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The partitioning of organic soil pollutants into soil organisms
is driven by their chemical activity, which normally does not
exceed that of the pure pollutant. Passive dosing with the
silicone poly(dimethylsiloxane) (PDMS) was used to initiate and
maintain the maximum chemical activity of 10 polycyclic
aromatic hydrocarbons (PAHs) in toxicity tests with the springtail
Folsomia candida. The test animals could move freely on
the PDMS saturated with PAHs, resulting in direct contact and
exposure to saturated air. After 7 days, springtail lethality
correlated neither with the octanol-water partition coefficients
of the PAHs nor with their molecular size, but with their
melting point. All low-melting PAHs (TM e 110 °C) caused
100% lethality, whereas all high-melting PAHs (TM g 180 °C)
caused no significant lethality. The lethality was successfully
fitted to one chemical activity response curve for all PAHs tested,
with effective chemical activity causing 50% lethality (Ea-50)
of 0.058. It was also fitted to the PAH concentration in the PDMS,
resulting in an ECPDMS-50 of 8.7 mM. Finally, the combined
exposure to anthracene and pyrene was described by the sum
of chemical activities causing lethality, in good agreement
with the chemical activity-response curve obtained.

Introduction
It is still difficult to characterize the exposure of organisms
to hydrophobic organic chemicals (HOCs) in complex and
heterogeneous media, such as soils and sediments (1, 2).
The best-established and most promising approach is the
equilibrium partitioning theory, which is based on the
assumption that bioconcentration in soil and sediment
organisms can be explained by equilibrium partitioning
between the matrix and organism (3-6). The equilibrium
partitioning is controlled by the chemical activity of the
contaminant and can be described by distribution coefficients
such as KD values and biota-to-soil accumulation factors
(BSAF).
KD and BSAF values are difficult to predict with high
accuracy, vary between soils and sediments, can be con* Corresponding author phone: +45 46 30 18 81; fax: +45 46 30
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centration-dependent, may also be affected by cosolutes and
are easily underestimated when soot particles are present
(7-10). The application of generic or estimated distribution
coefficients to the equilibrium partitioning theory can
therefore introduce substantial error to the prediction of
contaminant concentrations in organisms (11). It is therefore
better to use measured freely dissolved pore-water concentrations (Cfree) in the equilibrium partitioning calculations
(12-15), an approach that works when the organism is in
equilibrium with the interstitial water. This does not imply
that water is the primary exposure medium from which
contaminants enter the organism nor an important reservoir
for the contaminants; however, it should be regarded as a
reference medium for expressing effective concentrations
for partitioning (16).
HOCs have very low aqueous solubilities, and some soils
have a rather low water content. This makes the freely
dissolved concentration a less obvious parameter for the
expression of HOC exposure in soil. As an alternative,
therefore, we would suggest the closely related chemical
activity (a) (16), which is also applicable in dry soils, where
the main routes of diffusive uptake might be through air and
via direct contact between particles and organisms. Both
processes are driven by differences in chemical activity. We
chose the pure (subcooled) liquid form of the chemical as
the reference state at which the chemical activity was set to
be 1 (16, 17).
A new passive dosing system is introduced in the present
study to control chemical activity. It uses a silicone polymer
loaded with the contaminant to control its chemical activity
at the polymer surface and the overlying air in a closed test
system. It is based on the principles of partitioning-driven
administration (18), also known as partition-controlled
delivery (19, 20). Here, the contaminant is introduced by
partitioning from a dominating polymeric phase, rather than
by addition via a solvent extract. This approach has several
advantages (1): the exposure can be kept constant (2), the
test organisms are not coexposed to solvents, and (3) the
exposure principle resembles partitioning from the soil matrix
to some extent.
Polycyclic aromatic hydrocarbons were chosen as model
contaminants in this study because they are among the most
important soil pollutants and have a broad range of relevant
physical chemical properties. The question of their relative
toxicity to soil organisms is still debated. Many PAH mixtures,
such as coal tar and creosote, are known to be highly toxic,
whereas aged soils with high PAH levels as well as some
individual PAHs that were freshly spiked at very high
concentrations were found not to exert toxicity (21-25). It
is hoped that an assessment of PAH exposure in soils, which
is more precise and is based on the entity that controls
diffusion and partitioning, will help to clarify these apparent
contradictions.
The present study aims (i) to determine the toxicity of 10
PAHs at their maximum exposure levels to a soil invertebrate,
(ii) to identify and explain cutoff phenomena in PAH toxicity,
(iii) to demonstrate passive dosing for controlled directcontact exposure, and (iv) to demonstrate that chemical
activity can be used to quantify direct-contact exposure.
The first working hypothesis of this study is that the
melting enthalpy of a substance determines its maximum
potential for diffusion and partitioning into the test organism.
This maximum potential for partitioning can be expressed
as the chemical activity of the solid substance (acrystal), is
related to its melting point, and determines whether it can
cause baseline toxicity at saturation (26). The baseline toxicity
10.1021/es801689y CCC: $40.75
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is defined here as the general type of toxicity that occurs
when a critical concentration of contaminants is reached in
lipid membranes; it is also known as narcosis (27, 28). The
second working hypothesis is that baseline toxicity is exerted
at a relatively constant level of chemical activity of the PAH
when equilibrium partitioning governs its uptake into the
lipid target membranes. This second hypothesis is based on
theoretical considerations as well as the finding within human
toxicology that many narcotics act at a level of chemical
activity within the range 0.01-0.1 (29) and the observation
within aquatic toxicology that many hydrocarbons (including
chlorinated ones) exert their toxicity at a relatively constant
fraction of their (subcooled) liquid solubility (30).

