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This study aimed to monitor PAC availability to the oligochaete
Lumbriculus variegatus during 28 days of exposure to
spiked sediments, in order to obtain reliable chronic effect
concentrations for reproduction. Sediment toxicity tests were
performed using three pairs of PAC isomers: two homocyclic
compounds (anthracene and phenanthrene), two azaarenes
(acridine and phenanthridine), and the two main transformation
products of the azaarenes (acridone and phenanthridone).
During the experiment, available PAC concentrations in pore
water (estimated using solid phase microextraction) decreased
more than total PAC concentrations in the sediment. Relating
effect concentrations to PAC concentrations in pore water and
in organisms showed that the two homocyclic compounds
caused narcotic effects during chronic exposure, but only one
of the four tested heterocyclic PACs caused narcotic effects.
The transformation product phenanthridone was not toxic at the
tested concentrations (up to 4000 µmol/kg dry sediment),
whereas EC50 values for the parent compound phenanthridine
and the isomer acridone were below the estimated limit for
narcosis, suggesting a specific mode of action. These results
demonstrated the unpredictable (isomer) specific toxicity of
azaarenes and their transformation products, emphasizing the
need of chronic toxicity testing to gain insight into the long-
term effects of heterocyclic PACs, which have been overlooked
in risk assessment.

Introduction
Benthic invertebrates inhabiting PAC contaminated sedi-
ments are chronically exposed to a variety of homocyclic
and heterocyclic compounds (1, 2). Risk assessment for PACs,
however, is based on only a limited set of homocyclic

compounds, ignoring the vast number of heterocyclic
compounds (with in- or on-ring substitutions) and trans-
formation products (3). Moreover, in the past PAC toxicity
has been commonly assessed in short-term high-dose
experiments, in which mortality is often the only end point
(4). During such acute exposures PACs act mainly by narcosis
(5), but during chronic exposure the same compounds may
exert sublethal effects (on, e.g., growth, reproduction) (6, 7).
Therefore, the present study focused on assessing chronic
effects of azaarenes and their transformation products in
addition to homocyclic compounds. Azaarenes are mainly
formed and released into the environment by incomplete
combustion of fossil fuels, in spills or effluents of several
industrial activities, and by pesticide use (8). Azaarenes,
containing one in-ring nitrogen substitution, can comprise
up to 10% of the total PAC concentration of contaminated
sites (9), but toxicity data for this group of compounds are
scarce, and very little is known about their chronic effects
(6, 7).

Sorption to sediment organic matter may decrease
availability of PACs to benthic invertebrates, since tissue
residues and effects correlate to dissolved pore water
concentrations (10). Nevertheless, in chronic toxicity tests
PAC bioavailability during exposure is rarely monitored,
although changes in bioavailability could alter the outcome
of the experiments (11). Recently, several techniques have
been developed to facilitate quantification of the freely
dissolved (pore) water concentrations of toxicants (12, 13),
including solid-phase microextraction (SPME) (14). The
poly(dimethylsiloxane) coating on the SPME fiber mimics
the structure and sorptive properties of membranes (15),
allowing a reliable estimation of the availability of organic
compounds.

The aim of the present study was, therefore, to monitor
PAC availability to the Oligochaete Lumbriculus variegatus
during chronic exposure, in order to obtain reliable effect
concentrations for reproduction. Asexual reproduction of L.
variegatus is a sensitive chronic end point that can easily be
combined with SPME and PAC accumulation measurements
in the worms’ body in a single test. This allowed us to express
the observed effects as a function of measured PAC con-
centrations in sediment, estimated PAC concentrations in
pore water, and PAC concentrations in the organism. Since
it has been demonstrated that slight differences in chemical
structure may result in substantial differences in toxicity
(16–18), three three-ring PAC isomer pairs were selected:
two homocyclic compounds, two azaarenes, and the two
main stable transformation products of the azaarenes.

Materials And Methods
Test Organism. Lumbriculus variegatus is an endobenthic
oligochaete, widely used in bioaccumulation experiments
(11, 19–21). In the laboratory it reproduces via fragmentation,
and a standardized protocol to determine effects on asexual
reproduction of L. variegatus has been developed by the
Organisation for Economic Co-operation and Development
(OECD). This protocol, with slight modifications, was applied
in the present study.

Test Compounds. Six test compounds were chosen: two
three-ring homocyclic compounds, anthracene and phenan-
threne; two azaarene analogues, acridine and phenanthri-
dine, and two phase I azaarene transformation products,
acridone and phenanthridone. Several properties of the
compounds are listed in Table S1 in the Supporting Infor-
mation. All compounds were provided by Sigma-Aldrich
Chemie BV (Zwijndrecht, The Netherlands).
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Sediment Spiking. Drontermeer sediment, a Dutch
reference sediment (12–14% organic matter, 15.5% clay, and
all individual PAH concentrations below 0.01 mg/kg DW),
was used for the toxicity tests. Sediment was provided by
Grontmij/AquaSense (Amsterdam, The Netherlands). After
sampling, it was homogenized and frozen to eliminate
indigenous fauna (-20 °C). Three days before the spiking
procedure was started the sediment was thawed at 4 °C.

