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Abstract: With the aim to refine water analysis in fish bioconcentration studies, automated solid-phase microextraction (SPME) was
used as an alternative approach to conventional solvent extraction (liquid–liquid extraction [LLE]) for the extraction of 3 hydrophobic
organic chemicals (HOCs; log KOW 5.5–7.8) from flow-through studies with rainbow trout (Oncorhynchus mykiss). The results showed
that total concentrations extracted by SPME combinedwith internal standards and LLE are equal. The results further verify the possibility
of simultaneous extraction of total and freely dissolved HOC concentrations by SPME. Freely dissolved concentrations allow the
assessment of sorption and bioavailability of HOCs in bioconcentration studies and their potential impact on resulting bioconcentration
factors (BCFs). Reduction in freely dissolved water concentrations can result in an underestimation of BCFs if they are calculated based
on total water concentrations. For polychlorinated biphenyl (PCB) 153, a significant increase in BCF value was observed when freely
dissolved concentrations were taken into account. However, log BCF values calculated based on freely dissolved concentrations did not
correlate linearly with log KOW values above 5 to 6. This pointed to further influences besides a reduction in freely dissolved water
concentrations by sorption to organic matter. The results can aid in assessment of the factors that influence bioconcentration systems and
also give important information regarding the possible replacement of LLE by SPME for water analysis of highly HOCs in fish
bioconcentration studies. Environ Toxicol Chem 2017;36:2887–2894.# 2017 The Authors. Environmental Toxicology and Chemistry
Published by Wiley Periodicals, Inc. on behalf of SETAC.
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INTRODUCTION

Fish bioconcentration studies are needed for the safety
assessment of chemicals as well as for the understanding of
processes regarding the interaction of organisms with their
environment. Such studies are commonly performed according
to guideline 305 of the Organisation for Economic Co-operation
and Development (OECD) [1]. The outcome is a bioconcentra-
tion factor (BCF), which is calculated by the chemical’s
concentration in fish (Cf) divided by its concentration in the
water phase (Cw). The guideline does not prescribe specific
methods for extraction of the water phase. The method most
often used is liquid–liquid extraction (LLE) [2–5], which is
considered an exhaustive extraction method yielding total water
concentrations (Cw,t). The LLE procedure is time-consuming
and uses large amounts of organic solvents, which is contrary to
several of the 12 principles of green chemistry [6,7]. Bio-
accumulation of neutral organic chemicals is of regulatory
relevance for substances with log n-octanol–water partition
coefficients (logKOW)> 3 and as a general rule increases with
increasing hydrophobicity. However, for substances with log
KOW> 5 to 6, the correlation of BCF and KOW values levels off

