useful system to discriminate various effects of toxicants on the energy metabolism of a cell.

Introduction
Triorganotin compounds (TOT), in particular tributyltin
(TBT) and triphenyltin (TPT), are widely applied biocidals. TPT
is used as a fungicide in potato and rice fields. Both TPT and
TBT are used as constituents of biocides in industrial cooling
water systems and antifouling paints. These applications have
led to continuous release of TOT in the environment. The use of
TOT in boat paintings has been stringently regulated (European Commission, 1998; Champ, 2000), which has resulted in a
continuous decrease of TOT concentrations in coastal waters
(Tolosa et al., 1996; Stewart & Thompson, 1997; Harino et al.,
1999) and in lakes (Berg et al., 2001). Nevertheless, application
of TOT in agriculture can lead to significant concentrations in
adjacent surface waters (Stäb et al., 1993).
Despite major concern due to their chronic effects at low
concentrations, the acute toxicity of TOT is still relevant for
contaminated sites (Fent, 1996). The basic effect of TOTs is a
disturbance of the energy metabolism of the cell. Several secondary toxic effects may result from this basic effect (Fent, 1996).
While the acute toxicity of TOT towards bacteria, invertebrates, and fish correlates well with effects on submitochondrial
particles, which directly reflect the effects on the energy metabolism (Argese et al., 1998), no meaningful correlation was
found between any of these effects and the octanol-water
partition coefficient, or other physicochemical or structural
descriptors used for Quantitative Structure Activity Relationships (Vighi & Calamari, 1985; Nagase et al., 1991; Argese et
al., 1998). Argese et al. (1998) therefore concluded that the acute
toxicity indeed is due to the basic effect of the impairment of the
energy metabolism, yet, this impairment is caused by different
primary modes of toxic action. It is therefore necessary to

•

differentiate the primary modes of toxic action, which lead to the
observed inhibition of adenosine-triphosphate (ATP) synthesis.
In undisturbed energy-transducing membranes (membranes
of bacteria, mitochondria, or chloroplasts) either the electron
transfer chain or the photosystem transports protons through the
membrane (primary proton pumps). This results in an electric
field over the membrane, ∆ψ, and in a proton concentration
gradient generally expressed as ∆pH. This gradient provides the
ATP synthase (secondary proton pump) a driving force for the
synthesis of ATP (Mitchell, 1966) and is used to maintain
chemostasis of the cell.
Organotin compounds inhibit oxidative phosphorylation
(Aldrige & Cremer, 1955) and photophosphorylation (Kahn,
1970) in the low micromolar concentration range. TOT were
found to be more effective than tetra-, di- and monoorganotin
(Aldrige, 1976). TOT can disturb the complex interplay of the
primary and secondary proton pumps through four primary
modes of action, which are depicted in Figure 1. The overall
inhibition of phosphorylation is mainly attributed to the
inhibition of the F1F0 and C1C0 ATP synthase respectively
(Figure 1-D), and to an hydroxide(OH–)/anion shuttle (Figure
1-B) across the energy-transducing membrane (Aldrige, 1976;
Selwyn, 1976). Inhibition of the F-type ATP synthase is
attributed to the binding of TOT to the F0 moiety, which results
in blocking the proton transfer through the membrane (Gould,
1976; Selwyn, 1976; Papa et al., 1982).
In the OH– /anion antiport, the TOT cation forms a hydrophobic complex with OH – and diffuses along the OH–
concentration gradient to the p-side where exchange of anions
can take place. Back diffusion of the complex with the counterion closes the cycle. The overall process leads to a conversion of
∆pOH (i. e. ∆pH) to an anion concentration gradient. However,
∆ψ remains unchanged. Resulting swelling of the vesicle has
been described for mitochondria (Stockdale et al., 1970),

Hunziker, R. W., Escher, B. I., Schwarzenbach, R. P. (2001), "Acute toxicity of organotin compounds: different specific effects on the
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Figure 1 Chemiosmotic coupling of energy-transducing
membranes and possible modes of toxic action of triorganotin
compounds. A) inhibition of the primary proton pumps, B) shortcircuit the chemiosmotic gradient by inducing an OH–/anion
antiport, C) OH– uniporter, and D) inhibition of the F1F0 ATP
synthase.

erythrocytes (Selwyn et al., 1970), and artificial phospholipids
(Selwyn et al., 1970).
In contrast to the OH– /anion antiport, the OH– uniport
(Figure 1-C) depletes ∆ψ.This mechanism necessitates the
membrane permeation of a charged TOT species. A similar
mechanism occurs for several aromatic acids, which induce a
protonophoric shuttle (Terada, 1990). In the following the term
„protonophoric shuttle“ is also used for the OH– uniport,
although the postulated underlying mechanism is an OH– shuttle.
Selwyn et al. (1976) excluded migration of the tripropyltin
cation in liposomes. Yet, for tributyltin, migration of the cation
as part of a OH– uniport shuttle was postulated by Bragadin et al.
(1997) in mitochondria.
Effects of TOT on the primary proton pump (Figure 1-A) are
under debate. Gould (1976) described complete inhibition of
ATPase, while no effect on the electron transfer was observed in
chloroplasts for TPT concentrations ranging from 0.1 to 10 µM.
In contrast, Bragadin et al. (1997) described a decrease in the
respiratory rate of completely uncoupled mitochondria in the
presence of TBT, which they ascribed to an inhibition of the
electron transfer chain. Klughammer et al. (1998) described a
decline of the electron transport rate induced by TPT or TBT
with concentrations ranging from 10 to 150 µM in uncoupled
chloroplasts. They explained their findings with the binding of
TOTs to a postulated proton channel of the bf complex. The
ubiquinol-cytochrome c oxidoreductase (bc1 complex) is similar
in many respects to the bf complex (Furbacher et al., 1996). A
proton channel, which is sensitive to TOT may therefore be
suggested for the bc1 complex as well (Figure 2).
This work aims to give insight into the relevance of the two
mechanisms under debate: OH– uniport and inhibitory effects on
the bc1 complex, for the overall effect of TOT on ATP synthesis.
Organotin compounds are known to form complexes with
various inorganic or organic ligands, e.g. phosphate or
dithiothreitol (Hynes & O'Dowd, 1987). Such ligands are often
present in biological assays and can have significant effects on
the observed activities of TOT (Yagi & Hatefi, 1984). Consen-side

2H +

Q

Qn

b561

QH2
2QH2
2Q
p-side 4H+

ant

b566
QP

FeS

myx C1
2c2 (red)

2c2 (ox)

Figure 2 Ubiquinol reduction site, Qn, and ubiquinol oxidation site,
Qp , in the bc1 complex. Outlined arrows: subsequent flow of two
electrons from Qp to Qn via cytochrome b566 and cytochrome b561,
and from Qp to cytochrome c1 via the FeS (Rieske) cluster. Filled
arrows: mass flow of quinone, Q, and quinoles, QH2, respectively;
Bold lines: Inhibition site of antimycin (ant) and myxothiazol (myx).

quently, efforts were made to obviate unnecessary ligands in the
assay and to maintain consistency among all components present
in order to compare the effects found in different assays. The
strongest complexes are formed with OH– (Hynes & O'Dowd,
1987). Thus, the activities are expected to be dependent on the
pH. Therefore the influence of pH on the overall inhibition of
ATP synthesis and on the OH– uniport was investigated.
All experiments were performed with chromatophores of the
purple bacterium Rhodobacter sphaeroides by means of timeresolved spectroscopy. In previous work, we have used
chromatophores to differentiate protonophoric effects and inhibition of the electron transfer chain induced by substituted
phenols (Escher et al., 1997b). The effects observed in this test
system are relevant for effects on the individual and population
level in aquatic organisms (Escher et al., 1997b; Escher &
Schwarzenbach, 2002). To enable a qualitative comparison of
the effects on overall ATP synthesized based on the mechanisms
depicted in Figure 1, determination of the amount of ATP
synthesized was integrated in the test system by means of a
luciferin/luciferase system.

Materials and methods
Chemicals
Tributyltin chloride (97%), triphenyltin chloride (97%), 2morpholino-ethanesulfonic acid (MES), Tris(hydroxymethyl)aminomethane acetate (TRIS acetate) were obtained from Fluka
(Buchs, Switzerland). Luciferase (lyophilized) and D(–)luciferin, both from Photinus pyralis, adenosine-5'-diphosphate
monopotassium salt (ADP), adenosine-5'-triphosphate (ATP,
standard lyophilized), (P-1,P-5-di(adenosine-5')-pentaphosphate
(dAPP) were obtained from Boehringer (Mannheim, Germany).
Sources of redox mediators, inhibitors and ionophores used for
the determination of protonophoric activity and for the inhibition
experiments of the bc1 complex are described in (Escher et al.,
1997b).
Stock solutions of TPT and TBT were dissolved in methanol
containing 0.01 M HCl and stored at 4°C. Maximum
concentrations were 23.7 mM for TBT and 2.15 mM for TPT.
Protonophoric shuttle and bc1 complex inhibition
Cultivation of R. sphaeroides, strain GA, and preparation
and characterization of the chromatophores is described in ref.
(Escher et al., 1997b). Protonophoric shuttle and bc1 complex
inhibition were determined in a specially designed, single-beam
spectrophotometer, equipped with a flash excitation unit (Escher
et al., 1997b). Experiments were performed under anaerobic
conditions in a glass cuvette at a redox potential of 120–130mV
in the presence of redox mediators.
Inhibition experiments were conducted under completely
uncoupled conditions by the addition of 2.5 µM valinomycin and
2.5 µM nigericin. Protonophoric shuttle experiments were
conducted with the bc1 complex inhibited by the addition of
10 µM antimycin and 4 µM myxothiazol. Activity of the quinone binding sites QP and Qn of the bc1 complex were
investigated by measuring the kinetics of the oxidation-reduction
cycle of the cytochrome b561. The concentration of the reduced
cytochrome b561 is proportional to the difference in absorbance at
λ =561 nm and λ=569 nm. Absorption traces at the respective
wavelength were recorded one after another and subtracted
subsequently according to

ccyt

b 561, reduced (t ) ∝ ∆A561(t ) −

∆A569 (t)

(1)

The oxidation-reduction cycle of the bc1 complex was
induced by a series of 8 single-turnover xenon flashes of 1 µs
with a frequency of 40 ms.
The build-up and decay of the membrane potential was
measured as electrochromic shift of the carotenoids at
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λ=503 nm. The ∆ψ is proportional to ∆A503. Acceleration of the
decay of the membrane potential was quantified as a pseudo
first-order rate constant, ko b s, which was determined by
normalizing each trace to the control trace, followed by fitting a
first-order decay law to the normalized trace (Escher et al.,
1997b).
ATP synthesis inhibition
ATP synthesis inhibition was determined as the decrease of
the luciferase luminescence in-situ (Stanley et al., 1989). The
specially designed luminometer from Walz (Effeltrich,
Germany) consists of a photomultiplier and signal amplifier unit
(PM-101/D) a photomultiplier control unit (PM-101/N), and a
high power LED (HPL-L875) as light source orthogonal to the
photomultiplier. Experiments were performed in a quartz cuvette
(diameter 1 cm) with two mirroring sidings. The luciferin/luciferase assay was mixed from scratch in order to prevent loss of
free TOT due to sorption to albumin or complex formation with
dithiothreitol (Yagi & Hatefi, 1984) present in many commercial
assays.
For the experiments at pH=7.5, 1.2 ml of buffer (10 mM
TRIS acetate, 5 mM Mg(ClO4)2, pH 7.5 or 10 mM MES, 5 mM
Mg(ClO4)2, pH 6.1) were pipetted into the cuvette. Subsequently
the following components were added to the respective final
concentration: 1 mM KH2 PO4, 1 mM each of succinic and
fumaric acid (serving as redox buffer), and 15 µM dAPP (to
inhibit the adenylate kinase (Lienhard & Secemski, 1973)).
Then, the TOT stock solution, or pure solvent, and 0.66 mg/ml
chromatophores were added. The mixture was then incubated for
10 minutes. Thereafter, 30 µM luciferin, 0.95 mg/ml luciferase,
and 0.11 mM ADP were added and recording of the signal
commenced. After one minute, ATP synthesis was induced by
turning the LED light on for 6 s. After the emission signal
attained its maximum, a defined amount of ATP was added for
signal calibration. Control experiments, in which ATP was
added first and the LED was turned on subsequently, showed the
same results. To compensate loss of signal intensity at pH=6.1
the amount of chromatophores and the concentration of KH2PO4
had to be increased to 2 mg/ml and 5 mM respectively. Chloride
concentration calculated from the dilution of the chromatophore
storage buffer was 0.5 mM at pH=7.5 and 1.75 mM at pH=6.1.
Definition of the nominal chromatophore concentration,
ccph,nom
Concentration of chromatophores varied between the
different assays and the different pH values. In order to compare
the results of the different assays, concentrations were normalized to nominal concentration of TOT in the chromatophores:

relative concentration Ccytb561

A: inhibition of Qn

B: inhibition of Qp

positive control
(10 µM antimycin)

negative control
(10 µM antimycin)

21 mmol/kg TBT

21 mmol/kg TBT

negative control

positive control
(4 µM myxothiazol)

single-turnover flashes
time

single-turnover flashes
100 ms

Figure 3 Effect of tributyltin (TBT) on the kinetics of the reduction
(A) and oxidation (B) of cyt b561. Electron transfer is induced by a
series of 8 single-turnover flashes. Assay at pH=7.5 contained 25
mg/ml chromatophores, 10 mM TRIS acetate, 10 mM perchlorate,
redox mediators (see methods), 2.5 µM nigericin, 2.5 µM
valinomycin, NaS2O4<2mM, and, if applied, 10 µM antimycin and
4 µM myxothiazol.

ccph,nom =

ntot
mcph

(2)

where ntot denotes the total amount of TOT added to the
assay and mcph denotes the amount of chromatophores as mass of
the dry weight. Neglecting the amount of freely dissolved TOT
is justified considering the high concentration of chromatophores
in the assay and the high chromatophore-water distribution ratio
that was determined in a parallel work for TBT (Hunziker et al.,
2001b). According to this study, a chromatophore-water
distribution ratio of approximately 1000 can be assumed for TBT
at pH=7.5 (Hunziker et al., 2001b). With this value, the
maximum fraction of TBT present freely dissolved in the
aqueous phase is below 10%. For lower pH-values, the fraction
in the aqueous phase decreases slightly due to the high affinity of
the cation species to biological oxy-ligands (Hunziker et al.,
2001b). The affinity of TPT to ligands in the chromatophores
can be assumed to be higher and accordingly the fraction in the
aqueous phase to be lower.