Material and Methods
Passive Dosing with PAHs. Naphthalene (99+%, Sigma),
acenaphthene (99%, Aldrich), fluorene (99%, Aldrich),
phenanthrene (99.5%, Aldrich), anthracene (99%, Acros),
fluoranthene (99%, Aldrich), pyrene (>99%, Fluka), benzo[a]anthracene (99%, Aldrich), chrysene (99%, Cerilliant),
and benzo[a]pyrene (98%, Cerilliant) were used as the model
substances. Initial experiments were carried out with PAHs
of lower purity, whereas the PAHs of higher purity were used
in the definite test to minimize the risk of impurities’
contributing to the toxicity. The octanol-water partition
coefficients (log KOW) and the molecular volumes of the PAHs
were determined with the SPARC online calculator (31).
Medical grade silicone was made with the MDX4-4210 kit
from Dow Corning supplied by the Institute of Anaplastology
(Velten, Germany). It contained a prepolymer and a catalyst.
The two components were mixed according to the instructions given by the supplier. The passive dosing vials were
then prepared by adding 500 mg of the silicone mixture to
each 10 mL vial, and the vials were left to cure for at least
72 h at room temperature. They were then placed in an oven
at 100 °C at least overnight. Excess ethyl acetate was then
added to remove impurities and oligomers and was retained
for at least 72 h.
The passive dosing vials were loaded by partitioning from
a methanol suspension of the respective PAH, which was
placed above the silicone for at least 72 h. The PAH crystals
maintained the maximum chemical activity of the PAH in
the methanol, which was then transferred to the silicone by
equilibrium partitioning. The loading by partitioning from
methanol to silicone is a relatively fast and highly reproducible
process (32, 33). The suspension was then discarded, and
the silicone surface was wiped gently with lint-free tissue to
remove traces of PAH suspension. A small volume of water
was added to remove methanol and PAH crystals from the
silicone. This cleaning step was repeated at least three times.
Crystal Activities. The chemical activity of a PAH in its
solid crystal state (acrystal, unitless) is numerically identical to
its fugacity ratio, which also can be expressed as the ratio
between regular solubility (S) and subcooled liquid solubility
(SL) (16, 34).
a ) Cfree ⁄ SL w acrystal ) S ⁄ SL

(1)

This was estimated for each PAH at 25 °C (T ) 298 K) from
its reported melting point (Tm, K), assuming the entropy of
melting to be 56 J mol-1 K-1 (i.e., Walden’s rule), as suggested
by Yalkowsky et al. (35):
S ⁄ SL ) exp[(6.8)(1 - Tm ⁄ T)]

(2)