or even declines. The parameters that are assumed to cause this
leveling off (sometimes referred to as hydrophobicity cutoff) are
physiological as well as analytical/artificial processes. Such
parameters include restricted membrane permeability because
of the molecular size and weight of test substances, elimination
into feces, n-octanol as an inappropriate substitute for
membrane lipids, and sorption to organic matter in the test
system [8–14]. Highly hydrophobic organic chemicals (HOCs)
can be sorbed to organic matter in the test system, leading to a
reduction in freely dissolved water concentrations (Cw,f), which
are considered to be the concentrations bioavailable for
fish [15–18]. If Cw,f is reduced by sorption to organic matter
in a test system but Cw,t is extracted, an underestimation of BCF
values compared with systems without organic matter impact is
possible [13,19]. However, the organic matter content in test
systems, which is quantified by the total organic carbon (TOC)
concentration, is often not specified or even investigated. This
can lead to a high variation in BCF data for highly HOCs [19]. In
contrast to LLE, Cw,f can be determined by solid-phase
microextraction (SPME), a nonexhaustive extraction method
based on partitioning kinetics of a chemical between the sample
and a coated fiber, which is introduced directly to the sample or
in the headspace above the sample [20–25]. This technique can
be used under both nonequilibrium and equilibrium conditions.
Extraction by fibers can be performed manually or can be
automated with an autosampler. For highly HOCs, the time until
equilibrium between fiber and analytes is reached can be several
days. Therefore, parallel extraction of samples requires the use
of several single fibers. After equilibrium is reached, the fibers
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can be extracted either by solvents [13,26] or by thermal
desorption in the injector of a gas chromatography-coupled to a
mass spectrometer (GC–MS). This requires manual labor unless
fibers are stored and automatically introduced to the injector by
an automated liner exchange system [27]. For the quantification,
analyte-specific fiber–water partitioning coefficients are
needed [26,28–30]. In small sample volumes, the depletion of
analytes by the fiber is a relevant issue because it can alter the
ratio of freely dissolved and organic matter-bound analytes
when analytes desorb from the organic matter in the sample to
form a new equilibriumwith fiber and aqueous solution [31,32].
Because the analyte uptake by the fiber is proportional to the
freely dissolved analyte concentration, extraction can just as
well be performed in the kinetic phase of the equilibration
process, that is, under nonequilibrium conditions. In this way,
extraction times can be reduced to 20 to 60min, depending on
the analyte concentration in the sample and the fiber type
used [33]. Under nonequilibrium conditions, the extracted
concentration can be affected by an accelerated transport of the
analyte by dissolved organic matter in the stagnant water layer
around the fiber [32]. This effect can be reduced, for example,
by agitation of sample and fiber. Because time and temperature
greatly affect the amount of analyte extracted by the fiber,
SPME-compatible equipment of the autosampler is advisable.
Because of the short extraction times, samples can be extracted
consecutively with the same fiber. Quantification is then
performed simply by external calibration with samples that
contain the analytes in aqueous solution. With automated
SPME, the fiber is directly transferred to the injection system of
the GC–MS, where the analytes are thermally desorbed. Further
comprehensive information on SPME can be found, for
example, in the Handbook of Solid Phase Microextraction
[34]. While SPME is now recommended for highly HOCs in the
revised OECD guideline 305 [1], its use is still not common-
place. In addition to reluctance to overturn well-established
routines, a major reason hampering the replacement of LLE by
SPME is the concern that data from both methods might not be
comparable. The comparability of results from alternative
methods with results obtained from long-time applied methods
is an important prerequisite, for example, for regulation.
However, while LLE only provides the measurement of Cw,t,
the benefit of automated SPME could be the simultaneous
determination of Cw,t and Cw,f [35]. While only freely dissolved
molecules bind to the fiber yieldingCw,f [16,32,36], the addition
of an internal standard with similar characteristics as the test
substance allows the determination of Cw,t when the amount of
internal standard, which is sorbed to organic matter in the
sample, is taken into account [35,37]. This would ensure the
comparability of data from alternative and conventional
methods. Furthermore, more reliable and precise data would
be obtained facilitating the interpretation of conditions and
mechanisms/processes in the test system. Therefore, the
purpose of the present study was to examine the use of
automated SPME in bioconcentration studies and to assess a
possible replacement of LLE by SPME. Therefore, the
extraction of water phases from flow-through bioconcentration
studies according to OECD guideline 305 was investigated by
SPME and compared with data from LLE [38]. The
bioconcentration studies were performed with rainbow trout
(Oncorhynchus mykiss) and 3 HOCs (hexachlorobenzene
[HCB], o-terphenyl [OTP], and polychlorinated biphenyl
[PCB] 153), which cover a broad range of hydrophobicity
(logKOW 5.5–7.8). The objectives of the present study were 1)
to verify that extraction of the aqueous phase in fish

bioconcentration studies by SPME and LLE leads to compara-
ble results in Cw,t, 2) to investigate whether Cw,t and Cw,f can be
obtained simultaneously by automated SPME for very low Cw

of highly HOCs, and 3) to examine the possible impact of the
extraction method on BCF values.

MATERIALS AND METHODS

Chemicals

Hexachlorobenzene and OTP were purchased from Sigma-
Aldrich. Both PCB 153 and the internal standards HCB-13C6,
and PCB 138 were purchased from Dr. Ehrenstorfer, and OTP-
d14 from CDN Isotopes. Stock solutions of the substances (all
�99% purity) were prepared in methanol (�99%, p.a., Sigma-
Aldrich). Because of similar physicochemical characteristics,
PCB 138 was used as internal standard for PCB 153 instead of
an isotopologue. Molecular structures of the substances are
given in the Supplemental Data, Figure S1, and physicochemi-
cal properties are given in the Supplemental Data, Table S1.