Results and Discussion
Inhibition of the bc1 complex
In the present system, we investigated inhibition of the bc1
complex under uncoupled conditions in terms of oxidation and
reduction of the cytochrome b 561 (cyt b561). Uncoupled
conditions are necessary to prevent inhibitory effects of the
membrane potential on the electron transfer in the bc1 complex.
Complete uncoupling was achieved by the addition of nigericin
and valinomycin.
Reduction of cyt b561 was detected by kinetic difference
spectroscopy (Escher et al., 1997b) at pH=7.5. Single turnover of
the reaction center was induced by a series of 8 flashes in the
dark. Subsequent reduction of the ubiquinol pool drives the
redox processes in the bc1 complex. Cyt b561 is reduced and
oxidized after each flash (Figure 2). As the kinetics of these
reactions exceeds the time resolution of our set-up, the control
stays nearly unchanged (negative control in Figure 3-A). If the
reoxidation of cyt b561 is inhibited due to direct inhibition or due
to the inhibition of Qn, the kinetic trace reflects the reduction of
cyt b561 (positive control by the addition of antimycin in Figure
3-A).
TPT and TBT disturb the oxidation of cyt b 561 (effect of
21 mmol/kg TBT is shown in Figure 3-A). Inhibition of QP
prevents the reduction of cyt b561. QP inhibition can be detected
if antimycin is added previously (negative control in Figure
3-B). Subsequent addition of a QP inhibitor (e.g. myxothiazol)
prevents reduction of cyt b561 and the signal flattens (positive
control by the addition of myxothiazol in Figure 3-B). TPT and
TBT also disturb the reduction of cyt b561, yet the effect is only
evident after the first flash (effect of 21 mmol/kg TBT in Figure
3-B). Even at the highest concentration after the second flash,
the electron cycle is able to completely reduce cyt b561.
Due to the low solubility of TOT in the solvent used for the
stock solutions (methanol), the volumes of the added solvent
were relatively high (2% V/V). Although the applied volumes
themselves do not disturb the bc1 complex, as was determined in
the control experiments, maintaining the redox potential is a
fiddly process. Additionally, nonspecific effects seemed to
overlap when higher TOT concentrations were present.
Therefore, the experiment was not continued to 100% inhibition
(given the effect of antimycin or myxothiazol as 100%).
Nevertheless, it was obvious that up to a concentration when
ATP synthesis was inhibited by 50%, no significant inhibition of
the bc1 complex occurred.
The present observations correspond with the findings of
Klughammer et al. (1998). They described inhibition of the
plastoquinol-plastocyanin oxidoreductase (bf complex) in
chloroplasts for concentrations above those that inhibit the ATP
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synthase. Further consistently with the present findings,
Klughammer et al. (1998) found that Qn was more sensitive than
Qp .
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The effect of the OH– uniport, i.e. the acceleration of the
decay rate, is quantified as pseudo first-order constant, kobs
(Escher et al., 1996). The concentration dependence of the OH–
uniport of TBT and TPT expressed as kobs is depicted in Figure
5. For TBT, the OH– uniport was more effective at pH 6.1 than
at pH=7.5. For TPT, no OH– uniport activity was observed at
pH=7.5 and exhibited only minimal activity at pH=6.1.
The observed increase of the OH– uniport at lower pH can be
attributed to the speciation of TBT. At pH=7.5, 95 % of TBT in
the aqueous phase is present as a hydroxide complex and only
5% is present as cation. Yet, at pH=6.1 the fraction of the cation
is 55% (fractions are calculated with pKa=6.25 given in Arnold
et al. 1997). The OH– uniport, according to the mechanism
depicted in Figure 1-C has the highest activity when the
concentrations of the cation and the hydroxide complex in the
lipid phase in the membrane are equal (Escher et al., 1999). The
increase in activity with lower pH can therefore be attributed to a
more favorable speciation. Unfavorable speciation might, in part,
also contribute to the inactivity of TPT. However, at pH=6.1, the
fraction of TPT present as the cation is 10% (pKa=5.2 (Arnold et
al., 1997)), thus higher than the fraction of TBT present as a
cation at pH=7.5. From the point of view of speciation, a
comparable activity could be expected.

ATP synthesized (% of control)

kobs (s–1)

10

single
turnover
flash

Figure 4 Effect of nigericin and tributyltin on the membrane
potential ∆y. The membrane potential was built-up by one singleturnover flash. The assay at pH=7.5 contained 25 mg/ml
chromatophores, 10 mM TRIS acetate, 10 mM perchlorate, redox
mediators (see methods), NaS2O4<2mM, and, if applied, 2.5 µM
nigericin, 10 µM antimycin and 4 µM myxothiazol.

The effect of the OH uniport (Figure 1-C) was determined
at pH=7.5 (±0.1) and pH=6.1 (+/-0.1) as acceleration of the
decay of the membrane potential. The acceleration of the decay
of the membrane potential induced by the addition of 9.6
m m o l . kg –1 TBT is shown in Figure 4-B. Build-up of the
membrane potential after a single turnover flash can be split into
two phases: (i) a fast phase (1 µs) resulting from the charge
transfer by the reaction center and (ii) a slower phase (1 to 5 ms)
resulting from the subsequent contribution of the bc1 complex
(control curve in Figure 4-A). As TPT and TBT interfere with
the bc1 complex, antimycin and myxothiazol were added to the
assay to inhibit the second phase in the control trace of Figure
4-B. Despite this precaution, after addition of TBT the initial
membrane potential decreased to approximately 85% of the
initial potential of the control trace (see Figure 4-B). This could
be due to a specific inhibition of the reaction center complex.
However, similar effects also occurred with linear alcohol
ethoxylates (Müller et al., 1999b) and with a series of
nonspecifically acting hydrophobic compounds (Escher et al.,
2002). The observed decrease of the initial potential could
therefore also be attributed to a nonspecific effect. Yet, the
concentrations in the membrane are low compared to the
concentrations where unspecific effects are observed with other
compounds.
100

9.6 mmol/kg TBT

time

–

TBT, pH=7.5

2.5 µM nigericin

single
turnover
flash

OH– uniport

12

control
10 µM antimycin,
4 µM myxothiazol

3

∆ψ∝∆A50

Build-up and decay of the membrane potential in
chromatophores was determined by time-resolved spectroscopy.
The potential ∆ψ should not be sensitive to a charge-neutral
antiport as is the OH – /Cl– antiport. This assumption was
confirmed in an analogous experiment with nigericin. Nigericin
induces a charge-neutral H+ /K + antiport (Gomez-Puyou &
Gomez-Lojero, 1977). Figure 4-A shows the effect of the
addition of 10 µM nigericin. Besides a slight delay in the buildup kinetics, the two curves are identical. No net charge is
+
+
transported
- –in both the H /K antiport induced by nigericin– and–
the OH /Cl antiport of TOT. Therefore a possible OH /Cl
antiport, with remaining chloride (ca. 2.2 mM), should not
interfere with the signal of the membrane potential at 503 nm.
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B: OH- uniport

A: charge-neutral antiport
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Figure 5 Dependence of the OH– uniport and the overall ATP synthesis inhibition on the concentration of tributyltin and of triphenyltin at
pH=7.5 and pH=6.1. {/ OH– uniport expressed as kobs (left axis). Data points are measurements at the respective concentration in two
individual assays. Trend line for TBT is 2nd order least square fit of the data.  amount of ATP synthesized as percent of control (right
axis). Data points are single measurements. Trend line is drawn manually without underlying model.
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ATP
ATP

ATP

ATP
ATP
light
time
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light

ATP
light
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Figure 6 Effect of tributyltin and triphenyltin on ATP synthesis.
Signal shows light emission by luciferin-luciferase. ATP synthesis
was induced by a light pulse of 6 s. After 20–40 s ATP was added
for calibration of signal to calibration (note the difference in
amount of ATP added: TBT experiments 0.3 nmol, TPT
experiments 0.4 nmol). Media at pH=7.5 contained 0.66 mg/ml
chromatophores, 10 mM TRIS acetate, 1 mM fumarate and
succinate, 1 mM phosphate, 0.11 mM ADP, 0.95 mg/ml luciferase,
ca. 0.03 mM luciferin and 10 mM perchlorate.

The inactivity of TPT may result from its different
distribution behavior as compared to TBT. The liposome-water
distribution ratio of the TPT cation exceeded that of TBT by one
order of magnitude, which was attributed to a higher affinity of
TPT to the phosphate ligand in phosphatidylcholine (Hunziker et
al., 2001b). From the present findings it can be hypothesized that
the TPT cation, which is complexed with biological ligands, is
not available for the OH– uniport shuttle. Thus, the higher
affinity to the ligands rather decreases the OH– uniport activity.
Complex formation with inorganic ligands in the aqueous
phase might also influence the efficiency of the OH– uniport. For
this reason the effect of phosphate and chloride were evaluated
for TBT. The effect of phosphate was tested mainly to confirm
that the results of the OH– uniport experiments are comparable
with the ATP synthesis experiments, where a certain phosphate
concentration was a prerequisite. Addition of 5 mM KH2PO4 did
not influence the observed OH– uniport. Chloride was added to
test for possible competition with a OH–/Cl– antiport. Addition
of 0.5 M Cl– reduces the observed effect at both pH values (only
0.5 M was tested). The concentration of 0.5 M may seem high
with respect to osmotic pressure, however the addition had no
effect on the initial membrane potential. Bursting of
chromatophores would lead to a decrease of the initial signal.
The decrease of the OH– uniport activity after addition of
chloride can thus be attributed to the reduction of the fraction
present as hydroxide complex or as cation after formation of a
chloride complex.
Selwyn (1976) has described a detergent-like, lytic action on
mitochondrial membrane by TPT. Heywood et al. (1989) have
shown that TBT affects the integrity of the structure of
phosphatidylcholine liposomes. High levels of TOT were found
to induce the release of soluble proteins from the mitochondrial
membrane (Tzagoloff et al., 1968; Byington, 1971; Wulf &
Byington, 1975). The question therefore arises as to whether the
observed decrease of ∆ψ is due to a specific shuttle, or whether
it can be attributed to a nonspecific loss in membrane structure.
Three arguments favor a specific effect: (1) no acceleration in
the decrease of ∆ψ was observed with TPT in the same range of
concentration in the membrane, (2) the concentration of TBT in
the membrane was two orders of magnitude below the
concentrations where acceleration in the decrease of ∆ψ, due to
nonspecific effects, was observed with other hydrophobic
compounds (Escher et al., 2002), (3) the reversing effect of
chloride is a strong indication that a specific mechanism
involving the TBT cation is responsible for the observed
acceleration in the decrease of ∆ψ. A shuttle, as depicted in
Figure 1-C, is the most convincing explanation for the observed
effect of chloride. Selwyn et al. questioned permeation of the
cation for tripropyltin for a phospholipid liposome bilayer.

Alternatively, Bragadin et al. observed a decrease of ∆ψ in
mitochondria induced by three different alkyltins by measuring
the quenching of the absorbance of the dye safarin. The results
of the present study clearly show that TBT induces transfer of a
charged species through the membrane and decreases ∆ψ. The
permeating charged species is presumably the TBT cation.
Inhibition of ATP synthesis
ATP synthesis was determined in situ by the light emission
of the added luciferin-luciferase system. ATP synthesis was
induced by a light pulse of 6 s. The inhibitory effect of TBT and
TPT on the overall ATP synthesized at pH=7.5 is shown in Figure 6. As TPT and TBT might also inhibit the luciferase, e.g. by
complexing ATP (Hynes & O'Dowd, 1987), each assay was
calibrated by addition of a defined amount of ATP. TBT did not
influence the luciferase in the applied concentration whereas
TPT did, which is reflected in a smaller increase in the signal
after ATP addition (Figure 6). At the maximum TPT
concentration the inhibition of luciferase was approximately
50%. As the amount of ATP synthesized was calculated from the
ATP signal, the inhibitory effect on the luciferase was corrected
for each batch. Figure 5 shows the concentration dependence of
the inhibition of the ATP synthesis at pH=7.5 and at pH=6.1.
Both compounds were found to be more effective at pH=6.1 than
at pH=7.5 which agrees with the findings of Dawson et al.
(1974) for trimethyltin.
Comparison of the different mechanisms of action
The inhibition of the ATP synthesis is a sum parameter. It
integrates inhibitory effects on every link of the energy
conversion chain including the ATP synthase (Figure 1).
Inhibition of the primary proton pumps, i.e. inhibition of the
reaction center and of the bc1 complex, were shown to be
irrelevant: At concentrations which inhibited synthesis of ATP to
20% of the control, the initial membrane potential which is builtup by the reaction center complex was more than 90% of the
control. Significant inhibitory effects on the bc1 complex were
only detected for concentrations above the ones, which inhibited
ATP synthesis to 50%. As in all assays, only 10 mM of
perchlorate and negligible amounts of chloride were present, an
OH–/anion antiport can be precluded. For TPT no OH– uniport
was observed and thus, the observed inhibition of the ATP
synthesis can be attributed to the inhibition of the ATP synthase.
For TBT, the OH – uniport was observed in the same
concentration range as inhibition of ATP synthesis (Figure 5).
Thus it is expected to be relevant for the overall inhibition of
ATP synthesis. However, the exact contribution of the OH–
uniport to the decrease in ATP synthesis cannot be quantified.
The following effect concentrations for half maximum
inhibition, EC50, of the ATP synthesis were estimated from the
manually drawn trend line in Figure 5: for TBT EC50 (pH=7.5) =
3.2 mmol.kg–1, EC50 (pH=6.1) = 2.4 mmol.kg–1; for TPT EC50
(pH=7.5) = 22 mmol.kg –1, EC50 (pH=6.1) = 8 mmol.kg–1. The
effectiveness of the two compounds as inhibitors differs less than
one order of magnitude. This agrees with results from the
literature. In a comparison by Selwyn (1976) of the inhibitory
activity of various TOT on mitochondrial and chloroplast
phosphorylation, the activity of TBT exceeded the activity of
TPT by a maximum factor of three. In a comparison of the
inhibitory effects of TBT and TPT on reverse electron transfer in
submitochondrial particles (SMP) and on the luminescence in
the Microtox assay, TPT was found to be more effective by a
factor of three than TBT in the SMP assay, whereas in the
Microtox assay, TBT was found to be more effective by a factor
of two (Argese et al., 1998).
The findings of this work agree with the physicochemical
properties of these two compounds. The hydroxide complex of
TBT has a higher hydrophobicity, in terms of octanol-water
distribution ratio Kow (Kow=104.1), than that of TPT (K ow=103.53)
(Arnold et al., 1997). A higher hydrophobicity favors a
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mechanism that necessitates permeation of the hydrophobic core
of the membrane. Alternatively, the TPT cation has a higher
affinity to organic ligands, expressed as the liposome-water
partition distribution ratio (D lipw=104.8 L.kg-1), than the TBT
cation (Dlipw=103.6 L.kg-1) (Hunziker et al., 2001b). The higher
affinity to ligands favors binding to sensitive sites in enzymes.
The different mechanisms of action all result in the decrease of
ATP synthesis, however they necessitate different chemical
properties. This may explain why correlations of acute toxicity

Section 3 Membrane toxicity
data of TOT, with Kow as sole descriptor for hydrophobicity, fail
to describe the toxic effects satisfactorily.
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Chapter 14
The acute toxicity of (chloro)catechols and
(chloro-) catechol/copper combinations in
Escherichia Coli corresponds to their invitro toxicity
Nina Schweigert, René W. Hunziker, Beate I. Escher•, Rik I.L. Eggen
(Chloro-)catechols are toxic for bacteria and higher organisms, but the mode of action is not yet clearly understood. We have compared
the acute toxicity of different chlorinated catechols to Escherichia coli with membrane toxic effects, namely narcosis and uncoupling
that we have determined in an in vitro assay. In vitro membrane toxicity was quantified by measuring the accelerated decay of the
membrane potential of chromatophores isolated from Rhodobacter sphaeroides. Both acute and membrane toxicity increased with
increasing degree of chlorination. Analysis of dose-response curves, of pH-dependence, and of estimated membrane concentrations
gave a consistent picture of the mechanisms of membrane toxicity: At pH 7, the higher chlorinated catechols act as uncouplers of
oxidative- and photophosphorylation, and the lower chlorinated catechols and catechol act as narcotics. In case of 35DCC and 4MCC at
pH 8.8, both mechanisms appear to contribute to the overall toxicity. Copper exhibited a diverging effect on the toxicity of catechols of
(chloro-) catechols to E. coli. While the presence of copper increased the toxicity of catechol and 4-monochlorocatechol, the toxicity of
3,5-dichlorocatechol, 3,4,5-trichlorocatechol and tetrachlorocatechol decreased. Again, the results obtained with in vitro assays agreed
with the acute toxicity observed in E. coli: The presence of copper accelerated the decay of the membrane potential of catechol and 4monochlorocatechol, the effect was, however, reversed by copper in experiments with 3,5-dichlorocatechol, 3,4,5-trichlorocatechol and
tetrachlorocatechol. We have developed a mechanistic model to explain the diverging effect of copper on the uncoupling activities of
the different catechols.