The sediment was spiked to obtain the following nominal
PAC concentrations: 67, 140, 280, 561, and 1122 µmol/kg DW
for anthracene, 140, 280, 561, 1122, and 2244 µmol/kg DW
for phenanthrene, 139, 279, 558, 1116, and 2232 µmol/kg
DW for acridine and phenanthridine, and 154, 318, 640, 1281,
and 2561 µmol/kg DW for acridone and phenanthridone.

PACs were spiked to dry sediment (10% of the total
amount). Acetone was used as carrier solvent, and for each
PAC concentration series equal volumes of acetone were
added to all treatments. The spiking was carried out in the
dark to prevent photodegradation of the compounds.
Controls and solvent controls were included. The homocyclic
compounds and the azaarenes were dissolved in 50 mL of
acetone and added to 38 g of dry sediment, and the mixture
was left in a closed 500 mL glass bottle for 24 h to equilibrate.
The transformation products, less soluble in acetone, were
dissolved in 300 mL of acetone. After the 24 h equilibration
period, the bottles were opened and left for 24 h in a fume
hood to allow the acetone to evaporate. Next, the spiked dry
sediment was mixed with 800 mL of Dutch Standard Water
(DSW, deionized water with 200 mg/L CaCl2 ·2H2O, 180 mg/L
MgSO4 ·H2O, 100 mg/L NaHCO3, and 20 mg/L KHCO3; pH ≈
8.2) and 432 g of wet sediment (20% water content) in 3-L
glass bottles. A 20:1 wt/wt mixture of Trouvit and TetraPhyll,
diluted in distilled water, was used as additional food source
(0.25 mg/worm/day). The glass bottles filled with the
water-sediment-food mixture were placed on a roller bank
(30 rpm) for 24 h to homogenize. Next, the mixture was
divided into eight replicate 200 mL glass jars and allowed to
settle for 10 days. Each test replicate consisted of ap-
proximately 60 g of wet sediment and 100 mL of DSW. Four
replicates per concentration were sacrificed during the
experiment for PAC measurements in sediment and pore
water, leaving four replicates for the toxicity test.

Toxicity Tests. Four-week (28-day) toxicity tests were
performed in an incubator at a constant temperature of 20
( 1 °C, with mercury lamps (light intensity approximately
50 µmol quanta/m2/s) providing a light regime of 16 h of
light and 8 h of darkness. UV filters were used to minimize
photodegradation of the test compounds by UV-B radiation.
Glass jars were covered with plastic foil and constantly aerated
to keep oxygen concentrations stable. Once a week, deionized
water was added to compensate for evaporation of the test
solution. pH in the test jars ranged from 7.5 to 8.5 and oxygen
concentration was always above 75% air saturation.

At the beginning of the experiment, 20 L. variegatus adult
individuals from our laboratory culture were introduced into
each of the test jars using a plastic Pasteur pipet. The worms
were allowed to burrow into the sediment for 4 h before
aeration of the jars was restarted. After 28 days, the sediment
was sieved to extract the worms from the sediment. The
number of worms in each test jar was determined, and the
average reproductive output per concentration (%) was
calculated using the formula Y ) ((X - 20)/20) × 100, where
X is the number of worms per jar at the end of the test. The
worms were kept for four hours in clean tap water for gut
clearance. This short gut clearance period was applied to
prevent depletion of the heterocyclic compounds (22).
Following, worm samples were frozen at-20 °C until analysis.

PAC Availability. Availability of anthracene, phenan-
threne, acridine, and phenanthridine in sediment pore water
was measured using solid-phase microextraction (SPME).

Due to their low hydrophobicity, SPME could not be applied
to the transformation products. The fibers, obtained from
the Institute for Risk Assessment Sciences (IRAS, University
of Utrecht, The Netherlands), had a diameter of 110 µm and
a 28.5 µm thick poly(dimethylsiloxane) (PDMS) coating, and
were manufactured by Poly Micro Industries (Phoenix, AZ).
Three-centimeter pieces of fiber were glued to a 0.4 mm Ø
nylon fishing thread, washed with 70% methanol and
deionized water and carefully introduced into the test
sediment. Two replicate fibers were introduced into each
test jar. Fiber measurements were performed in two jars per
test concentration. The fibers remained in the sediment for
three days, sufficient time for the fiber to reach equilibrium
with the PCA concentrations in the pore water (23, 24). Next,
they were gently cleaned with a tissue, and a 2-cm fiber piece
was cut to get rid of the glued tip of the fiber and extracted
in 300 µL of acetonitrile. For each toxicity test, fibers were
introduced into the sediment at the beginning and at days
3, 6, 9, 13, 17, 21, and 25 of the experiment. PAC concentra-
tions in the fibers were measured by high-performance liquid
chromatography (HPLC), using a 1 mL/min 80% acetonitril/
20% water flow rate and an injection volume of 20 µL. For
the homocyclic compounds, fiber-water partition coef-
ficients (Kf) from Ter Laak et al. (24) were used to estimate
concentrations in the pore water using the SPME measure-
ments. For the azaarenes, static system experiments were
performed to determine Kf values, as in ref (25).

PAC Concentrations in Sediment, Pore Water, and
Oligochaetes. Sediment and pore water samples were
collected at the beginning, after 7 and 14 days, and at the end
of the experiment. For sediment samples, 40 mL was
centrifuged for 15 min at 3000 rpm. To obtain a clear pore
water sample, the supernatant was collected and centrifuged
again for 15 min at 3000 rpm. Acetonitrile (150 µL) was added
to two replicated 1-mL pore water samples. Sediment and
pore water samples were frozen at -20 °C until analysis.