BCF studies with rainbow trout

The BCF studies were conducted as described in detail in
Schlechtriem et al. [38]. Briefly, 2 flow-through fish
bioconcentration studies were performed with juvenile
rainbow trout (3.3� 0.4 g in the first and 3.8� 0.4 g for the
second study) according to OECD guideline 305. Growth rate
constants were 0.0201 and 0.0226 d�1 for the first and second
studies, respectively. The lipid content of approximately 5 and
6% at the beginning of the uptake period increased to
approximately 6 and 7 to 8% in the first and second studies,
respectively. The HOCs applied were HCB and OTP in the
first study, and PCB 153 and dibenz[a,h]anthracene (DBA) in
the second study. Because of an unstable supply of Cw of
DBA during the second study and its strong metabolism in
O. mykiss [38], no valid time-weighted average concentrations
could be derived from SPME analysis (fewer sampling days
compared with LLE resulted in an incorrect weighting of
extremely increased DBA supply), and no BCF could be
estimated for DBA, which is thus not considered in the present
study. Substances were applied solventless as column-
generated concentrations. As test vessels, 100-L glass aquaria
each filled with 70 L of purified water were used for control
and treatment in both studies. A continuous flow of test media
into the experimental tanks was maintained throughout the
first and second study, approximately 22 and 21 L h�1,
respectively, equivalent to 7.5 and 7.2 volume replacements
per day, respectively. The experimental tanks were stocked
with 70 and 68 fish in the first and the second study,
respectively. Fish were fed with commercial feed for juvenile
rainbow trout (Biomar, Inicio Plus 0.8mm) with a daily ration
of 1.5% of their body weight. With regard to a potential
impact of organic matter on the bioavailability of test
substances (e.g., from fish feed) [18], tanks were carefully
cleaned every day 30 to 60min after feeding, as stated in
OECD guideline 305. The organic matter in the water phase
was determined weekly by quantifying TOC as the sum of
particulate organic carbon (POC) and dissolved organic
carbon (DOC; Supplemental Data, Figures S2 and S3). The
uptake period was 56 d in both studies followed by a
depuration period lasting 28 and 56 d for the first and second
study, respectively. Fish were extracted by accelerated solvent
extraction with acetone and dichloromethane (1:1, v/v)
followed by cleanup, concentration, and measurement of
extracts by GC–MS. Homogenates from unexposed fish were
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spiked with 7 different test substance concentrations and
extracted accordingly, yielding a matrix calibration that was
used within quantification to prevent an underestimation of
tissue concentrations. Tissue concentrations at the end of the
uptake phase were 11.2mg kg�1 for HCB, 4.6mg kg�1 for
OTP, and 293mg kg�1 for PCB 153. Experimental conditions
and results of the fish studies (solid-phase desorption dosing
system, flow-through fish test conditions, chemical and lipid
analysis of fish, growth performance, concentrations in fish
during uptake and elimination periods, uptake and elimination
rates, different BCF estimates) are comprehensively discussed
in Schlechtriem et al. [38].