Introduction
(Chloro-)catechols are introduced into the environment via a
variety of industrial and natural sources. They are used as
industrial reagents in the production of rubber, dyes, plastics,
pharmaceuticals and cosmetics (Milligan & Häggblom, 1998),
and they are important pollutants in the effluents of saw and pulp
mills (Neilson & Allard, 1991). Since (chloro-)catechols are
resistant to standard wastewater treatment processes, they are
discharged into the receiving water bodies, and they finally
accumulate in sediments (Remberger et al., 1986; Paasivirta et
al., 1990). In various bacteria and fungi (chloro-) catechols are
formed as intermediates in the degradation pathways of (chloro-)
benzenes, (chloro-)benzoates and other chlorinated aromatic
compounds (Neilson, 1990). (Chloro-) catechols can
intracellularly reach high concentrations during the degradation
processes. Catechols have been shown to be more toxic than the
parent compounds (Fritz et al., 1992; Boyd et al., 1997). As
(chloro-)catechols often occur in combination with other
chemicals on polluted sites, an interaction, for example, with
heavy metals seems plausible.
In an earlier paper (Schweigert et al., 1999), we have shown
that copper-catechol mixtures cause a significant DNA
degradation in vitro, but the toxicity of catechols and coppercatechol mixtures in E. coli can not be explained by these
genotoxic modes of action. As catechols are hydrophobic
molecules an accumulation in biological membranes can be
expected. Therefore, we compared in this study the acute toxicity
of (chloro-)catechols and copper-(chloro-)catechol combinations
•

to E. coli with the membrane toxic effects of these compounds.
Being not only hydrophobic, but also weakly acidic, catechols
can act according to two modes of toxic action on membranes
(Escher et al., 1997b; Müller et al., 1999b). Catechols can act on
membranes by narcosis, which is an unspecific disturbance of
the membrane function and constitutes the baseline toxicity of
any lipophilic compound (van Wezel & Opperhuizen, 1995).
Catechols can also function as uncouplers by a specific
protonophoric shuttle mechanism (Terada, 1990). Typical
uncouplers are weak organic acids that are able to transport
protons across membranes along a concentration and potential
gradient. For a variety of weak hydrophobic acids and bases,
such as substituted phenols, it has been shown that their toxicity
is primarily due to their uncoupling activity in biological
membranes (Terada, 1990). Specific and unspecific membrane
toxicities have been investigated using an in vitro toxicity assay
with energy-transducing membranes isolated from R. sphaeroides (Escher et al., 1997b).
Whether a given substituted catechol acts according to the
specific shuttle mechanism or rather as a narcotic is determined
by (i) its distribution between membrane and aqueous phase,
expressed by the membrane water partitioning constants
Kmw(H2cat) and Kmw(Hcat-) and (ii) the equilibrium between
these species, which is described by the acidity constant (pKa).
In addition to the investigations on membrane toxic effects
caused by the catechols alone, we analyzed the effects caused by
copper-catechol combinations. No reports on membrane toxic
effects of combinations of heavy metal with organic compounds
have been found in the literature. It can, however, be expected
that the formation of stable copper-catechol complexes

Schweigert, N., Hunziker, R. W., Escher, B. I., Eggen, R. I. L. (2001), "The acute toxicity of (chloro)catechols and (chloro-)
catechol/copper combinations in Escherichia Coli corresponds to their in-vitro toxicity", Environ. Toxicol. Chem., 2, 239-247.
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Estimation of the total concentration and of the speciation of
the catechols in the chromatophore membranes

influences the membrane toxicity of the catechols. A model was
developed to explain the observed copper effects
mechanistically. In the presence and absence of copper the
membrane toxicity of (chloro-)catechols corresponds well with
the acute toxicity measured in E. coli.

At a given pH, the membrane-water coefficient Kmw for the
catechol species (i) is

Materials and methods

Kmw = C m (i)
C w (i)

Catechol was obtained from Sigma (Steinheim, Germany),
4-monochlorocatechol (4MCC) from TCI (Tokyo, Japan), 3,5dichlorocatechol (35DCC), 3,4,5-trichlorocatechol (345TCC)
and tetrachlorocatechol (TeCC) were obtained from Promochem
(Wesel, Germany). Hereafter, “catechols“ comprises catechol
and all chlorinated catechols used in this study.
In vivo toxicity
An E. coli wild type strain (MG1655) was used to examine
the toxicity of the different catechols in combination with
copper. The strain was cultivated overnight in Luria Bertani
Broth medium (Sambrook et al., 1989).
Twenty microliter of a 105 fold dilution of the overnight
culture (resulting in around 200 colonies per plate in the negative
controls) were plated on minimal agar plates containing the
compounds of interest. Therefore, copper and the catechols were
added to minimal agar (12.5 g/l K2HPO4.2H2O; 4.5 g/l KH2PO4;
1 g/l (NH4)2SO4; 0.5 g/l Na-citrate.2H2O; 246 mg/l MgSO4 ;
0.001% vitamin B1, 0.1% glucose and 10g/L agar) which had a
temperature of around 50 °C and plates were poured
immediately after mixing. To avoid photo-induced oxidation of
the catechols, the plates were kept in the dark until solidification
and were used immediately afterwards. The plates were
incubated at 37 °C and colonies were counted after 2 days of
incubation.
Experimental determination of the physicochemical
parameters
The first acidity constants (pKa (1)), the octanol-water
partitioning coefficients Kow of catechol and TeCC and the
second acidity constant of TeCC (pKa(2)) were determined with
a potentiometric technique (Avdeef, 1993) using the titrator PCA
101 (Sirius Analytical Instruments, Forest Row, England).
Liposome-water partitioning coefficients of neutral and monodeprotonated TeCC were determined with phosphatidyl choline
liposomes using the same instrument (Avdeef et al., 1998). The
liposome suspensions were prepared by membrane extrusion as
described in (Escher et al., 2000b). All titrations were performed
in 0.1 M KCl solution under argon at 25° C. Further details of
the measurements are given in (Escher et al., 2000a). The
partitioning parameters were fitted from the titration curves with
the program pKaLOGPTM (Sirius Analytical Instruments, Forest
Row, England).
Origin and estimation of the physicochemical parameters
Kow values of 4MCC, 35DCC and 345TCC were estimated
with the fragment method of Leo and Hansch (Leo et al., 1971).
The pKa(1) values of 4MCC, 35DCC and 345TCC and pKa(2)
values of catechol were taken from literature (Dean, 1985;
Varhanícková et al., 1995). The pKa(2) values of 4MCC, 35DCC
and 345TCC were estimated with the Hammett equation
(Schwarzenbach et al., 1993) using a susceptibility factor
derived from the correlation of pKa (2) versus the Hammett
constant. [21]. The membrane-water partitioning coefficients
Kmw of H2cat and Hcat- were estimated from the correlation of
log Kmw versus log Kow (eqs. 1 and 2) that were deduced from
data of chlorinated phenols (Escher et al., 2000b).
log Kmw (H2cat) = 0.82 * log Kow(H2cat) + 1.21

(1)

log Kmw (Hcat-) = 0.86 * log Kow(H2cat) – 0.12

(2)

(3)

Cw the free aqueous, and Cm the membrane-lipid bound
concentration, species i can be H2cat, Hcat- or cat2-.
The membrane water distribution ratio Dmw, which is defined
as the ratio of the sum of the concentrations of all catechol
species in the membrane divided by the total catechol
concentration in the aqueous phase, can be expressed by (Escher
& Schwarzenbach, 1996):

∑f

Dmw (pH) = C m =
Cw

w
i

Kmw (i)

(4)

i

where the concentration in the membrane Cm is equal to the sum
of the concentrations of H2 cat m + Hcat-m + cat2 -m , and the
concentration in the aqueous phase Cw is equal to H2catw + Hcatw
2w + cat w and fi is the fraction of the catechol species (i) in the
aqueous phase. Due to the high pKa(2) of all catechols, cat2- is
not formed at the experimental pH 7 and 8.8. Hence, equation
(4) can in this case be simplified to:
Dmw (pH) = C m =
Cw

w
fHw2 cat Kmw(H2cat) + fHcat
− Kmw (Hcat )

(5)
where

fHw2cat

and

w
fHcat
− are the fractions of catechol in the non-

dissociated and dissociated form, respectively, in the aqueous
phase:

fHw2 cat =

1
1 + 10 (pH − pK a (1))

w
fHcat
−=

1-

fHw2cat

(6)

(7)

where pKa (1) is the negative logarithm of the mixed acidity
constant Ka in the aqueous phase:

K a (1) =

C w (Hcat − ) aH +
C w (H 2 cat)

(8)

where aH + is the proton activity in the aqueous phase.
Hereafter, Ka and pKa corresponds to Ka and pKa, respectively.
Determination of the membrane toxicity
The preparation and characterization of R. sphaeroides
membrane vesicles (chromatophores) has been described
previously (Escher et al., 1997b). The single-beam
spectrophotometer equipped with a flash excitation unit and
kinetic data acquisition capabilities is described in (Escher et al.,
1997b). The measurements were performed in an anaerobic
cuvette at a redox potential adjusted to 120 - 130 mV with
ferricyanide/dithionite and redox mediators (2,3,5,6-tetramethylphenylene diamine, N-methyl phenazonium methosulfate,
duroquinone, 1,2-naphtoquinone, 1,4-naphtoquinone) in a buffer
composed of MES (2-(cyclohexylamino)-ethanesulfonic acid),
MOPS (3-morpholino-propanesulfonic acid), HEPPS (4-(2hydroxyethyl)-piperazine-1-propane-sulfonic acid) and CHES
(2-(cyclohexylamino)-ethanesulfonic acid), adjusted to a total
buffer concentration of 60 mM at pH 7. One measurement cycle
was conducted without catechol to obtain a control curve
followed by several measurement cycles with increasing
catechol concentrations. Copper was added at the end of the
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Ctot is the total, and Cm the membrane-lipid bound
concentration; c(m) corresponds to the concentration of
membrane-lipids in the assay, which is the product of the
fraction of lipids in the chromatophore membrane (~ 30 %), and
the concentration of chromatophores in the assay (typically
2.7 g.L-1). Sorption to the proteins of the chromatophore
membrane was assumed to be negligible. This assumption was
based on findings of an earlier study in which liposome- and
chromatophore-water partitioning of substituted phenols was
compared (Escher & Schwarzenbach, 1996).
Model of the uncoupling activity of catechols

Hcat -

H2catm

m

+

+

H

+

H

+

H

+

H
H2catw

+

H

H
Hcat-w

aqueous phase

Figure 1 Model for the protonophoric shuttle mechanism of
catechols. The different catechol species (H2cat m, Hcat-m and
[H2catHcat]-m) are absorbed in the polar region of the membrane
and H2cat and Hcat- are in equilibrium between the aqueous
phase and the membrane. After the building up of the
electrochemical gradient, the charged species Hcat-m and
[H2catHcat]-m are responsible for a charge translocation over the
membrane.

experiment. After each catechol or copper addition, the system
was equilibrated for 15 min. During one measurement cycle, 3
kinetic traces were averaged, each of them consisting of the
relative absorption change at 503 nm over a 150 ms interval. The
absorbance change at 503 nm is proportional to the membrane
potential (Junge & Jackson, 1982), which accounts for the
majority of the electrochemical proton gradient in
chromatophores (Melandri & Venturoli, 1984).
Compounds that disturb the membrane integrity and
functioning show two types of effects on the membrane
potential: The build-up of the membrane potential is decreased
and the relaxation of the membrane potential after a pulse of
light is accelerated. The main effect of narcotics and uncouplers
is the acceleration of the decay of the membrane potential after
its initial build-up. This decay was quantified as the pseudo firstorder decay rate constant (kobs) of the absorbance at 503 nm and
hence of the membrane potential. The value of kobs is normalized
for the properties of a particular chromatophore preparation by
dividing each value of the kinetic trace by the corresponding
value of the control. More details on the measurements are given
by Escher et al. (Escher et al., 1996; Escher et al., 1997b). The
decay rate constant kobs can be described as a function of the
uncoupler concentration in the aqueous phase:
.

kobs = k Cwn,

(9)

where n is the reaction order and k is the rate constant. The
values n and k can be obtained from the slope (n) and the
intercept (log k) of the linear regression of log kobs versus log Cw.
The toxic endpoint chosen was the concentration at which
the half-time of the membrane potential decay was 500 ms
(C500), corresponding to a kobs of 1.39s- 1. This endpoint was
validated earlier by comparison with various toxicity tests using
a set of substituted phenols (Escher et al., 1997b). The endpoint
concentrations in the aqueous phase Cw500 and in the membrane
Cm500 can be derived from the nominal endpoint concentration
Ctot500 by equation (9) and (10), respectively:
C 500
w =

C 500
m =

C 500
tot
c(m) K mw + 1
500
C 500
tot - C w

c(m)

(10)

(11)

The mechanistic model of the uncoupling activity was
developed by Benz and McLaughlin (Benz & McLaughlin,
1983) and extended by Escher et al. (Escher et al., 1999),and the
model can be expected to be valid for catechols since these can
be classified as substituted phenols (Fig. 1): After build-up of an
electrochemical proton gradient by a flash of light, the
negatively charged species migrate over the membrane to the
positively charged side, driven by the membrane potential. The
negatively charged species are Hcat- and the heterodimer
[H2catHcat]-, which consists of a neutral catechol molecule and a
catechol anion. At the positively charged side a proton is taken
up from the adjacent water phase and uncharged catechol
molecules are formed. Driven by the thus established
concentration gradient, neutral H2cat diffuse back to the opposite
side of the membrane, where they deprotonate and Hcat- and
[H2catHcat] - are formed again. The formation of Hcat- and
[H2catHcat] - is pH dependent. At high pH values Hcat- is the
only important anion in the uncoupling process, whereas
[H2catHcat]- is predominantly formed when pKa is close to the
experimental pH, since under this condition significant amounts
of the neutral catechol molecule and the anion, which are
necessary for the complex formation, occur in the membrane. As
two catechol molecules are involved in the transport of one
proton over the membrane the relationship of kobs on CW shows a
quadratic dependence, and the reaction order n is around 2. In
contrast to the heterodimer formed by phenolic compounds, the
formation of [H2catHcat-] may be less favorable due to steric
constraint and because intramolecular hydrogen bonds are much
more favorable than a intermolecular hydrogen bonds. Since
only the heterodimeric shuttle mechanism should show a
1.5
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Figure 2 Plot of log kobs against log Cw at pH 7, if not mentioned
otherwise. The lines correspond to the linear regression with the
following regression equations:
O
{
Q
V
X