Ten grams of centrifuged sediment (water content ap-
proximately 10%) was mixed with equal amounts of anhy-
drous NaSO4 (Merck, Darmstadt, Germany), and Soxhlet
extracted for 5 h in cellulose extraction thimbles. Hexane
(Chromasolv, Sigma-Aldrich Chemie BV) was used as extrac-
tion solvent for the homocyclic compounds and the azaare-
nes, and acetonitrile (HPLC-grade, Biosolve BV) was used
for the transformation products. The hexane-extracted
samples were transferred into acetonitrile by blowing off the
hexane using a gentle stream of nitrogen. All extracts were
analyzed by HPLC. Recovery checks were performed for each
of the compounds to validate the Soxhlet extraction pro-
cedure. For this purpose, known amounts of spiking solution
in the same concentration range as tested in the experiments
were added to clean sediment in the extraction thimble.
Extraction recoveries were 80% for anthracene, 85% for
phenanthrene, 75% for acridine, 77% for phenanthridine,
and 88% for the transformation products. PAC concentrations
in the sediment were corrected for recovery. Pore water
samples were directly injected in the HPLC, to prevent
overestimation of freely dissolved pore water concentrations
due to exhaustive extraction of the DOM bound fraction of
the compounds (25).

L. variegatus tissue was sampled at the end of the
experiment (28 days). Worms from the 4 replicates per
concentration were pooled in order to obtain enough biomass
for a reliable PAC measurement. PACs were extracted from
the tissue with acetonitrile. One hundred milligrams of wet
tissue was mixed with 1.5 mL of a 1% CaCl2 solution and
homogenized to break down the tissue. A 3-mL portion of
acetonitrile was added, and the mixture was sonicated for
45 min in cool water (approximately 12 °C). Next, the PACs
were extracted from the tissue at 4 °C for 24 h. After this first
extraction, the sample was centrifuged for 15 min at 3000
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rpm and the supernatant was transferred to a HPLC vial.
Acetonitrile (3 mL) was added to the pellet, the sample was
homogenized, and the extraction procedure was repeated.
The two worm tissue extracts were pooled and measured
using HPLC. PAC concentrations in the tissue were corrected
for recovery. Extraction recoveries were 70% for anthracene,
72% for phenanthrene, 65% for acridine, 67% for phenan-
thridine, 68% for acridone, and 72% for phenanthridone.

Statistical Analysis. The concentration of the test com-
pounds in sediment, pore water, and worm tissue that caused
50% reduction in reproduction compared to the control was
calculated according to Haanstra et al. (26). Average measured
PAC concentrations in the sediment, average estimated PAC
concentrations in the pore water, and PAC concentrations
in the worms at the end of the 28-day exposure period were
used. t Tests (p < 0.05) were performed to compare control
and acetone control reproductive outputs. Likelihood ratio
tests were performed to compare effect concentrations (X2

1

> 3.84, p < 0.05). Statistical analysis was performed using
SPSS 11.0 for Windows.

Results
PAC Concentrations in Sediment, Pore Water, and L.
variegates. Measured PAC concentrations in the sediment
are shown in Table S2. Concentrations of anthracene,
acridine, and acridone in the sediment did not decrease
substantially during the experiment (respectively, 3 ( 2, 3 (
3, and 0%). In contrast, concentrations of phenanthrene,
phenanthridine, and phenanthridone in the sediment de-
creased during the experiment, mainly due to microbial
degradation (27, 28). Average decreases were 19 ( 10% for

phenanthrene, 30 ( 16% for phenanthridine, and 24 ( 12%
for phenanthridone.

PAC concentrations in pore water were estimated using
the concentrations in SPME fibers and PDMS-water parti-
tioning coefficients (Kf, Table S1). In Figure 1, estimated
concentrations (Y axis) were plotted against directly measured
PAC concentrations in pore water (X axis), and a linear
regression was performed in order to evaluate the perfor-
mance of the SPME technique. The r2 values of the linear
regression for anthracene, phenanthrene, and phenanthri-
dine were respectively 0.77, 0.92, and 0.97, showing a
consistent linear relationship between measured and esti-
mated PAC concentrations in pore water. For acridine, the
r2 value was 0.64, due to variability in the results obtained
with SPME. If direct measurements in pore water would be
equivalent to concentrations in pore water estimated using
SPME, the slope of the regression line should be 1. This was
indeed the case for phenanthrene (1.07, 95% C.I. 0.89–1.19),
but for anthracene the slope was significantly higher than 1
(2.43, 95% C.I. 1.85–3.02), meaning that the measured
anthracene concentrations in the pore water were lower than
estimated ones. For the two azaarenes, acridine and phenan-
thridine, the slope of the regression line was significantly
lower than 1 (respectively 0.54 (95% C.I. 0.32–0.75) and 0.72
(95% C.I. 0.60–0.84)), meaning that estimated concentrations
were somewhat lower than concentrations measured in pore
water.