Springtail Toxicity Test. Folsomia candida were cultured
at 20 ( 1 °C with a 12:12 h light/dark photo period. The
springtails were kept in Petri dishes containing a 5 mm layer
of water-saturated charcoal/plaster-of-Paris mixture (1:8) and
fed a diet of dried baker’s yeast. They were further standardized as described by Krogh (36) to ensure that all individuals

were of approximately the same age (41-44 days old) at the
beginning of the experiment. They had an average wet weight
of 91 µg and a dry weight of 34 µg at the beginning of the
experiment.
The toxicity test was carried out with 5 vials per PAH and
10 springtails per vial. To avoid desiccation of the springtails,
a 2 µL droplet of demineralized water was added to the center
of the silicone floor before the springtails were introduced.
The vials were closed with airtight screw caps containing
Teflon-coated septa and were placed at 20 ( 0.1 °C for 7 days
(12:12 h light:dark photoperiod). The springtails could move
freely within the vials and were observed mainly on the dry
silicone surface. The water droplet was used to maintain
sufficient humidity within the vial. The water uptake from
the droplet was very limited, so the uptake of hydrophobic
test substances via drinking water should also be very limited.
This leaves diffusive mass transfer from the headspace air
and diffusive mass transfer by direct physical contact at the
silicone-organism interface as the two main routes of
exposure. An earlier study (37) had already demonstrated
that headspace concentrations can be efficiently controlled
by partitioning from loaded silicone.
At the end of the test, the springtails in each vial were
transferred to a Petri dish with a moistened floor of plasterof-Paris and inspected using a dissection microscope.
Springtails able to walk in a coordinated manner when gently
stimulated with a fine brush were considered as survivors.
100% of the springtails in the control treatment (silicone
without PAH) survived during the 7-day toxicity test. The
relationship between toxicity and chemical activity was
modeled by a sigmoidal dose-response function with
variable slope, also known as an uphill function or twoparameter logistic equation. Data were fitted by the leastsquares method using GraphPad Prizm 4 (San Diego, CA).
An initial experiment conducted with PAHs of lower purity
acted as a pilot experiment. The second and final experiment
was conducted as described here: its results were in good
agreement with those of the pilot experiment.
Confirmation of PAH Exposure. The springtails were
removed from the passive dosing vials. The silicone surface
was cleaned by wrist shaking with a small volume of water,
which was then decanted. Additional water was added to the
vials and kept under a lid for 2 h to obtain a thermodynamic
equilibrium between PDMS and water. A subsample of the
water was taken and mixed with an equal volume of methanol
before being analyzed for the target PAH as described below.
The measured concentrations in the water were divided by
aqueous solubility values from the literature to derive a
percentage saturation. The aqueous solubilities were mean
literature values from ref 38 where available or, alternatively,
from ref 17. The PAHs in the PDMS were extracted by 10 mL
of methanol at room temperature and kept at least overnight.
The water/methanol extract analysis of PAHs was carried
out by HPLC with fluorescence detection (Agilent 1100 system
with G1321A FLD operated at Ex: 260 nm; Em: 350, 420, 440
and 500 nm). The CP-Ecospher 4 PAH separation column
was obtained from Varian Inc. (Palo Alto, CA) and was
operated at 0.5 mL/min (28 °C, 30 µL injection). Methanol
(HPLC grade from Merck, Darmstadt, Germany) and water
(Super-Q treated, Millipore, MA) was used as the mobile
phase: 50% methanol at t ) 0-2 min, linear gradient from
50 to 75% methanol at t ) 2-7 min, linear gradient from 75
to 100% at t ) 7-35 min, and 100% methanol at t ) 35-48
min. The PAH concentrations in the extracts were quantified
by a five-point external standard curve. Analysis was carried
out within 2 weeks after sampling. Signal integration was
performed with HP Chemstation software (A.06.03, Agilent
Technologies, Palo Alto, CA) and corrected manually where
necessary.
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FIGURE 2. Lethality of F. candida after 7 days of exposure to
the 10 PAHs and one PAH mixture plotted against the chemical
activity (a, unitless) of the PAHs. Lethalities were fitted to the
uphill function. Error bars represent standard deviations of five
replicates.

FIGURE 1. (a-c): Lethality of the springtail F. candida after 7
days of exposure to the 10 PAHs. Lethality is plotted against (a)
their octanol-water partition coefficient (log KOW), (b) their
molecular volume (V), and (c) their melting point temperature
(Tm). Error bars represent standard deviations of five replicates.