Catechol, kobs = 0.41 log Cw + 1.01; R2 = 0.95;
4MCC, pH 7, kobs = 0.71 log Cw + 2.50; R2 = 0.91;
4MCC, pH 8.8, kobs = 1.55 log Cw + 5.23; R2 = 0.85;
35DCC, kobs = 0.89 log Cw + 4.52; R2 = 0.94;
345TCC, kobs = 2.73 log Cw + 13.73; R2 = 0.93;
TeCC, kobs = 2.33 log Cw + 11.36; R2 = 0.90.
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Table 1 Toxicity of (chloro-)catechols and copper in E. coli measured as colony forming units on minimal agar. Values are mean values of
the number of survivors of 3 plates, the range gives the lowest and the highest number of colonies.
mean
range
mean
range
mean
range
mean
CuCl2 (µM)
0
10
100
330
no catechol
124.3
115-134
119
99-132
131.3
125-145
122
catechol
10 (µM)
127.3
112-150
140.6
126-146
119.6
110-132
NDa
100 (µM)
115
102-128
ND
71.3
59-74
ND
330 (µM)
72.6
64-87
ND
89.3
78-95
0
4MCCb
10 (µM)
124.3
112-135
115
108-118
103.3
89-121
ND
100 (µM)
72
58-101
ND
48.3
34-59
ND
330 (µM)
58
50-88
ND
20.3
13-25
1.7
35DCCc
10 (µM)
60
45-79
123.3
119-128
117
110-129
ND
100 (µM)
0
0
0
0
0
0
ND
330 (µM)
0
0
ND
0
0
0
345TCCd
10 (µM)
31.3
18-41
107
82-121
98
86-105
ND
100 (µM)
0
0
0
0
0
0
ND
330 (µM)
0
0
ND
0
0
0
TECC e
10 (µM)
11.7
9-16
99
81-110
132.3
124-141
ND
100 (µM)
0
0
0
0
0
0
ND
330 (µM)
0
0
ND
0
0
0
a
ND = not determined. b 4-monchlorocatechol. c 3,5-dichlorcatechol. d 3,4,5-trichlorocatechol. e tetrachlorocatechol.

reaction order of two, transient formation of the catechol
heterodimer was assumed.
At high pH values, when Hcat- is the only important anion in
the uncoupling process, the dependence of kobs on Cw is close to
linearity (n ≅ 1). At pH values, where both [H2catHcat]- and
Hcat- determine the uncoupling process, the dependence of kobs
on CW can be expressed by second order polynomial functions.
At experimental pH values, which are far below or above the
pK a values, only H2cat or cat2- is present, respectively, and the
kobs (1/s)

345TCC

TeCC

35DCC

Uncoupling

4MCC

range
105-134

0

1-3

0

0

0

uncoupling process is of minor relevance. Under these
conditions catechols merely act as narcotics.

Results and Discussion
Toxicity in E. coli
The toxicity of copper and of the different catechols was
investigated in the E. coli wild type strain MG1655 (Fig. 2). The
number of survivors corresponds to colony forming units on
minimal agar plates. Copper alone was not toxic up to 330 µM in
our experiments. The toxicity of the catechols alone increased
with the degree of chlorination. While the survival rate
decreased about 40% in the presence of 330 µM catechol in
comparison to the control, already 90% of the cells were unable
to form colonies at 10 µM TeCC. As the toxicity of the catechols
increases with the increasing hydrophobicity, membrane toxicity
was a possible explanation for the acute toxicity.
Compared to the survival rate with catechols alone, the
addition of copper decreased the survival rate in experiments
with catechol and 4MCC and increased the survival rate in
experiments with 35DCC, 345TCC and TeCC.

Narcosis

In vitro membrane toxicity at pH 7

cat

pKa -4

pKa -2

pKa

pKa +2

pKa +4

Figure 3 Plot of kobs versus pKa for an imaginary uncoupler. The
solid line corresponds to the overall uncoupling activity, which is
composed of the activity of the heterodimer (broken line) and the
activity of the catechol anion (dotted line). Narcosis is suggested
to play a role in the striped area (the importance of narcosis
increases with the darkness of the stripes), the upper border
depends on the physico-chemical parameters of the compound.
The plot was generated for an imaginary uncoupler. For the
calculation, the following parameters were used: Kmw(H2Cat) =
104, L/kg Kmw (Hcat-) = 103 L/kg, translocation rate constants in
the membrane of H2Cat, Hcat-, and the heterodimer were set to
1000 s-1, 0.1 s–1 , and 100 s- 1 (see (Escher et al., 1999) for
equations and more details). Arrows indicate the uncoupling
activity of the different catechols at pH 7. Note that this plot
merely explains differences in mechanisms and reaction orders
and it gives only qualitative differences in activity between the
different catechols. It cannot explain intrinsic activity differences
of different compounds.

While catechol and 4MCC were only slightly active and
millimolar concentrations had to be used until an accelerated
decay of the membrane potential could be observed, 35DCC,
345TCC and TeCC were effective uncouplers already at
micromolar concentrations. The highest membrane toxicity at
pH 7 was observed for 345TCC.
In Fig. 3 the dependence of the logarithm of the decay rate,
log kobs, on the logarithm of the uncoupler concentration in the
aqueous phase, log Cw , is shown. In this figure the less active
catechol and 4MCC are grouped in the millimolar concentration
range, which is typical for baseline toxicants, and the more
active 35DCC, 345TCC and TeCC are grouped in the
micromolar concentration range, similar to other acidic
uncouplers. The relationship between log kobs and log Cw shows
also that most probably two different toxicity mechanisms are
exhibited by the different catechols. The reaction order n is much
higher for 345TCC and TeCC (above 2) than for the other
catechols (below 1 at pH 7). It is therefore probable that 345TCC
and TeCC exhibit uncoupling as specific mode of action,
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Table 2 Physicochemical parameters, speciation, and toxic endpoints, Cw500 and Cm500, for the investigated catechols

catechol
4-monochlorocatechol
3,5-dichlorocatechol
3,4,5-trichlorocatechol
tetrachlorocatechol
4-monochlorocatechol

pH

logKOW(i)

pKaW
(1) (ii)

pKaW (2) (iii)

logKmw (H2cat)
(L/kgm) (iv)

logKmw (Hcat-)(v)
(L/kgm)

CW500 (vi)
(mmol/L)

C m500 (vii)
(mmol/kg m)

7
7
7
7
7
8.8

0.895a
1.605b
2.315b
3.025b
4.057a

9.25a
8.20c
7.78d
6.95d
5.97a

12.98e
12.70c
11.62f
11.28f
9.91a

1.95g
2.53g
3.11g
3.69g
4.41a

0.65h
1.26h
1.86h
2.47h
2.63a

11.3
5.24 10-1
7.52 10-3
3.14 10-3
5.93 10-3
3.15 10-1

1000
167
8.4
7.7
15.2
25.9

(i)

Octanol-water coefficient.
Acidity constant for the first protonation step, defined by equation (8).
(iii)
Acidity constant for the second protonation step, defined by equation (9).
(iv)
Logarithm of the membrane-water coefficient of H2cat, defined by equation (3).
(v)
Logarithm of the membrane-water coefficient of Hcat-, defined by equation (3).
(vi)
Endpoint concentration in the water phase, as defined by equation (11).
(vii)
Endpoint concentration in the membrane, as defined by equation (12).
a
This study.
b
Estimated with the fragment method of Leo and Hansch ((Leo et al., 1971)).
c
Ref. (Martin et al., 1996). d Ref. (Varhanícková et al., 1995). e Ref. (Dean, 1985).
f
Estimated with the Hammett equation (Schwarzenbach et al., 1993) using a susceptibility factor deduced from data in (Vasudevan &
Stone, 1996).
g
Estimated with equation (1).
h
Estimated with equation (2).
(ii)

between one and two is expected. We can not explain yet, why
the reaction order of TeCC is above two at pH 7. The pKa of
35DCC, 4MCC and catechol is below the experimental pH and
thus only [H2catHcat] - act as uncoupler. Therefore, a reaction
order around two would also be expected for these catechols. As
n is only 0.89 for 35DCC and even lower for 4MCC and
catechol (Fig. 3) the uncoupling by [H2catHcat]- can not be the
only process causing the decay of the membrane potential.
Therefore, we suggest that in the case of 35DCC we observe a
superposition of narcotic membrane toxicity and uncoupling
processes. For catechol and 4MCC, the pKa is far below the
experimental pH 7, thus a protonophoric shuttle mechanism is
unlikely and the observed membrane toxicity is most likely
caused by a narcotic mode of action.
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Figure 4 Comparison of the acute toxicity in E. coli and Cw for
catechols. The open symbols indicate the survivor rates ( = 10
µM catechol, ∆ = 100 µM catechol and { = 330 µM catechol), the
closed circles (O) stand for Cw500.

whereas narcosis is the likely mode of action of catechol and
4MCC at pH 7.
The 35DCC groups together with 345TCC and TeCC in the
micromolar concentration range, indicating that already low
concentrations lead to high membrane toxicity. The reaction
order is, however, nearly linear (0.9), suggesting that the
heterodimer is not the main cause for the membrane toxicity. A
possible explanation is given in Fig. 4, where the pH dependence
of uncoupling of phenols (Escher et al., 1999) was qualitatively
sketched for catechols. The decay rate of the membrane potential
is shown in dependence on the pKa of the different catechols.
The total uncoupling activity is composed of contributions from
the monomeric and the dimeric shuttle mechanism with Hcatand [H2catHcat]-, respectively, as membrane permeating species.
In this graph it has not been taken into account that the catechols
exhibit different maximum uncoupling activities at their pKa.
In the case of 345TCC and TeCC, the pKa values are
relatively close to the experimental pH 7 (Table 1). We can
therefore expect that the uncoupling process is dominated by the
dimeric shuttle mechanism. The heterodimer [H2catHcat]- is the
main active anion in the uncoupling process of 345TCC and a
reaction order around 2 is expected and could be measured (Fig.
3). In the uncoupling process of TeCC [H2catHcat]- and Hcat- are
most likely involved to a significant degree and a reaction order

Comparison of in vitro membrane toxicity and acute toxicity
in E. coli caused by catechols
For a comparison of the in vitro membrane toxicity with the
acute toxicity in E. coli, CW500 was chosen as toxic endpoint. As
shown in Fig. 5, the in vitro membrane toxicity of the different
catechols corresponds well with the acute toxicity. Both CW500
and the survivor fraction of E. coli decreased with the degree of
chlorination, the lipophilicity of the investigated catechols
increases in the same direction (Tab. 1). This suggests that the
membrane toxicity could be relevant for the acute toxicity. CW500
was compared with the survivor fraction at 10, 100 and 330 µM
catechols (Fig. 5). At a catechol concentration of 10 µM, where
the toxicity was still low, especially for catechol itself and
4MCC, the agreement between the acute toxicity and the
membrane toxicity is less obvious. At 100 µM, when toxic
effects for 4MCC are already apparent, the agreement
strengthens, but it is best at the highest catechol concentrations
investigated (330 µM), where all catechols exhibited toxic
effects.
Comparison of the critical membrane burden, Cm500, with
lethal body burdens (LBB’s)
LBB’s are constant for narcotic chemicals (van Wezel &
Opperhuizen, 1995). In fish, LBB’s range typically from 17 to
160 mmol/kg lipid (McCarty et al., 1985; van Wezel &
Opperhuizen, 1995; van Wezel et al., 1995b). Although Cm500
describes an effect other than lethality and the LBB’s are not
normalized for membrane lipid content but for the overall lipid
content of a fish, Cm500 and LBB’s agree astonishing well
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Figure 5 Plot of kobs versus the total catechol concentrations at pH 7 (a: 4-monchlorocatechol, b: tetrachlorocatechol). The effect of the
addition of 50 µM copper is indicated by an arrow.
Table 3 Mixture experiments: Catechol concentrations and the corresponding kobs values for catechols (at pH 7) before the addition of 50
µM copper, kobs values after the copper addition and the ratio of kobs in presence and absence of copper are given.

catechol
4MCC
35DCC
345TCC
TeCC

catechol concentration
(µM)

kobs before copper
addition (s-1)

2.5 104
3.9 103
35
17.5
27.7

2.9
8.4
4.1
5.8
8.3

kobs after copper
addition (s-1)

standard
deviation
0.13
0.81
0.43
0.45
0.18

(Müller et al., 1999b). The CW500 values of catechol and 4MCC
are within the order of magnitude of LBB’s (Table 1).
Uncouplers do not have constant LBB’s, but the Cm500 of the
catechols can be compared directly with Cm 5 0 0 of higher
chlorinated phenols and other phenolic uncouplers. Cm 500 of
35DCC and 345TCC are in the range of Cm 500 determined for
pentachlorophenol and Cm500 of TeCC is comparable with Cm500
of 2,4,5- and 3,4,5-trichlorophenols (Escher et al., 1996). These
results are consistent with our suggestion that the higher
chlorinated catechols act by the same uncoupling mechanism as
proposed for chlorinated phenolic compounds.
Uncoupling at pH 8.8
According to our hypothesis, catechols exhibit only
uncoupling activity when the experimental pH is relatively close
to their pKa . In the case of 4MCC - with a pKa of 8.2 - we
observed mainly narcosis at pH 7. Therefore, 4MCC was chosen
for an additional investigation at pH 8.8. The ratio of H2cat to
Hcat- of 4MCC in the membrane at pH 8.8 is around 5:1, in
contrast to 300:1 at pH 7. Hence an appreciable amount of the
protonated and deprotonated 4MCC occur in the membrane at
the higher pH.
While the Cw500 values change only from 5.2 x 10-4 M at pH
7 to 3.1x 10-4 M at pH 8.8, the Cm500 decreases from 0.167 M to
0.0259 M. This indicates that 6.4 times less 4MCC is necessary
in the membrane at pH 8.8 to obtain the same toxic effect,
suggesting that the protonophoric shuttle mechanism may
become relevant. The increased slope in the log kobs - log Cw 500
relationship supports this hypothesis. We therefore conclude that
at pH 8.8 narcosis together with the protonophoric shuttle
mechanism accounts for the observed decay of the membrane
potential by 4MCC. The observed pH-dependence confirms our
hypothesis that catechols may act as narcotics or uncouplers.
Copper/catechol combinations
Copper alone did not show toxic effects (Fig. 2) nor did it
cause an accelerated decay of the membrane potential at the
concentrations investigated. When copper was added to catechol
or 4MCC the decay of the membrane potential was accelerated
(Fig. 6a). When copper was added to the higher chlorinated
catechols (345TCC or TeCC), the acceleration of the membrane
potential decay was, however, reversed (Fig. 6b). As copper
forms stable complexes with catechols (Martell & Smith, 1989),
we suggest that catechol-copper complexes are the reason for the

kobs (with copper)
kobs (without copper)