During exposure, estimated pore water concentrations
of all PACs decreased at all concentrations in the sediment,
due to increased sediment sorption in time and degradation
by bacteria present in the sediment (28, 29) (Tables S3, S4,

FIGURE 1. Relationship between polycyclic aromatic compound (PAC) concentrations in pore water estimated using SPME
measurements (Y-axis, µM) and measured experimentally (X-axis, µM) in spiked Drontermeer sediment during 28-day toxicity tests
with Lumbriculus variegatus. Dashed line represents 1:1 relationship.
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S5, S6 Supporting Information). The decrease in estimated
pore water concentrations was larger in proportion than the
decrease in measured concentrations in the sediment.

In general, average PAC concentrations in the worms’
tissue (µmol PAC/kg wet weight) after 28 days of exposure
increased with increasing PAC concentrations in the sedi-
ment, but differences in accumulation among the six tested
compounds were found (Table S7).

Effect Concentrations. Control reproductive output after
28 days of exposure was on average 80 ( 9%. Control and
solvent control average reproductive output did not differ
significantly (t test, p < 0.05) and therefore solvent control
values were used for further analysis of the results. All tested
compounds except phenanthridone affected reproduction
of L. variegatus. In Table 1, 50 and 10% effect concentrations
(EC50 and EC10s) with their 95% confidence intervals are
shown. Likelihood ratio tests were performed to compare
the EC50 values.

EC50s Based on Measured PAC Concentrations in Sediment.
From the compounds that exerted an effect, acridone was
the most toxic (EC50 301 µmol/kg sediment DW), while its
parent compound acridine was the least toxic (EC50 1248
µmol/kg sediment). Likelihood ratio tests showed that the
sediment EC50 for acridine was significantly higher than
EC50s for phenanthridine, the homocyclic compound an-
thracene, and the transformation product acridone. In
contrast, EC50s for anthracene, phenanthrene, phenanthri-
dine, and acridone did not differ from each other.

EC50s Based on PAC Concentrations in Pore Water. Pore
water EC50s were calculated using estimated PAC concen-
trations in the pore water for the homocyclic compounds
and the azaarenes. For acridone, the pore water EC50 was
estimated from the sediment EC50 using its sediment-water
partitioning coefficient (Koc) as in Droge et al. (6). Pore water
EC50s ranged from 0.148 µM for phenanthridine to 3.97 µM
for acridine, and again likelihood ratio tests showed that the
EC50 for acridine was significantly higher than the EC50s for
the other compounds. EC50s for anthracene, phenanthrene,
phenanthridine, and acridone did not differ significantly.

EC50s Based on PAC Concentrations in the Organism. Fifty
percent effect body residues (ER50s) based on wet weight
were calculated. Likelihood ratio tests showed that the ER50s
for the two homocyclic compounds, anthracene and phenan-
threne, did not differ significantly (116 and 88 µmol/kg WW,
respectively). The ER50 for the azaarene acridine (137 µmol/
kg WW) was similar to the homocyclic compound ER50s. In
contrast, phenanthridine showed the significantly lowest

ER50 (2 µmol/kg WW). The transformation product acridone
showed a significantly lower ER50 than the homocyclic
compounds and acridine (30 µmol/kg WW).

Discussion
PAC Availability to L. variegates. To our knowledge, this
was the first attempt to use SPME to monitor the change in
PAC availability in pore water during chronic toxicity tests.
Indeed, the decrease in freely dissolved PAC concentrations
in pore water during exposure time was substantial, according
to previous observations on progressive sorption of PACs to
particles (29, 30). Even more important, the present study
showed that the freely dissolved PAC concentrations in pore
water decreased more than total PAC concentrations in the
sediment, emphasizing the importance of monitoring avail-
ability during chronic exposure.

For the two azaarenes, estimated concentrations using
SPME were somewhat lower than directly measured con-
centrations in the pore water. This may have been caused
by a slight underestimation of PDMS-water partitioning
coefficients (Kf) due to depletion in the static experimental
system in which Kf values were determined, as suggested by
Poerschmann et al. (31). For anthracene, in contrast,
concentrations measured directly in the pore water were 2.4
times lower than estimated pore water concentrations using
SPME measurements. Due to the low water solubility of
anthracene, binding of anthracene to particulate and dis-
solved organic carbon in the sediment pore water probably
occurred during the pore water analysis (25). As a result, very
low concentrations were measured. Therefore, pore water
concentrations estimated using SPME measurements were
morereliable,andwereusedtocalculateeffectconcentrations.

Effect Concentrations. Effects Based on Measured PAC
Concentrations in the Sediment (Figure 2A). Due to equi-
librium partitioning, toxic effects of PACs will occur at lower
concentrations in the (pore) water with increasing logKow of
the test compounds (32). On the other hand, sorption of the
test compounds to sediment organic matter increases with
increasing logKow (24). Because of these two counteracting
influences, sediment EC50s for our test compounds were
expected to be more or less constant (33). This was indeed
the case for the homocyclic compounds (anthracene and
phenanthrene), the azaarenes (acridine and phenanthridine),
and the transformation product acridone. The transformation
product phenanthridone was the only compound that did
not affect reproduction of L. variegatus at the tested
concentrations (up to 4000 µmol/kg dry sediment). Sediment

TABLE 1. EC50 and EC10 values (With Corresponding 95% Confidence Intervals) for the Effects of Polycyclic Aromatic
Compounds (PACs) on the Reproduction of Lumbriculus variegatus in Spiked Drontermeer Sediments, Calculated Using
Average Measured PAC Concentrations in the Sediment (µmol/kg DW), Pore Water PAC Concentrations Estimated Using SPME
(µM), and PAC Concentrations in L. variegatus at the End of the 28-Day Exposure Period (µmol/kg ww)

sediment
effect concentration

(µmol/kg DW) with 95% C.I.