Analysis of water samples

Water concentrations were determined regularly throughout
the uptake period of both studies by LLE and SPME. The LLE
of water samples is described in Schlechtriem et al. [38].
Samples for water analysis following SPME were collected
from the test vessels on days 1 to 5, 8, 12, 15, 19, 22, 26, 29, 34,
36, 40, 43, 47 to 49, and 54 (n¼ 4, each) of the uptake phase in
the first study and on days 6, 27, 34, 44, 48, 51, and 55 (n¼ 5–8,
each) of the uptake phase in the second study. For SPME
analysis, 20-mL aliquots from the test vessels were transferred
to brown glass vials (20-mL headspace vials with magnetic
caps, CS Chromatographie Service) and immediately spiked
with the respective internal standards (Supplemental Data,
Figure S1). During the first study, samples were collected and
prepared twice on days 5, 12, 19, 26, 34, 40, 47, and 54 (n¼ 4,
each) for a comparative measurement in a second laboratory.
Samples were measured within 1 d after sampling in laboratory
1. The samples for laboratory 2 were packed in extruded
polystyrene foam boxes together with ice packs and were
transferred within 2 d by courier mail. During the second study,
samples were only measured in laboratory 2. Samples were
measured in both laboratories by automated SPME in immersed
mode. Actual depletion of analytes by the fiber is given in the
Supplemental Data, Table S2. Water samples and external
calibration samples (first study/second study) were thermally
equilibrated (5min) prior to extraction (30min/60min) with
polydimethylsiloxane (PDMS) fibers (100mm/7mm; Supelco).
Samples were agitated (250 rpm) and heated (30 8C) during
equilibration and extraction in a heating device within the
autosampler. Subsequently, fibers were thermally desorbed for
3min in the GC injector followed by GC–MS for separation and
detection of analytes. Before sample extraction, fibers were
cleaned in a separate heating device (280 8C for 8min/
320 8C for 10min) to prevent carry-over of analyte residues
on the fiber. Further details on instruments and methods as well
as on quality assurance and quality control are given in the
Supplemental Data, Tables S3 to S6.

Calculation of water concentrations

The Cw,f values from SPME were calculated directly from
theGC–MS signals (peak area, A) of water samples and external
calibration samples.With SPME, only the freely dissolvedHOC
molecules are extracted (see Introduction section). Hence, Cw,f

of samples is calculated from the peak areas of water samples
and a calibration curve from external calibration samples.
External calibration samples were analyzed together with the
water samples under the same conditions. The calibration curve
was calculated as a linear regression line made up as a function
of the peak areas of external calibration samples plotted against
the nominal concentrations of external calibration samples. For
the calculation of Cw,f, the internal standards remained

unconsidered. The Cw,t values from SPME were calculated
according to the calculation of Cw,f, except that calculation was
performed after correction of the peak areas by internal
standards. Compared with the extracted amount of the internal
standards in the external calibration samples, the extracted
amount of the internal standards in the water samples is reduced
by sorption to organic matter. Reduction of the internal standard
by sorption is in the same dimension as the reduction of the test
substance by sorption when an internal standard with similar
characteristics as the test substance is used (see Introduction
section). Therefore, correction of peak areas for the calculation
of Cw,t was performed according to

cAts;s ¼ Ats;s �mAis;cs=Ais;s ð1Þ

where cAts,s is the corrected area of the test substance in a
specific sample, Ats,s is the uncorrected area of the test substance
in this specific sample, mAis,cs is the mean area of the internal
standard in the calibration samples, and Ais,s is the area of the
internal standard in the specific sample. The Cw values were
calculated as time-weighted average concentrations. For this,
weighted average concentrations were calculated by multiply-
ing the average of measured concentrations from 2 consecutive
sampling days by the time period (h) between both sampling
days. All weighted average concentrations were then summed
up and divided by the total time (h) of the uptake period [38].
Calculation of water concentrations was done independently in
both laboratories to allow an interlaboratory comparison.
Results were compared only at the end of both studies. A
comparison of means for Cw values derived from SPME and
LLE was carried out by t test (SPSS 24).

Calculation of BCFs

The BCF values were calculated on a fresh weight basis
according to

BCFss ¼ Cf=Cw ð2Þ

as the ratio of the substance concentration in fish (Cf, mg kg
�1)

and the time-weighted average concentration in the water
phase (Cw, mg L

�1) assuming steady state (ss) [1]. To check
for a possible impact of the analytical method used for
measuring Cw on the result of BCF studies, BCFs were
calculated based on Cw,t and Cw,f from SPME measurements
and compared with the BCF values calculated based on Cw,t

from LLE (Cw,t (LLE); Supplemental Data, Table S7). Because
steady state of the test substances in the fish tissue was not
reached within the uptake phase of 56 d [38], direct
calculation of BCFss values was not possible. However,
BCF calculation according to Equation 2 is beneficial when
comparing potential analytical influences on Cw and further on
BCF. Therefore, the apparent concentration in fish at steady
state (Cf,app; Supplemental Data, Table S8) was used for the
calculation of BCF values according to Equation 2. The Cf,app