standard
deviation

3.4
12.4
1.8
1.0
0.13

0.09
1.4
0.37
0.22
0.21

1.2
1.5
0.5
0.2
0.01

changing membrane toxicity caused by the copper addition. The
hypothesis made about catechol-copper complexes in
membranes in the following paragraphs is based on catecholcopper complexes in aqueous solution and is therefore purely
speculative. Further research is required to unravel the exact
mechanism of the observed effects.
An equimolar aqueous solution of copper and catechol, at
pH 7, yields 90.5 % of the neutral complex [cat2-Cu]0, 2.5 % of
the negatively charged complex [(cat2-)2Cu]2- and 4.6 % H2 cat.
The concentrations of the copper-catechol complexes were
calculated with the complex stability constants taken from
Martell and Smith (Martell & Smith, 1982; 1989).The neutral
complex should be readily sorbed to biological membranes, but
even the double negatively charged complex should to a certain
extent be taken up as the charge is shielded and well distributed
over the complex. The bulkiness of this complex, especially
when higher chlorinated catechols are considered, will, however,
reduce its solubility in membranes (Opperhuizen et al., 1985).
Yet, we can still assume that both complexes contribute to the
overall uncoupling process as it is sketched in Fig. 7. Driven by
2+
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Figure 6 Model for the protonophoric shuttle mechanism of
copper-catechol complexes. The charged [(cat2-)2Cu(II)]2- complex
migrates in the electrochemical gradient to the positively charged
side of the membrane, takes up two protons and dissipates into
the neutral H2 cat and [ catCu]0 complex. The neutral species
distribute again equally in the polar region of the membrane.
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the electrochemical gradient [(cat2-)2Cu]2- migrates over the
membrane and disintegrates at the opposite side, in doing so
[cat2-Cu]0 and cat2- are released. The latter species takes up two
protons from the aqueous phase and H2cat is formed, [cat2-Cu]0
and H2cat diffuse back across the membrane following their
concentration gradient thereby closing the cycle, and resulting in
a transport of two protons across the membrane.
In the case of catechol and 4MCC a measurable decay of the
membrane potential was only obtained at millimolar
concentrations of these narcotics. The effect of copper (50 µM)
was therefore also investigated at these high catechol
concentrations and led to a significant acceleration of the
membrane potential decay (Table 2). An aqueous solution of 2
mM catechol and 50µM copper (pH 7) contains 1.9 mM H2cat,
27 µM [cat2- Cu(II)]0 and 24 µM [(cat2 -)2 Cu(II)]2-. As the
concentration of the uncomplexed catechol species, causing the
narcotic effect, does not change much, the observed increase of
kobs (Fig. 6) must be due to the formation of copper-catechol
complexes. The increase can be explained by the proposed
shuttle mechanism involving copper-catechol complexes.
The higher chlorinated catechols are efficient uncouplers at
micromolar concentrations and an addition of an excess of 50
µM copper inhibited strongly the accelerated decay of the
membrane potential (Table 2). As complex formation constants
are only available for catechol and 4MCC and these are both
high Cu(II) complexes (logK = 13.9 for [cat2-Cu]0 and logK =
12.89 for [4MCC 2 -Cu]0 [31]), the complexes of higher
chlorinated catechols and copper are also assumed to be stable.
In a mixture of 27 µM catechol and 50 µM copper, 24 µM [cat2Cu]0, 2.9 µM H2 cat and 40 nM [(cat2-)2Cu]2- are present. Thus,
H2cat is largely depleted and the formation of Hcat- and
[H2catHcat]-, the species responsible for the charge transfer over
the membrane in absence of copper, decreases also
concomitantly. In contrast, only little [(cat2-)2Cu]2- is formed
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and, as mentioned above, this complex is very bulky when
higher chlorinated catechols are involved in its formation and its
uptake into membranes will therefore be reduced. [(cat2-)2Cu]2will therefore barely contribute to the uncoupling process
proposed in Fig. 7 and we suggest for the higher chlorinated
catechols that the protonophoric shuttle mechanism is inhibited
by the formation of copper-catechol complexes.
Conclusion
In summary, the acceleration and inhibition of the decay of
the membrane potential in case of the lower and higher
chlorinated catechols, respectively, corresponds well with the
effect of catechol-copper combinations on the toxicity in E. coli.
It is therefore likely that the diverging toxicity caused by the
presence of copper is due to the diverging effect on the
uncoupling activity of the catechol-copper combinations.
The results of this study are an important contribution to the
risk assessment of chemical mixtures (Simmons, 1995). In the
past little attention has been paid to interactions of chemicals in
mixtures that might cause non-additive toxicities. As it is shown
here, interactions of metals with organic chemicals can cause
completely unpredicted effects. Further research is required to
unravel the mechanistic basis of these interactions in order to
develop models for the prediction of mixture toxicity and for the
analysis of toxic effects of environmental samples composed of
mixtures of organic compounds and metals.
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Chapter 15
Interaction of phenolic uncouplers in
binary mixtures: concentration-additive
and synergistic effects
Beate I. Escher•, René W. Hunziker, René P. Schwarzenbach
The uncoupling activities of 14 binary mixtures of substituted phenols and of 4 binary mixtures of phenols and anisols were
investigated at different pH values. Experiments were performed with time-resolved spectroscopy on membrane vesicles
(chromatophores) of the photosynthetic bacteria Rhodobacter sphaeroides. Phenols are known to destroy the electrochemical proton
gradient in energy-transducing membranes by a protonophoric mechanism. Anisols do not have protonophoric activity but disturb
membrane structure and functioning as non-specific baseline toxicant. It was postulated in the literature that for certain substituted
phenols, the formation of a dimer between the phenoxide and the neutral phenol may contribute significantly to the overall
protonophoric activity. In 13 of 14 mixtures of substituted phenols but in none of the mixtures of phenols with anisols, such a dimer
appears to be formed between two different mixture partners. An extended shuttle mechanism of uncoupling, which includes a term for
the contribution of such a mixed dimer, provided a good description of all experimental data. Opposite speciation favors interaction and
ortho substituents abate interaction, which adds evidence for the dimer formation via a hydrogen bond between the phenol-OH and the
phenoxide.
These findings are significant not only regarding the mechanism of protonophoric action but also for the risk assessment process of
chemical mixtures in the environment. When assessing the effect of mixtures, concentration addition is regarded as a reference concept
to estimate effects of similarly acting compounds. The substituted phenols in this work act according to the same mechanism of action
of uncoupling. Nevertheless, the overall effect of four of the investigated mixtures, which exhibit stronger dimer formation as compared
to the single compounds, or for which the resulting dimer is intrinsically more active, exceeded the effect calculated according to
concentration addition considerably. In future work, this synergistic effect observed in vitro has to be validated in vivo to deduce its
implications for the risk assessment process.

Introduction
Hydrophobic ionogenic organic compounds, HIOCs, like
organic acids and bases, are of increasing environmental concern
since many pesticides (Worthing & Hance, 1991) and many
pharmaceuticals and personal care products (Halling-Sørensen et
al., 1998; Daughton & Ternes, 1999) contain ionogenic groups.
We have chosen substituted phenols as representatives of HIOCs
to investigate mechanisms of interaction with respect to their
toxic effect on energy metabolism. The chosen compounds act
predominantly as uncouplers of the chemiosmotic phosphorylation, i.e. they destroy the electrochemical proton gradient of
energy-transducing membranes (Miyoshi et al., 1990; Terada,
1990; Escher et al., 1996). The electrochemical proton gradient
is a system of energy conservation and allotment common to all
cells. Enzyme complexes in the membrane transport protons
through the membrane under energy consumption (primary
proton pumps). This transport results in, both, a proton
concentration gradient over the membrane, expressed in terms of
∆pH, and further in an electric potential over the membrane,
∆ψ. The electrochemical proton gradient is used to drive energydependent processes, e.g. ATP synthesis by the ATP synthase.
Weak aromatic acids like phenols short-circuit the
electrochemical proton gradient by a specific proton shuttle.
The present model of this protonophoric shuttle mechanism
is outlined in Figure 1. Because of their hydrophobicity, phenols
and phenoxides partition into the outer region of the membrane.
•

Driven by the membrane potential, ∆ψ, the phenoxides migrate
through the membrane from the negatively charged n-side to the
positively charged p-side (Part A in Figure 1), thereby
decreasing ∆ψ. On the p-side, the phenoxides bind a proton from
the adjacent aqueous boundary layer. Then the protonated
neutral phenols passively diffuse back to the n-side, where they
release a proton, and the circuit is closed.
Except for the fast protonation step, all steps are of firstorder, and overall first-order kinetics are expected for this
monomeric shuttle mechanism. However, several uncouplers
were shown to have a second-order dependence of uncoupling
activity on their concentration. Because of these findings a
dimeric shuttle mechanism was proposed (Lea & Croghan, 1969;
Finkelstein, 1970). According to this mechanism, formation of a
dimer of the phenoxide and the phenolic species takes place in
the membrane (Part B in Figure 1). The resulting dimer is
thought to migrate through the membrane more easily than the
phenoxide because of its reduced charge density (Finkelstein,
1970). Monomeric and dimeric shuttle mechanisms are
hypothesized to work concomitantly (Escher et al., 1996).
As both species are required for the described shuttle, the
uncoupling activity exhibits a strong dependence on the pH in
the surrounding aqueous phase. The activity follows
approximately a Gaussian curve with a maximum at the pH at
which both species are present in the membrane at
approximately equal concentrations (Escher et al., 1996). The pH
dependence of the uncoupling activity can be described in a
kinetic model, in which the permeation steps of the different

Escher, B. I., Hunziker, R. W., Schwarzenbach, R. P. (2001), "Interaction of phenolic uncouplers in binary mixtures: concentrationadditive and synergistic effects", Environ. Sci. Technol., 35, 3905-3914.
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Figure 1 Model of the protonophoric shuttle in an energy-transducing membrane. A: monomeric shuttle mechanism of a first-order
uncoupler with the phenoxide species, A(1)–, and the phenolic species, HA(1). B: dimeric shuttle mechanism of a second-order uncoupler
with the dimer, A(2)HA(2)–, as additional charge transferring species. C: postulated formation of a mixed dimer A(2)HA(1)– as additional
charge transferring species in a binary mixture of two substituted phenols.

species are treated as first-order reactions. Such models were
first developed to describe the conductance induced by weak
organic acids in black lipid bilayers (Cohen et al., 1977;
McLaughlin & Dilger, 1980). In our previous work we have
extended the kinetic model and adapted it to the uncoupling data
measured with time-resolved spectroscopy on energytransducing membranes of Rhodobacter sphaeroides (Escher et
al., 1999).
Given a mixture of two compounds, of which one is present
at ambient pH mainly as an anion (low pK a ) and the other is
present mainly as a neutral species (high pKa), the formation of a
complex between these species can be postulated (Part C of
Figure 1). This complex (hereafter referred to as “mixed dimer”)
can act as an additional carrier of charge through the membrane.
In analogy to the single compound dimer, a mixed dimer would
have diminished charge density and could enhance the activity of
the mixture significantly as compared to the single compounds.
Conductance studies on artificial black lipid bilayers have shown
that 2,4-dinitrophenol and 5,6-dichloro-2-trifluoro-benzimidazole, which by themselves show a quadratic dependence of the
logarithm of their conductance on the logarithm of their
concentration, i.e., act as dimeric uncouplers, exhibit a linear
dependence from each individual concentration when present in
a mixture. These findings are clear indications for the formation
of a mixed dimer (Foster & McLaughlin, 1974), which can be
formed in-situ in the membrane between two acidic uncouplers
and which contributes to the protonophoric effect. Our
hypothesis was that such a mixed dimer can also be formed
between substituted phenols, which often occur as co-contaminants in environmental samples.
This hypothesis was tested with 18 binary mixtures of
substituted phenols and anisols using compounds that cover a
wide range of acidity constants and substitution patterns (e.g.
ortho versus para substituents). In the “Results and Discussion”
section, the experimental findings are discussed on a mechanistic
level with the conclusion that all experimental data are
supportive of the mixed dimer model. In the section
“Ecotoxicological Significance” a link is made to mixture
toxicity in ecotoxicology. The experimental results are compared
with predictions for concentration addition, which is the
commonly used reference concept for chemicals with a similar
mode of toxic action. Finally, potential implications for the risk
assessment process are discussed.

Material and methods
Chemicals
The compounds were purchased from the following
companies: from Riedel-de Haën (Seelze, Germany): 2-tertbutyl-4,6-dinitrophenol (Dinoterb), 2,6-dichlorophenol (26DCP),