SPME porewater
effect concentration
(µM) with 95% C.I.

body residue
effect concentration

(µmol/kg ww) with 95% C.I.

EC50 EC10 EC50 EC10 ER50 ER10

homocyclic compounds anthracene 532 17 0.15 0.025 116 111
(0–1075) (0–529) (0.064–0.246) (0–0.08) (43–210) (15.16–207)

phenanthrene 467 187 0.299 0.07 88 84
(285–650) (17–358) (0.15–0.45) (0–0.4) (72–105) (69–99)

azaarenes acridine 1248 197 3.97 0.45 137 132
(315–2182) (0–1076) (0.47–7.46) (0–3.9) (93–181) (90–173)

phenanthridine 315 37 0.148 0.04 2 0.67
(65–565) (0–272) (0.08–0.22) (0–0.45) (0.2–2.7) (0–2.21)

transformation products acridone 301 138 0.46a 30 25
(240–363) (80–196) (0.37–0.56) (25–36) (20–30)

phenanthridone >4014 >4014 >5.77 >5.77 >331 >331
a EC50 for acridone calculated as in Droge et al. (6).
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EC50s were in the range of effect concentrations determined
for other benthic invertebrates exposed to PAH-contaminated
sediments (34–36).

Effects Based on PAC Concentrations in the Pore Water
(Figure 2B). In previous studies (6, 35), estimated chronic
pore water effect concentrations for soil and sediment
invertebrates were compared to an acute LC50-logKow

relationship determined by Bleeker et al. (5), which described
the narcotic effects of several PACs to the midge Chironomus
riparius. This way, effects of homo- and heterocyclic
compounds were compared, and specific effects emerging
besides narcosis during chronic exposure were identified.
Applying this approach to the present data set revealed that
pore water EC50s for the homocyclic compounds anthracene
and phenanthrene agreed well with the acute LC50-logKow

relationship. From the four tested heterocyclic compounds,
however, only the EC50 for acridine was in agreement with
the acute LC50-logKow relationship. The transformation
product phenanthridone did not affect reproduction of L.
variegatus. Based on its logKow value an EC50 of about 20 µM
was expected, but this concentration in the pore water was
not reached at the highest concentration in the sediment. In
contrast, the EC50s for the azaarene phenanthridine and the
transformation product acridone were clearly below the

concentration corresponding to narcosis, suggesting a spe-
cific mode of action.

The specific effects found for the azaarene phenanthridine
compared to the narcotic effects of its isomer acridine were
observed previously for reproduction of the soil invertebrates
Folsomia candida and Enchytraeus crypticus (6). Moreover,
phenanthridine was found to be more teratogenic than
acridine to Xenopus laevis (37), and more genotoxic in the
GFP assay (38). Isomer-specific toxicity was also found for
the transformation product isomers: acridone was more toxic
than expected based on logKow, as found previously in a
mutagenicity study (18), while phenanthridone did not affect
reproduction of L. variegatus at all at the highest concentra-
tion tested. In contrast, both transformation products affected
emergence of C. riparius (35), underlining the species-specific
sensitivity to PACs (6).

Effects Based on PAC Concentrations in the Organism
(Figure 2C). Toxic effects can only take place if the toxicant
is taken up by the organism. Therefore, we also expressed
effects as a function of PAC concentrations in the organism.
This allowed us to evaluate the observed deviations from
narcosis in a second independent way, using the critical body
residue (CBR) approach. The CBR concept (39) predicts that
nonpolar narcotics (e.g., PACs, PCBs) cause 50% of mortality

FIGURE 2. EC50 values for the effect of polycyclic aromatic compounds (PACs) on reproduction of Lumbriculus variegatus in spiked
Drontermeer sediment as a function of logKow (); based on measured concentrations in sediment (µmol/kg DW, plot A), estimated
concentrations in pore water (µM, plot B) and concentrations in L. variegatus (ER50s, µmol/g WW, plot C). (Plot B) Solid line: linear
logLC50-logKow relationship for Chironomus riparius exposed for 96 h to similar PACs (y ) –0.8162x + 3.4936, r2 ) 0.986, (47)).
Dashed line: ratio LC50 from ref (47)/3, lower limit for narcosis. For acridone, the calculated pore water EC50 is shown. (Plot C)
Dashed lines: according to CBR predictions, upper and lower limits of the tissue concentration interval after chronic exposure to
narcotic chemicals (0.2–0.8 µmol/g WW).
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at threshold body concentrations between 2 and 8 µmol/g
wet weight. This concept has been successfully applied to
interpret toxicity data for sediment- and soil-inhabiting
organisms (4, 40–43). Because of the unspecificity of the
narcotic mode of action, it has been suggested that this
threshold would be applicable to all organisms. Furthermore,
analyses of chronic toxicity data suggest that threshold body
concentrations for chronic exposure would be 1 order of
magnitude lower than lethal CBRs (between 0.2 and 0.8
µmol/g wet weight) (34, 39, 43, 44), and body concentrations
far below the threshold would indicate specific modes of
action of the tested compounds occurring besides narcosis
(45). In our study, ER50s for anthracene, phenanthrene, and
acridine were around 1 order of magnitude lower than 2–8
µmol/g wet weight, in agreement with the chronic CBR
concept. Also, ER50s for the two homocyclic compounds
were close (within a factor 2) to body residue predictions for
chronic exposure to homocyclic PAHs (43). In contrast, ER50s
for phenanthridine and acridone were 2 orders of magnitude
lower than the chronic CBR range, suggesting additional
specific modes of action of the two compounds. Thus,
deviations from narcosis found for the ER50s were in
agreement with deviations from narcosis found for the pore
water EC50s.