Results and Discussion
PAH Toxicity at Saturation and Evidence of Melting Point
Cutoff. The lethal effect of the 10 PAHs was plotted against
their log KOW values in Figure 1a, since log KOW is often used
in qualitative activity-structure relationships and to express
or identify hydrophobicity cutoffs in toxicity. There was no
clear trend between log KOW values and lethality, indicating
that neither hydrophobicity nor lipophilicity can explain why
some of the PAHs were toxic at saturation, whereas others
were not. The percentage lethality was then plotted against
the molecular volume (V) of the PAHs in Figure 1b, since V
often is used to identify and express size exclusion phenomena. There was again no clear trend. Pyrene (182.3 cm3/
mol) and fluoranthene (196.1 cm3/mol) did exert toxicity,
whereas the smaller PAH anthracene (159.1 cm3/mole) did
not. Size exclusion phenomena can consequently not explain
the present observations of toxicity. Additional figures could
be made with other relevant size parameters, such as
molecular weight, the length or the effective cross section of
the PAHs. However, for the tested PAHs, these parameter are
highly correlated, and the resulting figures would thus not
yield additional information. Finally, the percentage lethality
was plotted against the melting point of the PAHs (Figure
1c), showing a clear relationship. All low-melting PAHs with
melting points of 110 °C and below led to 100% lethality,
whereas all high-melting PAHs with melting points of 180 °C
7518
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and above did not lead to any significant lethality. This
experimental observation of a melting point cutoff in single
substance toxicity is in good agreement with earlier studies
based on data from the literature (26, 39).
The melting points of the PAHs are directly related to
their enthalpy of melting and, thus, to the thermodynamic
stability of their crystals. The symmetry of the PAHs may
play a role in this respect, since more symmetrical molecules
tend to form more stable crystal structures. The highly
symmetrical anthracene molecule, thus, has a much higher
melting point (217.5 °C) than its isomer phenanthrene (99.5
°C), and its maximum chemical activity (0.013) is much lower
than that of the latter (0.19) (eq 2).
The partitioning of organic substances into the cellular
phospholipid membranes of the springtails is a spontaneous
process driven by the partial molar free energy, which can
be quantified by its chemical activity. The percentage lethality
values of all 10 PAHs were thus plotted against their respective
acrystal and fitted as one data set to the uphill function (Figure
2). The effective chemical activity causing 50% lethality (Ea50) was determined to be 0.058 with a 95% confidence interval
of 0.057 to 0.059 and an r2 of 0.98. This result was in good
agreement with that of the pilot experiment (Ea-50 ) 0.060;
95% C.I.: 0.043-0.083). The exact Ea-50 value of 0.059 was
largely determined by the toxicity of pyrene, and generalization of this value to the other PAHs awaits further confirmation. This Ea-50 value is well within the range of effective
chemical activities (Ea-50) for a baseline toxicity of 0.01-0.1
which were recently calculated from a variety of published
effective concentrations (EC-50) for algae, fish, tadpoles and
mice (16, 26, 40-45).
The Ea-50 values of this passive dosing study can be
extrapolated to the complex soil matrix if equilibrium
partitioning governs the uptake into the springtails. A very
recent study allows such an extrapolation to be evaluated.
Styrishave et al. combined a 21-day F. candida soil toxicity
test of pyrene (46) with matrix solid phase microextraction
(matrix-SPME) (47). They determined EC-50 values for
reproduction based on freely dissolved concentrations in
soil interstitial water at various additions of organic matter
and various degrees of aging. These values remained largely
constant at approximately 23 µg/L, which is equivalent to an
Ea-50 of 0.025 (eq 1 and SL from ref 17). The ratio between
the acute Ea-50 (7 days, lethality) of this study and the chronic
Ea-50 (21 days, reproduction) from Styrishave (46) is 2.3,
which is rather low and well within the range of earlier
reported acute-to-chronic ratios for three PAHs (23). The
results of the two studies thus seem to be in good agreement
with each other.
The lethality caused by the 10 PAHs was also plotted
against their measured concentrations in the PDMS (CPDMS),
which was used for the passive dosing. The lethality of all 10