2,6-dibromo-4-hydroxybenzonitrile (Bromox); from Fluka
(Buchs, Switzerland): 3,4,5-trichlorophenol (345TCP), 3,4dinitrophenol (34DNP), 2,4-dinitrophenol (24DNP), 3,4,5trimethylphenol (345TMP); from Sigma-Aldrich (Buchs,
Switzerland): 3,5-dimethylanisole (35DMA), pentachloroanisole
(PCA); from EGA-Chemie (Steinheim, Germany):
pentachlorophenol (PCP); from Lancaster ( M ü h l h e i m ,
Germany): 3,5-dibromo-4-methylphenol (35DBC); the following
zwitterionic pH buffers from Fluka: 2-morpholinoethanesulfonic acid (MES, pK a =6.15); 3-(N-morpholino)propanesulfonic acid (MOPS, pKa=7.2); N-2-hydroxyethylpiperazine-N'-3-propanesulfonic acid (HEPPS, pKa=7.8);
2-(cyclohexylamino)-ethanesulfonic acid (CHES, pKa=9.55); the
following redox buffers from Fluka: succinic acid and fumaric
acid. Chemicals used for time-resolved spectroscopy are described in (Escher et al., 1997b).Egg yolk phosphatidylcholine
was purchased from Lipoid (Ludwigshafen, Germany).
Determination of the uncoupling activity
The effect of the compounds on the membrane potential was
measured by time-resolved spectroscopy using membrane
vesicles (chromatophores) isolated from the photosynthetic
purple bacterium R. sphaeroides. Cultivation of bacteria, preparation and characterization of the chromatophores and the
specially designed single-beam spectrophotometer equipped with
a flash excitation unit and kinetic data acquisition capabilities are
described in detail in (Escher et al., 1997b). The wavelength of
measurements was 503 nm, where the electrochromic shift of the
caroteinoid molecules is directly proportional to the membrane
potential (Crielaard et al., 1992). Measurements were performed
at different pH values either in an anaerobic cuvette at a redox
potential adjusted to 120–130 mV, or with the redox potential
buffered by the addition of 1 mM of each succinate and fumarate
(pH=7.4 only). The pH was buffered by using a mixture of MES,
MOPS, HEPPS, and CHES, adjusted to a total buffer- and K+
concentration (KCl/KOH) of 50 mM and 100 mM, respectively.
At the end of each measurement series, the pH was measured.
Experiments with single compounds
Concentration response curves were determined in one
single assay by stepwise addition of the respective compound.
During one measurement cycle, the membrane potential was
built up by a single turnover of the bacterial photosystem after its
excitation by a short flash (1 µs) in the dark. The following
decay of the potential was recorded over a period of 150 ms.
Flash and record sequence was repeated four times in an interval
with 1 min pause. The resulting four kinetic traces were
averaged (1 cycle). At the beginning of every measurement
series, the intrinsic membrane potential decay was determined in
three subsequent cycles, which were used as control. Then the
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respective compound was added. The assay was equilibrated
after each addition with stirring for 15 min and the kinetic traces
were recorded in two cycles. The acceleration of the decay
kinetics by the phenolic compound was calculated by
normalizing each trace to the control trace, followed by fitting a
first-order decay curve to the normalized trace (Escher et al.,
1997b). The corresponding pseudo-first order rate constant, kobs,
represents the uncoupling activity induced by the uncoupler.
Two different batches of chromatophores were used. Difference
of activity for a given compound in two different batches varied
in the range of ± 20%. For 345TCP, which was used with both
batches at pH=7.4, individual control curves were determined for
each batch.
Experiments with binary mixtures
Mixture experiments were performed in a n•n-design
whereby several series the concentration of one compound was
kept constant and the concentration of the other was altered.
Thus, the assay was prepared and the controls were recorded as
described above for the single compound experiments. Then
compound-1, in general the weaker uncoupler, was added and
the resulting uncoupling activity was determined. Thereafter,
compound-2 was added stepwise, and the measurements were
performed analogously to the measurements of the single
compounds. Each combination with fixed concentration of
compound-1 was measured in duplicate and combinations with
at least three different concentrations of compound-1 were
analyzed. For each combination, the activities of the single
components were determined at the respective pH in duplicate.
Physicochemical parameters
For Bromox and 35DBC the acidity constants, pKa, and the
octanol-water partition coefficients, Kow,HA, were measured with
the pH-metric method (Avdeef, 1992,Avdeef, 1993) on a PCA
101 automatic titrator (Sirius Analytical Instruments, East
Sussex, Great Britain).
The pH-profiles of liposome-water partitioning of Bromox
and 35DBC were measured with the TRANSIL-method using
palmitoyl-oleyl-phosphatidylcholine liposomes. Details of the
experimental method are described in (Escher et al., 2000a). The
liposome-water partition coefficients of the non-dissociated and
the dissociated species, Klipw,HA and Klipw,A, were extrapolated
from the pH profiles according to (Escher et al., 2000b)
The liposome-water partition coefficient of the nondissociated species Klipw,HA of 345TMP was determined by solid
phase micro extraction (SPME) (Vaes et al., 1997). Liposomes
were prepared from egg yolk phosphatidylcholine (≥98%) as
described in (Escher et al., 2000b).The distribution experiments
were performed at pH=4.8 with 10 mM acetate buffer and 10
mM NaCl. The liposome concentration used was 5.10–4 kg.L–1
and the concentration of 345TMP varied from 10–5 M to 10–4 M.
The aqueous concentration of 345TMP was determined with
GC-FID (Fision, Carlo Erba Instruments, Schlieren, Switzerland) after 40 min extraction by a 1 mm polyacrylate fiber and
desorption for 5 min at 270 °C. The GC was equipped with a
split/splitless injector, a 30 m x 0.25 mm fused silica DB-5 MS
column (J&W Scientific Folson, CA, USA) with a 0.25 µm film
thickness and a 1 m deactivated pre-column (BGB Analytik,
Anwil, Switzerland), and a flame ionization detector FID 80
module (both Fisons Instruments, Manchester, UK). Extraction
and desorption was performed with a Combi PAL autosampler
(CTC, Zwingen, Switzerland). Under the chosen conditions the
depletion of the nominal 345TMP concentration in the vial was
negligible.
All other physicochemical parameters were taken from
(Escher et al., 2000b).
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Quantitative evaluation of the experimental data
The overall uncoupling activity of a single compound is
determined by its concentration and speciation inside the
membrane and by its intrinsic activity, i.e. the translocation of
protons induced by the uncoupler already present in the
membrane. The intrinsic activity of a compound can be
understood as the permeability of its charged and uncharged
species in the membrane and the ability to form a dimer (Escher
et al., 1999). At constant pH and accordingly, constant species
fractions, the complex kinetic model can be simplified, and the
uncoupling activity of a single compound can be described by a
simple, second-order polynomial equation according to equation
1 (Escher et al., 1999). The uncoupling activity resulting from a
given concentration of a compound i is expressed as kobs,i(clip,i) in
units of s–1. This is the experimentally determined, normalized,
pseudo first-order decay rate constant of the membrane potential.
To enable a direct comparison of the intrinsic activities of the
compounds, the observed uncoupling activity is related to the
effective concentration of the compound i in the lipids of the
membrane, clip,i, in units of mol.kg–1:
2
kobs,i (clip,i ) = ai ⋅ clip,i + bi ⋅ clip,
i

(1)

ai and bi are compound-specific fit parameters for the
contribution of the first- and second-order steps of the
protonophoric shuttle mechanism (Escher et al., 1996). The
parameter ai is a function of the fraction of the charged species
in the membrane and its rate constant of migration through the
membrane. The parameter bi includes additionally the dimer
formation constant (Escher et al., 1996). For compounds that do
not form dimers, the parameter b i is zero. As the simplified
second-order model can only be applied at constant pH, a
separate set of parameter ai and bi are derived for each pH. The
non-linear least-square regressions were performed with the
software Prism Graph Pad (Motulsky, 1994-2000).
The uncoupling activity of a binary mixture, kobs,mix, can be
described in a simplified kinetic model according to the mixed
dimer mechanism depicted in Figure 1 as the sum of the products
of the permeability and the concentration of all charged species,
the monomers, the dimers and the mixed dimer. Hence, equation
1 can be extended by adding a term for the contribution of a
second single compound plus a “interaction”-term, the product
of the membrane concentrations of the two compounds and a
mixed-dimer parameter d:
2
2
kobs ,mix (c1 , c2 ) = a1 ⋅ clip,1 + b1 ⋅ clip,1
+ a2 ⋅ clip,2 + b2 ⋅ clip,2
+ d ⋅ clip,1 ⋅ clip,2 (2)

where ai and bi are the parameters derived from experiments
with the single compounds. The parameter d was determined by
a least-square fit of the entire data set of a given binary mixture
at a given pH, i.e. equation 2 describes several concentration
effect curves. In analogy to the derivation of equation 1, d is a
cumulative parameter, which includes the product of the fraction
of the charged species of the stronger acid times the fraction of
the neutral species of the weaker acids times a parameter
describing the uncoupling efficiency of the mixed dimer. This
latter parameter represents the contribution of the mixed dimer to
the uncoupling activity, i.e. its ease of formation plus its permeability in the membrane.
Data evaluation of the mixture experiments was performed
with the software R (Gentleman & Ihaka, 1997). For testing the
assumption of mixed dimer formation in the extended
uncoupling model, the parameter d was fitted independently with
fixed a i and bi values from the experiments of the single
compounds. Additionally, for the purpose of calculating confidence intervals of the predictions of kobs,mix for a given
concentration ratio of clip,1:clip,2, the entire data set of one binary
mixture was fitted with a multiple non-linear regression of
equation 2. Both types of data evaluation gave consistent results.
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Table 1 Physicochemical parameters of compounds.
Compound

abbr.

3,4-dinitrophenol

34DNP

2,4-dinitrophenol

24DNP

pKa
5.38

a

7.40

b
c

log Kow,HA

log Klipw,HA

d

j

3.17

1.90j

b

j

3.30

2.47j

c

4.41

j

4.71

3.16j

1.79
1.67

log Klipw,A

3,4,5-trichlorophenol

345TCP

7.73

2-tert-butyl-4,6-dinitrophenol

Dinoterb

4.80h

3.54d

4.10j

3.59j

c

c

j

4.49j

e

2.10e

e

pentachlorophenol

PCP

3,5-dibromo-4-hydroxybenzonitrile

4.75

Bromox

8.28

3,4,5-trimethylphenol

345TMP

10.25f

26DCP

6.97

2.97

e

35DBC

5.09

e

4.09

3,5-dibromo-4-methylphenol
2,6-dichlorophenol

5.24

e

3.16

e

g

5.44

4.51

3.18 e

n.d.k

2.66e

n.d.k

g

j

2.64

2.87

m

3,5-dimethylanisol

35DMA

-

n.d.

pentachloroanisol

PCA

-

5.96i

1.42j

m

n.d.

-

4.85i

-

a

Data from (Escher et al., 1999). b Data from (Schwarzenbach et al., 1988). c Data from (Schellenberg et al., 1984). d Data from (Escher et
al., 2000b). e This work (cf. methods). f Data from [Ko, 1963 #31]. g Data from (Lipnick et al., 1985). h (Miyoshi et al., 1987a). i Data from
(Escher, 1995). j (Escher et al., 2000b). k n.d. not determined.

The concentration of the compound i in the membrane lipids,
clip,i, and the free aqueous concentration, cw,i, were calculated
from the nominal concentration, c tot,i, and the liposome-water
distribution ratio at the respective pH. It was shown previously
that sorption of phenolic compounds to membrane proteins can
be neglected (Escher & Schwarzenbach, 1996). clip,i was
calculated by applying the liposome-water distribution ratio,
Dlipw,i, in the mass balance.
clip,i  L 
cw, i  kg 

(

ctot,i = cw, i + lip ⋅ clip,i mol ⋅ L−1

(3)

)

(4)

yielding

clip,i =

ctot,i
 mol 


1
+ lip  kg 
Dlipw,i(pH)

(5)

where lip is the concentration of the membrane lipids in the
assay in units of kg.L–1. Dlipw,i is calculated by
Dlipw,i (pH) = α i ⋅ Klipw,HA , i + (1 − α i ) ⋅ Klipw,A, i

 L
 kg 
 

(6)

where Klipw,HA,i=(clip,HA,i/cw,HA,i) and K lipw,A=(clip,A,i/cw,A,i) are
the liposome-water partition coefficients of the non-dissociated
and the dissociated form, respectively, and αi and (1-α i) are the
fraction of the non-dissociated and the dissociated form in the
aqueous phase at the respective pH. αi is calculated from the pH
and the pKa in the aqueous phase according to equation 7.

αi =

1

1 + 10( pH − pK a )

kobs (s–1)

Dlipw,i (pH) =

concentration-effect curves of the mixture experiments, that is,
the data were fitted with equation 2 using the mixed dimer
parameter d as the only adjustable parameter. The derived dparameters and the nonlinear regression statistics are
summarized in Table 3. As the standard deviations of the
residuals obtained when fitting the data without d indicate,
inclusion of the parameter d strongly improves the quality of the
fits.
The four binary mixtures containing non-acidic anisols
(35DMA, PCA) as one mixture component did not show
evidence of formation of a mixed dimer. Of the 14 binary
mixtures of substituted phenols, 13 showed an increase in the
uncoupling activity compared to the sum of the activities of the
single compounds indicating the formation of a mixed dimer.
One combination showed no interaction most probably due to
unfavorable steric constraints (see below). A typical
concentration-effect plot of a mixture with interaction is shown
in Figure 2. Each series of data points represents a combination
10

(4)

9

(2)

8
7

(3)

(1)

(5)

6
5
4
3

(7)

The physicochemical parameters that are needed to perform
these calculations are listed in Table 1.

2
1
0

Results and Discussion
Evaluation of the mixed dimer model
The concentration-effect curves of the single components at
a given pH were fitted to the uncoupling model with equation 1.
The resulting constants a i and bi as well as their standard
deviations and parameters describing the quality of the fit are
listed in Table 2. These values were used to evaluate the

0

5

10
15
clip(34DNP) (mmol.kg–1)

Figure 2 Uncoupling activity as a function of the membrane
concentration of 34DNP and 345TMP at pH=7.4. Full lines are
calculated according to equation 2. (1): 34DNP separately.
Activities of mixtures with (2): 0.17; (3): 0.33; (4): 0.67 mol.kg–1
345TMP. Dashed line (5): calculated according to equation 2 with
d set to zero (which is equal to the addition of effects) and 0.67
mol.kg–1 345TMP.
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Table 2 Uncoupling activities of the single compounds at various pH values.
Compound pHb

be

nf

r2 g

ECw
(kee=1.39s-1)i

ECw
(kee=6s-1)i

log Dlipw(pH)c

ad

(L.kg–1)

(kg.mol–1.s–1)

(kg.mol–2.s–2)

6.1

2.48

330±150 j

49400±19800 j

20

0.8849

0.89

10

27

7.4

1.98

300±30

26800±3600 j

23

0.9854

0.23

37

109

24DNP

7.3

2.47

49±3 k

0k

12

0.9379

0.54

94

406

345TCP

6.4

4.70

31±11 j

2100±300 j

22

0.9679

0.46

0.4

0.9

7.4

4.55

0

5

0.9945

0.24

0.3

0.5

7.3

4.55

100±20 k

4100±800 k

11

0.9862

0.29

0.3

0.8

8.0

4.28

66±56 j

11800±3100 j

19

0.9012

0.86

0.4

1.0

8.5

3.94

27±36 j

23200±2700 j

20

0.9745

0.38

0.8

1.8

Dinoterb

7.4

3.59

1620±50

j

40

0.9116

22.88

0.2

1.0

PCP

7.4

4.50

460±10 j

0j

20

0.9684

0.42

0.1

0.4

Bromox

7.3

2.38

310±10 k

0k

15

0.9733

1.32

35

150

35DBC

7.3

5.38

39±6 k

240±70 k

25

0.9515

0.54

1.0

3.4

345TMP

2.66
2.34

0j

8.4±0.3 j

40

0.9053

0.83

890

1850

26DCP

6.1 to
8.5
7.4

16

0.9778

0.38

35DMA

7.4

n. d.l

3.7±0.7
-j

j

1230
-

3480
-

8.5

n. d.i

-j

-j

-

-

4.85

j

j

-

-

s rh

a

34DNP

PCA

7.4

j

j

-

15600±400

j

j

0

5.4±0.9
-j
-

j

(µmol.L–1)

(µmol.L–1)

a

Names for abbreviation are given in Table 1. b Mean values of the pH at the end of the measurement series. c Calculated with equation 6
and the values given in Table 1. d Fit parameter (± standard deviation) for the first-order step of the uncoupling mechanism cf. equation 1.
e
Fit parameter (± standard deviation) for the second-order step of the uncoupling mechanism cf. equation 1. f Number of experimental data
points. g Quality of fit expressed as r-squared. hStandard deviation of the residuals sr= √(sum of squares/ degrees of freedom). i Total
aqueous concentration needed to induce the respective endpoint, ke e , calculated with equations 1 and 3. j Determined with
chromatophores from batch 1 in an anaerobic cuvette (cf. Methods). k Determined with chromatophores from batch 2 with
succinate/fumarate redox buffer (cf. Methods). l n.d. not determined.

with constant concentration of compound-1, 345TMP, and an
increasing concentration of compound-2, 34DNP. The data
points on the y-axis show the activity of the first compound
separately, the line (1) gives the activity of the second compound
separately. The solid lines correspond to the extended
uncoupling model (equation 2) with the parameters listed in
Tables 2 and 3. The dashed line (5) gives the activity for the
combination with the highest concentration of compound-1 with
the contribution of the mixed dimer set to zero, which is equal to
the addition of effects of the single compounds.
The last term in equation 2, d .clip,1.clip,2, is analogous to the
second-order term of equation 1. The product of d and the
membrane concentrations of the two compounds can be
interpreted as the contribution of the mixed dimer to the total
uncoupling activity. The product of clip,1 and clip,2 is proportional
to the concentration of the mixed dimer in the membrane. The
proportionality factor, i.e. the dimer formation constant, is
included in parameter d and cannot be resolved from the intrinsic
activity, i.e. the mobility of the dimer across the membrane.
From Figure 2 it can be seen that the second-order dependence
of compound-2 (34DNP) decreased with increased concentration
of the mixture partner (345TMP). Hence the interactive effect
depends linearly on the concentration of one of the compounds.
Transformation of equation 2 shows this linear dependence. This
observation is consistent with earlier findings of mixed dimers in
black lipid bilayers (Foster & McLaughlin, 1974).