In this study, only one of the four tested heterocyclic PACs
caused narcotic effects during chronic exposure, showing
that (isomer) specific toxicity of azaarenes and their trans-
formation products could not be predicted from acute effect
concentrations. About two-thirds of the approximately four
million known organic compounds are heterocyclic (46), and
in our study toxicity of three out of the four tested heterocycles
was poorly predicted by logKow. These results emphasize the
need of applying chronic toxicity testing to gain insight in
the long term effects of heterocyclic PACs, which have been
overlooked by risk assessment.

Acknowledgments
This research was supported by the Technology Foundation
(STW), applied science division of The Netherlands Orga-
nization for Scientific Research (NWO) (project AEB 06364).

Supporting Information Available
Tables S1-S7. This information is available free of charge
via the Internet at http://pubs.acs.org.

Literature Cited
(1) Uhler, A. D.; Emsbo-Mattingly, S.; Liu, B.; Hall, L. W.; Burton,

D. T. An integrated case study for evaluating the impacts of an
oil refinery effluent on aquatic biota in the Delaware River:
Advanced chemical fingerprinting of PAHs. Hum. Ecol. Risk
Assess. 2005, 11, 771–836.

(2) Lahr, J.; Maas-Diepeveen, J. L.; Stuijfzand, S. C.; Leonards, P. E. G.;
Druke, J. M. L. S.; Espeldoorn, A.; Kerkum, L. C. M.; van Stee,
L. L. P.; Hendriks, A. J. Responses in sediment bioassays used
in the Netherlands: Can observed toxicity be explained by
routinely monitored priority pollutants? Water Res. 2003, 37,
1691–1710.

(3) Crommentuijn, T.; Sijm, D.; de Bruijn, J.; van Leeuwen, K.; van
de Plassche, E. Maximum permissible and negligible concen-
trations for some organic substances and pesticides. J. Environ.
Manage. 2000, 58, 297–312.

(4) Lee, J. H.; Landrum, P. F.; Koh, C. H. Toxicokinetics and time-
dependent PAH toxicity in the amphipod Hyalella Azteca.
Environ. Sci. Technol. 2002, 36, 3124–3130.

(5) Bleeker, E. A. J.; Pieters, B. J.; Wiegman, S.; Kraak, M. H. S.
Comparative (photoenhanced) toxicity of homocyclic and
heterocyclic PACs. Polycyclic Aromat. Compd. 2002, 22, 601–
610.

(6) Droge, S. T. J.; Leon Paumen, M.; Bleeker, E. A. J.; Kraak, M. H. S.;
van Gestel, C. A. M. Chronic toxicity of polycyclic aromatic
compounds to the springtail Folsomia candida and the
enchytraeid Enchytraeus crypticus. Environ. Toxicol. Chem. 2006,
25, 2423–2431.

(7) Feldmannova, M.; Hilscherova, K.; Marsalek, B.; Blaha, L. Effects
of N-heterocyclic polyaromatic hydrocarbons on survival,
reproduction, and biochemical parameters in Daphnia magna.
Environ. Toxicol. 2006, 21, 425–431.

(8) Kuhn, E. P.; Suflita, J. M. Microbial degradation of nitrogen,
oxygen and sulfur heterocyclic compounds under anaerobic
conditions: studies with aquifer samples. Environ. Toxicol. Chem.
1989, 8, 1149–1158.

(9) Neilson, A. H. The Handbook of Environmental Chemistry: PAHs
and Related Compounds; Springer Verlag: Berlin, 1998; Volume
3.

(10) Moermond, C. T. A.; Roessink, I.; Jonker, M. T. O.; Meijer, T.;
Koelmans, A. A. Impact of polychlorinated biphenyl and
polycyclic aromatic hydrocarbon sequestration in sediment on
bioaccumulation in aquatic food webs. Environ. Toxicol. Chem.
2007, 26, 607–615.

(11) Schuler, L. J.; Wheeler, M.; Bailer, A. J.; Lydy, M. J. Toxicokinetics
of sediment-sorbed benzo[a]pyrene and hexachlorobiphenyl
using the freshwater invertebrates Hyalella azteca, Chironomus
tentans, and Lumbriculus variegatus. Environ. Toxicol. Chem.
2003, 22, 439–449.

(12) Mayer, P.; Vaes, W. H. J.; Hermens, J. L. M. Absorption of
hydrophobic compounds into the poly(dimethylsiloxane) coat-
ing of solid-phase microextraction fibers: High partition coef-
ficients and fluorescence microscopy images. Anal. Chem. 2000,
72, 459–464.