FIGURE 3. Lethality of F. candida after 7 days of exposure to
the 10 PAHs plotted against the measured concentrations of the
PAHs in the silicone PDMS. Lethalities were fitted to the uphill
function. Error bars represent standard deviations of five
replicates.
PAHs as a function of CPDMS was successfully fitted to the
uphill function with an r2 of 1.00 (Figure 3), thus confirming
the suitability of PDMS as a biomimetic material for the PAHs.
The median effective concentration on a PDMS basis (ECPDMS50) was determined to be 8.7 mM, and this value could be
used as a reference for biomimetic extractions with PDMScoated SPME fibers (48).
Mixture Toxicity. The combined exposure to anthracene
and pyrene was described by the sum of their chemical
activities and leads to lethality, in good agreement with the
chemical activity-response curve obtained (Figure 2). This
is an early and very limited example illustrating how chemical
activities might be used to characterize exposure to complex
mixtures. The sum of chemical activities is suggested as a
new exposure measure for mixture toxicity similar to the
sum of toxic units (TUs). The main difference between these
two approaches is that chemical activity is chemically defined,
whereas toxic units are the result of toxicity testing.
The melting point cutoff has some important implications
for our perception of the mixture toxicity of solid organic
chemicals which did not exert toxicity when tested individually. The solubility of such solid chemicals is approximately
additive in a mixture (49), so they can contribute to the
exposure and, thus, the toxicity of a complex mixture. This
is in good agreement with the observation that complex
mixtures, such as coal tars, can be highly toxic, even though
many of their constituents were observed to have limited or
no acute toxicity. Relevant mixtures could include (1) the
technical quality of a single chemical (2), the (isomeric)
mixture of chemicals within a product, and (3) the complex
mixture of chemicals present in the environment. The melting
point cutoff suggests that the absence of toxicity of pure
high-melting-point chemicals should not be extrapolated to
a mixture.
Uptake Route. The PAHs were certainly not taken up via
food, since no food was given to the animals during the test.
Their uptake via drinking water was also considered to be
negligible because of limited concentrations in the water
and limited water intake. The main uptake routes of the PAHs
in the present study are thus diffusive mass transfer through
air and diffusive mass transfer by direct contact at the siliconeorganism interface. Both are driven by chemical activity
gradients and have been shown to be effective relative to
their diffusive mass transfer through water (50). The results
of the present study do not allow us to distinguish which of
the two routes was dominant in the passive dosing vial or
in contaminated soil. Nevertheless, there is no need to know
the routes toward equilibrium in such situations. The
observed relationship between chemical activity and toxicity
as shown in Figure 2 is in good agreement with the PAH
concentration (or chemical activity) at the target site being

FIGURE 4. Equilibrium partitioning concentrations of PAHs in
water at the end of the experiment plotted against their
aqueous solubilities. Aqueous solubilities were mean literature
values taken from ref 38 where available and, alternatively,
from (17). Chrysene was not included because it could not be
measured with sufficient precision, and acenaphtene was not
included due to the lack of solubility data in both references. A
perfect fit line (1:1) was included to serve as a visual
reference.
controlled by equilibrium partitioning and baseline toxicity
as the mode of toxic action.
Confirmation of maximum exposure (acrystal). The validity
of environmental toxicity tests relies on a sound analytical
confirmation of the tested exposure levels. For this purpose,
water was placed above the silicone after the experiment,
and the equilibrium partitioning concentrations were measured in this water. These concentrations were then plotted
against the respective aqueous solubilities in Figure 4. The
measured concentrations were between 72 and 98% of the
respective solubilities. The combination of saturating
the silicone with the PAHs prior to the toxicity test and the
analytical confirmation of PAH concentrations near their
solubility limit after the test clearly demonstrates that the
passive dosing system yielded stable chemical activities very
close to those of the pure substance (acrystal).
We suggest that future research be directed (1) at similar
experiments with other groups of organic chemicals to
explore the applicability domain of the findings obtained
(2), at additional tests of PAHs to determine bioconcentration
kinetics and effects on reproduction (3), at more extensive
work on mixture toxicity to test whether toxicity can be linked
to the sum of chemical activities, and (4) on additional
experiments in soils to validate the relationship between
chemical activity and toxicity in the complex soil matrix. The
Ea-50 values obtained can then be directly compared to
chemical activities in contaminated soil, which can be
measured with recently developed equilibrium sampling
techniques (37, 51).
In summary, the study shows how passive dosing from
silicone can be used to control direct-contact exposure in
toxicity tests and supports the hypothesis that baseline
toxicity is exerted at relatively constant chemical activity.
The chemical activity framework and a melting point cutoff
in toxicity were able to explain why some PAHs were acutely
toxic at saturation while others were not. It should finally be
noted that the results obtained were successfully explained
without considering aqueous concentrations.
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