(

)

2
2
kobs,mix = a2 + d ⋅ clip,1 ⋅ clip,2 + b2 ⋅ clip,2
+ a1 ⋅ cm,1 + b1 ⋅ clip,1

(8)
.
The term (a 2+d clip,i) represents an apparent increase of the
first-order contribution from compound-2. Whether there is
competition between the formation of the single compound

dimer and the mixed dimer cannot be resolved. Competition
would result in a decrease of the second-order contribution of
compound-2 on an absolute scale (smaller b value). However, it
is plausible to assume that the contribution of the dimer of the
single compound is constant, as the fraction of the dimers is very
small, or even only transient, and thus the concentrations of the
monomer species remain constant.
The role of the speciation of the compounds, i.e. pH, as well
as the role of the substitution pattern on the phenolic ring for the
activity of the binary mixtures are discussed in detail below. The
good agreement between the mixed dimer uncoupling model and
the experimental data, as well as the congruence of expected
effect of pH and substitution pattern with the experimental data
strongly corroborate our initial hypothesis. Hence, not only the
amine 5,6-dichloro-2-trifluoro-benzimidazole can form mixed
dimers with substituted phenols as was shown by Foster and
McLaughlin (Foster & McLaughlin, 1974) but also various
substituted phenols with each other.
Effect of pH
According to the proposed model, formation of a mixed
dimer can be expected mainly in combinations of compounds
with low and high pKa and at pH values, at which the
complementary species predominate. This condition is fulfilled
for the combination of 34DNP and 345TCP. They are both
dimeric uncouplers but at pH 7.4, 98 % of 345TCP occurs as
neutral phenoxide species and 82% of 34DNP as charged
phenoxide species in the membrane. Therefore both compounds
are much less active than at their peak activity at a pH value
close to their respective pKa. As is depicted in Figure 3A, a
combination of both compounds at concentrations where they
exhibit a kobs of 1.39 s-1 (which corresponds to a decay half-time
of 500 msec, an earlier chosen endpoint for the uncoupling
effect(Escher et al., 1999)) does not yield an overall effect of
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Table 3 Parameter describing the synergistic effect of binary mixtures
Mixture

Partners

compound-1a

db

pH

lower 95 %
upper 95 %
confidence
limit
(kg2.mol–2.s–1) (kg2.mol–2.s–1)

(kg2.mol–2.s–1)

compound-2a

df c

sr

s rd
if d=0

345TMP

345TCP

6.4

340±20 e

300

370

119

0.75

1.70

345TMP

345TCP

8.0

610±50

e

520

700

103

0.83

1.66

345TMP

345TCP

8.5

360

570

103

0.68

1.07

35DMA

345TCP

6.4

460±50 e
-e

35DMA

345TCP

8.5

-e

35DMA

34DNP

7.4

-e

PCA

34DNP

7.4

-e

345TMP

34DNP

6.1

930±150 e

620

1230

57

1.03

1.30

345TMP

34DNP

7.4

1100±70 e

960

1230

100

0.57

1.22

345TCP

34DNP

7.4

116000±5000

107000

126000

48

0.45

1.57

26DCP

Dinoterb

7.4

0e

0

0

106

0

1.09

345TMP

Dinoterb

7.4

3700±260 e

3180

4220

125

0.91

1.52

26DCP

PCP

7.4

470±90 e

290

640

63

0.55

0.73

345TMP

PCP

7.4

1570±100

e

1380

1770

92

0.84

2.24

345TCP

24DNP

7.3

8470±370 f

7720

9220

64

0.37

1.15

35DBC

24DNP

7.3

2200±100 f

2000

2500

81

0.47

1.36

35DBC

Bromox

7.3

43900±2100 f

39700

48100

82

0.52

1.61

345TCP

Bromox

7.3

e

f

173600±5000
163600
183600
77
0.63
3.04
Names for abbreviation are given in Table 1. b Fit parameter quantifying the interaction of the two compounds according to equation 2.
c
Degrees of freedom, here corresponding to number of experimental data points minus one. d
Standard deviation of the residuals s r= √
(sum of squares/ degrees of freedom). e Determined with chromatophores from batch 1 in an anaerobic cuvette (cf. Methods). f Determined
with chromatophores from batch 2 with succinate/fumarate redox buffer (cf. Methods).
a

kobs (s-1)

8

A

7
pH 7.4
6

pH 6.4
pH 6.1 pH 7.4

excess of the phenoxide species. Consequently the activity of the
single compound is dominated by the dimeric shuttle
mechanism. 345TMP has a high pKa so that the fraction of
345TMP anion in the membrane is less than 2% even at the
highest pH value (pH=8.5). Therefore, 345TMP can be
considered to be the H-donor. The d values of this mixture are
rather small and do not vary significantly between pH=6.4 and
pH=8.5 (Table 3). However, as can be seen in Figure 3-A, the
activity at pH=6.4 is doubled as compared to the addition of
effects, but is only 1.5-fold at pH=8.5. At first glance, this
finding might appear counter-intuitive because, at the higher pH,
there is a larger fraction of phenoxide species available for the
mixed dimer formation. However, the relative contribution of the
mixed dimer to the overall activity decreases because, at the
12

Bromox +

B

10
8

pH 8.0

5

kobs (s-1 )

2.78 s-1, as would be expected if d=0, but more than double, 7.53
s-1. This excess activity can be attributed to the additional
translocation of charge resulting from the mixed dimer formed
from the phenoxide species of 34DNP and the phenolic species
of 345TCP. If 34DNP is combined with 345TMP, which is fully
neutral at both, pH 6.1 and pH 7.4, the contribution from the
mixed dimer becomes smaller than with 345TCP, and there is no
large effect of pH even though the speciation of 34DNP in the
membrane changes from 22 % phenoxide at pH 6.1 to 82 %
phenoxide at pH 7.4. This observation is an indication that this
mixed dimer does not have a high intrinsic activity.
In the example of the combination of 345TCP with 345TMP
(Figure 3-A), 345TCP is the H-acceptor in the mixed dimer,
although at all three pH values the neutral species is present in

pH 8.5

4

6
PCP+

3

24DNP+
Dinoterb +

4
2

2

1
0
34DNP+
34DNP+345TMP
345TCP

345TCP+345TMP

0
345TMP 26DCP 345TMP 26DCP 345TCP 35DBC 345TCP 35DBC

Figure 3 Influence of the mixed dimer on the uncoupling effect of the mixtures. The bars represent calculated uncoupling activities
according to equation 2 for mixtures with each of the components present at its effect concentration EC(kee=1.39 s-1) at the indicated pH.
The thin line depicts the effect of the single compounds. The thick line gives the sum of the effects of the single compounds, which
corresponds to a mixture with no interaction (d=0). Values for ai, bi, d and EC(kee=1.39 s-1) are given in Tables 2 and 3. Error bars
correspond to the upper and lower limits of activity, calculated using upper and lower confidence limits of ai, bi and d.
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same time, the activity of 345TCP alone increases due to the
larger fraction of its phenoxide.
Effect of substitution pattern
Speciation is not the only determining factor for dimer or
mixed dimer formation. Compounds with two bulky ortho substituents or with ortho substituents that form strong intramolecular H-bonds (e.g. 24DNP) do not show dimer formation
in single compound experiments (Escher et al., 1996; Escher et
al., 1999). In the present study, we tested the hypothesis, whether
such compounds are able to form mixed dimers with phenols
that have no ortho substituents.
PCP and Dinoterb, which are both pure monomeric
uncouplers, showed interaction in the combination with 345TMP
(Figure 3-B). Likewise, Bromox or 24DNP in combination with
35DBC or 345TCP yielded high d values. The activity with
contribution of the mixed dimer was up to threefold higher than
for d=0 (Figure 3-B). The combination of two ortho-substituted
compounds, PCP with 26DCP showed minor interaction and for
the combination of Dinoterb and 26DCP (Figure 3-B) there was
no indication for formation of the mixed dimer (d=0). Hence, in
analogy to dimer formation (Escher et al., 1996), ortho
substituents on both partners hinder the formation of a mixed
dimer, whereas in combinations of partners with and without
ortho substituents a mixed dimer can be formed.
The good agreement of the entire set of experimental data
with the mixed dimer model adds strong evidence to the
hypothesis of a dimer of phenol and phenoxide as an additional
species in the protonophoric uncoupling mechanism of single
compounds. Consequently, phenols cannot only form mixed
dimers with other functions as is evidenced by the interaction
between 24DNP and 5,6-dichloro-2-trifluoro-benzimidazole
(Foster & McLaughlin, 1974) but also with each other if
speciation and steric factors are favorable. The role of the ortho
substitution is an additional indication that the two species in the
dimer are interconnected by a hydrogen bond between the
phenoxide oxygen and the phenol hydroxide. For
pentachlorophenol, formation of a dimer was confirmed
spectroscopically in aprotic solvents and the observed spectra
indicated an H-bonded structure (Barstad et al., 1993).

Ecotoxicological Significance
Comparison with concentration addition
Plackett and Hewlett (Plackett & Hewlett, 1952; Plackett &
Hewlett, 1967) have introduced a set of four categories to
distinguish joint toxic action of chemicals. According to their
terminology the proposed formation of a dimer of similar acting
compounds is termed complex similar action. Prediction of the
effects of such a mixture is difficult because the interaction of
the compounds may result in an overall effect ranging from
antagonism to synergism depending on the type and degree of
interaction. Complex similar action has to our knowledge not yet
been proposed for environmental chemicals but is only known
for pharmaceutical combinations.
For mixtures of similar acting compounds without
interaction, termed “simple similar” by (Plackett & Hewlett,
1952; Plackett & Hewlett, 1967), concentration addition is used
as a reference concept (Loewe, 1953; Sprague, 1970). On a
mechanistic level this concept can be understood as the
description of two compounds with different binding affinities
for the same receptor (Bliss, 1939). The response of the
biological system is dependent on the fraction of receptors with
toxicant bound independently whether it results from a low
concentration of a compound with high binding affinity or vice
versa. According to this concept, any effect in a mixture can be
obtained by replacing one substance by the equi-effective
amount of the other.
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The concept of concentration addition was proposed as a
general reference concept irrespective of the underlying modes
of toxic action (Sprague, 1970; Berenbaum, 1985).
Concentration addition was found to describe the effects of
mixtures of baseline toxicants (Könemann, 1981a; Hermens et
al., 1985a; van Wezel et al., 1996b) and was also applied as a
reference concept for mixtures of uncouplers (see discussion
below) (Altenburger et al., 2000). Whether or not concentration
addition is an appropriate concept for mixtures of compounds
with different mode and different site of action is still under
debate (Pöch, 1991; Altenburger et al., 1996).
As the investigated phenols all act according to the same
mechanism, concentration addition is used as reference concept
in the following, although its mechanistic interpretation of
receptor binding is not applicable to the protonophoric shuttle
mechanism of uncoupling. The term “synergism” is used for
mixtures with higher observed activity than predicted from
concentration addition. This is the definition preferred by most
authors (Greco et al., 1995).
To test the consistency of the experimental data with the
concept of concentration addition a certain endpoint effect needs
to be chosen and the concentration required to induce the chosen
endpoint, i.e. the effect concentration, E C , needs to be
determined. There is no a priori endpoint for the uncoupling
activity. Therefore, in the following two endpoint effects, kee, are
used. The first, kee=1.39 s–1 (i.e., decay half time of 500 msec),
was shown earlier to correlate well with several biochemical
tests and with EC50 values of algae growth inhibition and of
luminescence inhibition of the bacterium Vibrio fischeri, and
furthermore, covers similar concentration ranges in sensitivity
(Escher et al., 1997b). However, some experimental mixture data
needed to be extrapolated to lower concentrations for kee=1.39
s –1 . In contrast, the second endpoint, k ee=6 s–1, represents the
intersection of the minimal activity of the most active mixtures
and the highest activity of the single compounds. Hence, for
most mixtures, data for k ee =6 s–1 were interpolated from the
experimental data. Therefore, this endpoint was exceptionally
selected for this mixture study. Effect concentrations (EC) were
backcalculated for the two endpoints by using equation 1 which
yielded membrane concentrations EC lip,i. These were converted
into the corresponding free aqueous concentrations, ECw,i, by use
of the liposome-water distribution ratio (equation 3 and Table 1).
To test consistency with predictions for concentration
addition, toxic units (TU) were calculated. A toxic unit denotes
the concentration of a compound present in a mixture as a
fraction of its effect concentration when present alone (Brown,
1968; Sprague, 1970):
TU i =

clip , i
EClip , i

=

cw , i
c
= tot , i
ECw , i ECtot , i

(9)

Toxic units are independent of the units by which the
concentration is expressed, i.e. TUi is equal for clip,i, cw,i and ctot,i.
According to the concept of concentration addition, a mixture
will give the same endpoint effect if the sum of the TUi of the
components present in the mixture (equation 9) equals one:
c1
c
+ 2 =1
EC1 EC 2

(10)

where in our experiments, kobs,i(ECi) = kee (see equation 1) and
kobs,mix(c1,c2) = kee (see equation 2).
Toxic units, TUs, were calculated for hypothetical binary
combinations assuming that the components were present in the
ratio of the effect concentrations (c 1 :c2= EC1(kee=6 s–1):
EC2(kee=6 s–1)). Concentration values were backcalculated using
equation 1 and 4 and the values for a, b and d given in Tables 2
and 3. The ∑TU ranged from 0.41 to 1.14 and are presented in
Table 4 with decreasing values. ∑TU = 0.41 is a significant
synergistic effect with respect to concentration addition (for
discussion of significance see below). ∑TU = 1 corresponds to
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concentration addition, and ∑TU = 1.08 to 1.14 shows slight
overestimation by concentration addition. ∑TU ≥ 1 was
observed for the combinations of the second-order uncouplers
that have no substituents in ortho position and for which
speciation was not clearly inverse. Concentration addition was
also found for combinations of two diortho substituents that
exhibit small or zero d values, i.e. that are not forming strong
mixed dimers. In conclusion it should be emphasized again that
not all binary combinations that exhibit interaction according to
the mechanistic model (i.e. d > 0) are synergistic with respect to
concentration addition. Concentration addition gives a suitable
description for compounds that interact with themselves in a
similar way as with the mixture partner.
Synergism was observed when speciation and/or steric
effects were favorable for interaction between the two mixture
partners. The combination of 34DNP and 345TCP (∑TU = 0.77)
showed a slight synergistic effect at the effect level of 6 s -1. In
this case, the main reason for the synergism appears to be the
speciation while the mixed dimer formation is sterically
equivalent with the dimer formation of the single compounds.
The argument of speciation also holds true for the combination
of 24DNP with 345TCP or with 35DBC but these combinations
have a somewhat lower TU due to the ortho nitro group. The
synergistic effect is even more pronounced for Bromox with
35DBC or 345TCP (∑TU = 0.41), for which both, speciation and
the steric effect favor the formation of a mixed dimer.
Note, however, that the TU-concept has only limited
applicability for compounds with non-parallel concentrationeffect curves because the magnitude of TU is dependent on the
effect level. For the presented data set, TU increased with
increasing effect level, i.e., synergistic effects at the effect level
kee=6 s–1 are larger than at the effect level kee=1.39 s–1.
In order to estimate the statistical significance of the
synergistic deviation from concentration addition, concentrationeffect curves were constructed for binary mixtures with a
mixture ratio of the ECw,i(kee=1.39 s–1) values. Predictions for
concentration addition were calculated according to equation 10.
For a better comparison with common literature data, the
concentration scale was converted to aqueous concentrations.