(13) Leppanen, M. T.; Kukkonen, J. V. K. Evaluating the role of
desorption in bioavailability of sediment-associated contami-
nants using oligochaetes, semipermeable membrane devices
and Tenax extraction. Environ. Pollut. 2006, 140, 150–163.

(14) King, A. J.; Readman, J. W.; Zhou, J. L. The application of solid-
phase micro-extraction (SPME) to the analysis of polycyclic
aromatic hydrocarbons (PAHs). Environ. Geochem. Health 2003,
25, 69–75.

(15) Leslie, H. A.; Hermens, J. L. M.; Kraak, M. H. S. Baseline toxicity
of a chlorobenzene mixture and total body residues measured
and estimated with solid-phase microextraction. Environ.
Toxicol. Chem. 2004, 23, 2017–2021.

(16) Kraak, M. H. S.; Wijnands, P.; Govers, H. A. J.; Admiraal, W.; de
Voogt, P. Structural-based differences in ecotoxicity of benzo-
quinoline isomers to the zebra mussel (Dreissena polymorpha).
Environ. Toxicol. Chem. 1997, 16, 2158–2163.

(17) Wiegman, S.; van Vlaardingen, P. L. A.; Bleeker, E. A. J.; de Voogt,
P.; Kraak, M. H. S. Phototoxicity of azaarene isomers to the
marine flagellate Dunaliella tertiolecta. Environ. Toxicol. Chem.
2001, 20, 1544–1550.

(18) Bleeker, E. A. J.; Van der Geest, H. G.; Klamer, H. J. C.; De Voogt,
P.; Wind, E.; Kraak, M. H. S. Toxic and genotoxic effects of
azaarenes: Isomers and metabolites. Polycyclic Aromat. Compd.
1999, 13, 191–203.

(19) Ingersoll, C. G.; Brunson, E. L.; Wang, N.; Dwyer, E. J.; Ankley,
G. T.; Mount, D. R.; Huckins, J.; Petty, J.; Landrum, P. E. Uptake
and depuration of nonionic organic contaminants from sedi-
ment by the oligochaete Lumbriculus variegatus. Environ.
Toxicol. Chem. 2003, 22, 872–885.

(20) Leppanen, M. T.; Kukkonen, J. V. K. Relative importance of
ingested sediment and pore water as bioaccumulation routes
for pyrene to oligochaete (Lumbriculus variegatus, Muller).
Environ. Sci. Technol. 1998, 32, 1503–1508.

(21) Landrum, P. E.; Leppanen, M.; Robinson, S. D.; Gossiaux, D. C.;
Burton, G. A.; Greenberg, M.; Kukkonen, J. V. K.; Eadie, B. J.;
Lansing, M. B. Comparing behavioral and chronic endpoints to
evaluate the response of Lumbriculus variegatus to 3,4,3′,4′-
tetrachlorobiphenyl sediment exposures. Environ. Toxicol.
Chem. 2004, 23, 187–194.

(22) Mount, D. R.; Dawson, T. D.; Burkhard, L. P. Implications of gut
purging for tissue residues determined in bioaccumulation
testing of sediment with Lumbriculus variegatus. Environ.
Toxicol. Chem. 1999, 18, 1244–1249.

(23) Leslie, H. A.; Ter Laak, T. L.; Busser, F. J. M.; Kraak, M. H. S.;
Hermens, J. L. M. Bioconcentration of organic chemicals: Is a
solid-phase microextraction fiber a good surrogate for biota?
Environ. Sci. Technol. 2002, 36, 5399–5404.

(24) Ter Laak, T. L.; Barendregt, A.; Hermens, J. L. M. Freely dissolved
pore water concentrations and sorption coefficients of PAHs in
spiked aged, and field-contaminated soils. Environ. Sci. Technol.
2006, 40, 2184–2190.

(25) Ter Laak, T. L.; Durjava, M.; Struijs, J.; Hermens, J. L. M. Solid
phase dosing and sampling technique to determine partition
coefficients of hydrophobic chemicals in complex matrixes.
Environ. Sci. Technol. 2005, 39, 3736–3742.

VOL. 42, NO. 9, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 3439



(26) Haanstra, L.; Doelman, P.; Oude Voshaar, J. H. The use of
sigmoidal concentration-response curves in soil ecotoxicological
research. Plant Soil 1985, 293–297.

(27) Willumsen, P. A.; Johansen, J. E.; Karlson, U.; Hansen, B. M.
Isolation and taxonomic affiliation of N-heterocyclic aromatic
hydrocarbon-transforming bacteria. Appl. Microbiol. Biotechnol.
2005, 67, 420–428.

(28) van Herwijnen, R.; van de Sande, B.; van der Wielen, F. W. M.;
Springael, D.; Govers, H. A. J.; Parsons, J. R. Influence of
phenanthrene and fluoranthene on the degradation of fluorene
and glucose by Sphingomonas sp strain LB126 in chemostat
cultures. FEMS Microbiol. Ecol. 2003, 46, 105–111.

(29) Conrad, A. U.; Comber, S. D.; Simkiss, K. Pyrene bioavailability;
effect of sediment-chemical contact time on routes of uptake
in an oligochaete worm. Chemosphere 2002, 49, 447–454.