Comparison with data from literature
Comparison of observed effects of mixtures of uncouplers
with the concept of concentration addition on a higher biological
level were performed by (Könemann, 1981a) and by
(Altenburger et al., 2000). In the study of Könemann
(Könemann, 1981a) the LC50 value (7 and 14 days) of mixtures
of 10 moderate uncouplers (phenol and various chlorophenols)
were investigated with guppies (Poecilia reticula) at pH=6.1.
The LC50 of the mixture was in accordance with concentration
addition (∑TU=1.0). Not all compounds in their test set were
investigated here. Yet, according to the criteria derived above,
for the pK a values and the substitution pattern of the phenols
used in Könemann’s study, concentration addition would also be
expected in the test system used here.

8

A

kobs (s-1)

kobs (s-1)

8

The mixture of 34DNP with 345TCP, which exhibits
ΣTU = 0.77 is depicted in Figure 4a. In this mixture, the 95 %
confidence intervals slightly overlap between the prediction for
concentration addition and the curve constructed from the
uncoupling model. In contrast, the confidence intervals of
uncoupling model and prediction by concentration addition do
not overlap for the combination of 24DNP and 35DBC above an
effect level of approximately 1 s–1. For the three mixtures with a
lower ΣTU, the difference between concentration addition and
the uncoupling model is even more pronounced. For the
mixtures with a higher Σ TU, the difference between
concentration addition and the uncoupling model becomes
insignificant as indicted by overlap of the confidence intervals.
The border between the statistically significant difference of
concentration addition and synergism is visualized in Table 4 by
the broken line.
The four synergistic mixtures are all combinations of an
ortho-substituted phenol with strong electron-withdrawing
substituents and a phenol without ortho substitution and only
halo-substituents. Such a combination appears to have a high
complex formation constant of the dimer or, alternatively, the
dimers formed have a higher membrane permeability than the
other dimers.

7

B
7

6

6

5

5
(1)

4

(3)(4) (2)

4

3

3

2

2

1

1

(1)

(3) (4) (2)

0

0
–8
1.00E-08

10

–7
1.00E-07

1.00E-06
1.00E-05
1.00E-04
10
10–6
10–5
10-4
total aqueous concentration cw,1 + cw,2 (mol.L-1)

1.00E-03

1.00E-08
10–8

1.00E-07
10–7

1.00E-06

1.00E-05

1.00E-04

10–5
10-4
10–6
total aqueous concentration cw,1 + cw,2 (mol.L-1)

1.00E-03

Figure 4 (a) Concentration effect curves of 345TCP (1) and 34DNP (2) and of their binary mixture (3) with a constant concentration ratio
of cw,1:cw,2=ECw,1: ECw,2=1:160 at pH=7.4 in a comparison with activities predicted by concentration addition. Full lines represent
concentration-effect curves calculated from the descriptors of the uncoupling model and broken lines represent the 95 % confidence limits.
Note that for a more simple determination of the confidence interval, the complete experimental data set was fitted to equation 2 with all
descriptors, a1, b1, a2, b2, and d as adjustable parameters. For comparison, the prediction for concentration addition (+ (4)) was calculated
for various endpoint effect levels with equation 10. The small symbols (+) represent the predictions with EC-values that were calculated
with the lower and upper confidence limits of the parameters a1, b1, a2, b2 and d. (b) Concentration effect curves of 35DBC (1) and 24DNP
(2) and of their binary mixture (3) with a constant concentration ratio of 1:90 and prediction of concentration addition (4).
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Table 4 Toxic Units of the binary mixtures investigated.
Mixture Partners
compound-1a compound-2

pH

ΣTUb

lower
95% CI

upper
95% CIc

345TMP

345TCP

8.5

1.14

1.13

26DCP

Dino2terb

7.4

1.13

1.12

1.15

345TMP

34DNP

6.1

1.08

0.94

1.09

345TMP

345TCP

8.0

1.01

0.94

1.04

345TMP

34DNP

7.4

0.98

0.96

0.99

26DCP

PCP

7.4

0.95

0.94

0.98

345TMP

345TCP

6.4

0.95

0.92

0.96

345TMP

Dino2terb

7.4

0.88

0.87

0.88

345TMP

PCP

7.4

0.79

0.78

0.80

345TCP

34DNP

7.4

0.77

0.73

0.79

35DBC

24DNP

7.3

0.66

0.57

0.71

345TCP

24DNP

7.3

0.64

0.57

0.68

345TCP

Bromox

7.3

0.41

0.36

0.45

35DBC

Bromox

7.3

0.41

0.34

0.45

a

1.16

b

Names for abbreviation are given in Table 1. Toxic units were
calculated for an endpoint effect level of kee = 6 s–1 . c Confidence
intervals were calculated with the upper and lower confidence
limits of the ai, bi, and di-values listed in Tables 2 and 3.

In a study of Altenburger et al. (2000), 16 substituted
phenols and phenylhydrazones, most of them potent uncouplers,
were investigated in the bioluminescence test with Vibrio
fischeri (30 min.). Complete dose response curves (inhibition
from 0 to 100%) were examined for the individual compounds
and for two mixtures of all compounds with different component
ratios. For both component ratios, the experimental findings
were in agreement with the prediction of concentration addition
up to an effect level of approximately 50% inhibition. For higher
effect levels, however, the observed effects were slightly
underestimated by the concept of concentration addition (further
details are given in (Grimme et al., 1998)). In the light of the
findings discussed above, the slight synergism detected in the
study of (Altenburger et al., 2000) may not be an artifact but
may have a mechanistic basis. It is interesting to note that the
degree of synergism increases with increasing effect level both
in the present study and in the toxicity tests with Vibrio fischeri.
Final conclusions regarding this comparison can only be
drawn once multiple mixtures are investigated with the in vitro
test system presented here. In addition further work should be
directed to binary mixtures with clear synergistic effects to
resolve if the results of the in vitro test system can be
extrapolated to higher organisms.

To date, environmental risk assessment is generally focused
on single compounds. In the regulatory process of the EU,
compounds will be excluded from the following steps of the risk
assessment process if the predicted environmental concentration
(PEC) of a compound of interest is below the predicted no effect
concentration (PNEC) (European Commission, 1996). This
approach implies that the toxicants act independently. However,
the present work and many others show that it is a misleading
simplification if the compounds in a mixture are processed one
after the other. The present work also shows that concentration
addition is a very likely but not a worst-case scenario for
compounds with similar mode of action. In the future, risk
assessment processes for mixtures need to be established. Most
efforts in this direction are based on the concept of concentration
addition, e.g. for non-specifically acting compounds (Könemann,
1981a; Hermens et al., 1985a; van Wezel et al., 1996b). Further
examples include the hydrocarbon block method for oil components (European Commission, 1996) or the concept of toxic
equivalent concentrations for dioxin-like compounds (Safe,
1998a).
There is agreement in human health risk assessment that in
the long term the overall effect of single compounds and of
mixtures should be modeled in two steps (El-Masri et al., 1997;
Bucher & Lucier, 1998; Haddad & Krishnan, 1998). In a first
step absorption, distribution, metabolism, and excretion of a
compound should be modeled to predict the resulting
concentration of the compound at its target site (toxicokinetics).
The effect of the compound present at its target site
(toxicodynamics) should then be modeled in a second step. This
approach, known as pharmacokinetic/pharmacodynamic or
toxicokinetic/toxicodynamic modeling, has been applied
successfully in several mixture studies (Krihnan & Andersen,
1991; McCarty et al., 1992). The present results can be a basis
for a comparable approach for uncoupling compounds and for
applications in environmental toxicology. Thanks to the
simplicity of the chosen set-up, the interaction of the compounds
can be observed without blearing effects of different
accumulation kinetics and metabolism, and other possible
mechanisms of toxic action of the compounds can be excluded.
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Mechanism-based approaches in
ecotoxicology
The research presented in this thesis has been initially
triggered by the recognition of the importance of the molecular
interactions of environmental pollutants with target sites in
biological organisms. Understanding these interactions serves as
a basis for understanding the mechanism(s) of toxicity and
should be the basis for future development of predictive models
for environmental risk assessment.
A particular focus was set on compounds interacting with
biological membranes. By combining a subcellular test system
for membrane-based mechanisms with membrane-water partition
experiments, many general conclusions about non-specific and
specific membrane toxicity could be drawn.
It was shown that baseline toxicants exhibit constant
effective membrane concentrations. Therefore the prediction of
the toxic potential of a given baseline toxicant simply requires
knowledge on the membrane-water partitioning.
For pollutants with specific toxicity, additional criteria
categorize the effect(s). The balance of hydrophobicity and
acidity determines the potency of uncouplers. Stronger and more
hydrophobic organic acids are more potent than weaker and
more hydrophilic acids. Another prerequisite is a good
delocalization of the negative charge of the deprotonated form of
the acid. Therefore substituted phenols are uncouplers, while
carboxylic acid or other isolated acid functions do not lead to
uncoupling activity. Also, most bases cannot act as uncouplers
because their positively charged protonated species cannot
migrate through the membrane due to the positive potential in
the interior of the membrane. If steric constraints are favorable,
e.g., if a phenol does not carry any bulky ortho substituents or
substituents that form internal hydrogen bridges, uncoupling
efficiency is increased by formation of a dimer between the
neutral and the conjugate charged species. Such a dimer can also
be formed between the neutral and charged species of two
different substituted phenols in mixtures. Consequently, certain
binary mixtures of phenols exhibit synergistic, i.e., greater than
concentration-additive, effects.
For inhibitory effects, the type of interaction of the pollutant
with the biological target molecule is of particular importance. In
this study, we have only looked at global partitioning parameters
but they should in the future be complemented with binding
studies to specific receptors. Nevertheless, important general
conclusions could be drawn. Compounds that have a high
affinity to ligands present in various biological targets are likely
to exhibit several toxic mechanisms simultaneously. One
example studied here, triphenyltin, forms strong complexes with
inorganic and organic oxy-ligands and consequently acts as
inhibitor of various crucial enzyme systems.
The results obtained with the in-vitro test system on
membrane toxicity represent universal toxicodynamic
information because the effects on membranes are highly
conserved in all organisms. Additionally, the newly developed
test system Kinspec fulfills the necessary criteria to allow the
transfer of the gained knowledge to systems of higher biological
organization and is therefore also relevant in mechanistic risk
assessment frameworks. Advantages of the Kinspec system are
•
a high discrimination and selectivity: it allows a
quantitative distinction of various different modes of action
in the membrane and gives additional mechanistic
information;
•
a high fidelity: it reproduces the reality with high accuracy.

The information obtained from the in-vitro test system on
membrane toxicity can thus be linked with information on the
organism to build up predictive models. Some preliminary
modeling efforts showed that through simple equilibrium
partitioning modeling the results of the toxicodynamic test
system can be related to in-vivo data for aquatic organisms. In
the future, we plan to extend this approach by including the
time-perspective of uptake, metabolism, and excretion in a suite
of aquatic organisms. Then, the toxicodynamic information will
be connected with information on the organisms through
physiologically based toxicokinetic (PB-TK) modeling.

Own future research directions
Relating interaction with the target (site) to mechanism(s)
My future research will be directed towards other modes of
toxic action. The design of the studies will follow the line of
thoughts developed throughout this thesis. First, the potential
target site(s) in a biological organism and the possible interaction
with the target sites are considered, followed by a detailed
investigation of the mechanism(s) (Chapter 2, Figures 1 to 3).
An example, which is presently under investigation in a Ph.D.
thesis, is the issue of reactive chemicals. Reactive electrophiles
are prone to exhibit multiple mechanisms because they react
with any biological nucleophile they encounter.
In the project of the toxic mechanisms of reactive chemicals,
we set the goal of understanding the biological activity as a
function of the chemical reactivity and the biological properties
of the cells. While certain electrophilic pollutants are more likely
to attack DNA, others are likely to attack proteins and enzymes.
Part of this difference is caused by intrinsic differences in
chemical reactivity towards biological molecules. Other
influencing factors are bioavailability, degradation, or affinity to
specific enzymes. Softer electrophiles like some organochlorines
tend to be more reactive towards softer biological nucleophiles,
such as, e.g., the –SH functions in proteins and glutathion. In
contrast, harder nucleophiles (e.g., epoxides) are more reactive
towards hard biological nucleophiles (e.g., DNA bases). Various
indicators are measured to investigate the toxicity of reactive
chemicals and to set up predictive models, including abiotic
reaction rates with biological molecules, DNA fragmentation,
GSH depletion and cell viability (Harder et al., 2000).
Escherichia coli serve as model organisms. Another important
tool in this study are so-called biosensors, bacterial cells (in this
project, E. coli), where certain gene sequences are coupled to a
marker gene, typical the lux gene, which encodes for luciferase,
or the lacZ gene, which encodes for the ß-galactosidase, or by
using mutants, where certain genes are overexpressed or
knocked out, e.g. the SOS response or the adaptive response.
Practical applications: Mechanism-based ecotoxicological
risk assessment
Besides deepening the mechanistic understanding, the
mechanism-based test systems will also find practical
applications. They can be combined in a test battery to generate
toxicity profiles of chemicals, which is similar to earlier
proposals by Nendza and Wenzel (Nendza et al., 1995; Wenzel
et al., 1997). Such a test battery would include the Kinspec
system (for the diverse mechanisms of membrane toxicity), one
or a series of tests for reactive mechanisms and some crucial
receptor-mediated effects, e.g., photosynthesis inhibition,
estrogenic activity or acetylcholine esterase inhibition, etc.
For the assessment of complex environmental samples of
unknown composition, we propose to apply two types of
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Figure 1 Application of a mechanism-based test battery for the
hazard identification of mixtures of chemicals or complex
environmental samples.

extraction techniques (Figure 1). With an exhaustive extraction,
all compounds can be targeted, not only the bioaccumulative
ones. The complementary biomimetic extraction serves as a
rough model of the toxicokinetics because the compounds are
extracted according to their bioaccumulation potential (Parkerton
et al., 2000; Verbruggen et al., 2000; Wilcockson & Gobas,
2001).
Initially, we will identify the total molar concentrations in
each sample in terms of its baseline toxicity and also by
physicochemical methods (Verhaar et al., 1995, van Loon et al.,
2000). Then the extracts will be submitted to the battery of
mechanism-based test systems. For the sub-cellular test systems,
e.g., the Kinspec system, the biomimetic extracts will be used
while for whole-cell test systems, the exhaustive extracts will be
used, because the bioaccumulation step is included in the test
system. After careful calibration, it should be possible to
determine if baseline toxicity dominates the overall effect or if
specific mechanisms are important. It can be expected that in
many cases, baseline toxicity will be dominant because baseline
toxicity is additive and compounds exhibiting a specific mode of
action but which are present below the threshold level for their
specific effect, will only contribute to baseline toxicity.
If it turns out that baseline toxicity is dominant, the hazard
assessment is fairly easy because predictions for higher levels of
biological organization can be directly made from the results of
the Kinspec test (Escher & Schwarzenbach, 2002). If one
specific mechanism dominates the overall toxicity, the chemical
or groups of chemicals that cause this effect can be traced down
by bioassay directed fractionation, also called toxicity
identification evaluation (TIE) (EPA, 1991). If it becomes clear
that there is no dominant mechanism, but rather similar
contributions from multiple mechanisms, a more extensive study
has to be performed, e.g., a bioassay-directed fractionation not
only with one mechanistic test system but with the entire test
battery.
Of course, there remain many problems to be solved before
this approach will be useful in site-specific risk assessment, but
the principle of assessing cumulative baseline effects and
identifying responsible mechanisms will be a crucial step in the
development of a more rigorous and efficient assessment of the
hazard potential of environmental samples.
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