(30) Kukkonen, J.; Landrum, P. F. Toxicokinetics and Toxicity of
Sediment-Associated Pyrene to Lumbriculus-Variegatus (Oli-
gochaeta). Environ. Toxicol. Chem. 1994, 13, 1457–1468.

(31) Poerschmann, J.; Gorecki, T.; Kopinke, F. D. Sorption of very
hydrophobic organic compounds onto poly(dimethylsiloxane)
and dissolved humic organic matter. 1. Adsorption or partition-
ing of VHOC on PDMS-coated solid-phase microextraction fibers
- A never-ending story. Environ. Sci. Technol. 2000, 34, 3824–
3830.

(32) Lee, J. H.; Landrum, P. F.; Field, L. J.; Koh, C. H. Application of
a Sigma polycyclic aromatic hydrocarbon model and a logistic
regression model to sediment toxicity data based on a species-
specific, water-only LC50 toxic unit for Hyalella azteca. Environ.
Toxicol. Chem. 2001, 20, 2102–2113.

(33) van Leeuwen, C. J.; Aldenberg, T.; Verhaar, H. J. M.; Hermens,
J. L. M. Application of QSARs, extrapolation and equilibrium
partitioning in aquatic effects assessment. I. Narcotic industrial
pollutants. Environ. Toxicol. Chem. 1992, 11, 267–282.

(34) Lotufo, G. R. Lethal and sublethal toxicity of sediment-associated
fluoranthene to benthic copepods: application of the critical-
body-residue approach. Aquat. Toxicol. 1998, 44, 17–30.

(35) León Paumen, M.; Borgman, E.; Kraak, M. H. S.; van Gestel,
C. A. M.; Admiraal, W. Life cycle responses of the midge
Chironomus riparius to Polycyclic Aromatic Compound expo-
sure. Environ. Pollut. 2008, 152, 225–232.

(36) Verrhiest, G.; Clement, B.; Blake, G. Single and combined effects
of sediment-associated PAHs on three species of freshwater
macroinvertebrates. Ecotoxicology 2001, 10, 363–372.

(37) Buryskova, B.; Hilscherova, K.; Blaha, L.; Marsalek, B.; Holoubek,
I. Toxicity and modulations of biomarkers in Xenopus laevis
embryos exposed to polycyclic aromatic hydrocarbons and their
N-heterocyclic derivatives. Environ. Toxicol. 2006, 21, 590–598.

(38) Bartos, T.; Letzsch, S.; Skarek, M.; Flegrova, Z.; Cupr, P.;
Holoubek, I. GFP assay as a sensitive eukaryotic screening model
to detect toxic and genotoxic activity of azaarenes. Environ.
Toxicol. 2006, 21, 343–348.

(39) McCarty, L. S.; Mackay, D. Enhancing Ecotoxicological Modeling
and Assessment. Environ. Sci. Technol. 1993, 27, 1719–1728.

(40) Leslie, H. A.; Kraak, M. H. S.; Hermens, J. L. M. Chronic toxicity
and body residues of the nonpolar narcotic 1,2,3,4-tetrachlo-
robenzene in Chironomus riparius. Environ. Toxicol. Chem.
2004, 23, 2022–2028.

(41) Landrum, P. F.; Lotufo, G. R.; Gossiaux, D. C.; Gedeon, M. L.;
Lee, J. H. Bioaccumulation and critical body residue of PAHs
in the amphipod Diporeia spp.: additional evidence to support
toxicity additivity for PAH mixtures. Chemosphere 2003, 51, 481–
489.

(42) Fisher, S. W.; Chordas, S. W.; Landrum, P. F. Lethal and sublethal
body residues for PCB intoxication in the oligochaete Lum-
briculus variegatus. Aquat. Toxicol. 1999, 45, 115–126.

(43) Di Toro, D. M.; McGrath, J. A.; Hansen, D. J. Technical basis for
narcotic chemicals and polycyclic aromatic hydrocarbon criteria.
I. Water and tissue. Environ. Toxicol. Chem. 2000, 19, 1951–
1970.

(44) Hendriks, A. J. Modeling response of species to microcontami-
nants - Comparative ecotoxicology by (sub)lethal body burdens
as a function of species size and partition ratio of chemicals.
Ecotoxicol. Environ. Saf. 1995, 32, 103–130.

(45) Emery, V. L.; Dillon, T. M. Chronic toxicity of phenanthrene to
the marine polychaete worm Nereis (Neanthes) arenaceodentata.
Bull. Environ. Contam. Toxicol. 1996, 56, 265–270.

(46) Adrian, N. R.; Suflita, J. M. Anaerobic biodegradation of
halogenated and nonhalogenated N-heterocyclic, S-heterocy-
clic, and O-heterocyclic compounds in aquifer slurries. Environ.
Toxicol. Chem. 1994, 13, 1551–1557.

(47) Bleeker, E. A. J.; Wiegman, S.; de Voogt, P.; Kraak, M.; Leslie,
H. A.; de Haas, E.; Admiraal, W. Toxicity of azaarenes. Rev.
Environ. Contam. Toxicol. 2002, 173, 39–83.

ES702500T

3440 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 9, 2008