value was derived according to

Cf;app ¼ BCFk � Cw;t LLEð Þ ð3Þ

from the kinetic BCF values (BCFk; Supplemental Data,
Table S7) and Cw,t (LLE) from Schlechtriem et al. [38]. Because
BCFk values are calculated from the ratio of the uptake rate
constant k1 and the depuration rate constant k2, they are
considered to reflect conditions in steady state, that is, BCFk is
considered to be equal to BCFss [1]. The BCFk values were
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calculated with the R-based software package bcmfR
(Ver 0.3-2) according to the upcoming guidance document
for OECD guideline 305 [39]. As recommended there, BCFk
values were calculated with the simultaneous fitting of uptake
and depuration phases, instead of the sequential procedure
applied in Schlechtriem et al. [38]. The R-package and the
instructions on how to use it are made available by the OECD.
The best fit was achieved without data transformation for all of
the 3 test substances. The BCFk values as well as uptake and
depuration curves are given in the Supplemental Data, Table S7
and Figure S4.

RESULTS AND DISCUSSION

Cw,t derived from SPME analysis

The Cw,t results from SPME analyses were equal to
results from LLE in both studies. In the first study, time-
weighted average Cw,t values of HCB and OTP measured by
SPME were 0.40� 0.04mg L�1 (standard deviation [SD])
and 0.43� 0.05mg L�1, respectively. These were in the same
range of Cw,t from LLE of 0.39� 0.03mg L�1 and
0.45� 0.04mg L�1, respectively (Figure 1 and Supplemental
Data, Figures S5 and S6). A comparison of means by t test
confirmed that differences were not significant (p¼ 0.428 for
HCB, p¼ 0.098 for OTP). Differences between concen-
trations were mostly higher over time than between SPME
and LLE. For the highly hydrophobic PCB 153, SPME and
LLE yielded equal results as well (p¼ 0.544). The time-
weighted average Cw,t was 23� 4 ng L�1 measured by SPME
and 23� 3 ng L�1 measured by LLE (Figure 2 and
Supplemental Data, Figure S7). Furthermore, the interlabor-
atory comparison of Cw,t measured by SPME proves that the
method is highly reproducible, even after transport and
storage of samples. The time-weighted average Cw,t values
measured by laboratory 2 were equal to time-weighted
average Cw,t values measured by laboratory 1 for both HCB
and OTP (p¼ 0.822 and 0.841, respectively; Supplemental
Data, Figures S8 and S9). The excellent agreement of results
from SPME and LLE allows to compare existing datasets
obtained by conventional solvent extraction procedures with
new results obtained by this alternative method in future
experiments. Thus, one of the most important regulatory
requirements for the replacement of routine methods is
fulfilled.

Cw,f derived from SPME analysis

For both HCB and OTP, no significant differences between
Cw,t and Cw,f were obtained in the first study. Diligent removal
of feces and uneaten food led to very low TOC concentrations
of 1.2 to 1.8mg L�1 in the test vessel throughout the study,
which is even below the maximum value tolerated by OECD
guideline 305 for dilution water (2mg L�1 TOC). Concen-
trations of TOC that are <2mgL�1 can still significantly
reduce Cw,f of highly HOCs in batch sorption studies under
equilibrium conditions [18]. However, this effect should be
reduced by flow-through conditions as applied in this test
system, which circumvents long-term equilibration of test
substances with organic matter in the test system. Neverthe-
less, this still cannot explain that no differences occurred
between Cw,t and Cw,f in the present study because the time
between sampling and measurement by automated SPME
should have led to further equilibration of HOCs with organic
matter in the water phase of the closed vials. In this context,
the occurrence of different organic matter fractions with
differing potential to sorb HOCs has to be considered
(compare the Sorption of HOCs to organic matter section).
In the second study, time-weighted average Cw,f values of
PCB 153 were significantly reduced to 14 ng L�1 (p¼ 0.001),
which is a reduction of approximately 40% compared with the
Cw,t of 23 ng L

�1 (Figure 2). Potential uncertainties regarding
the amount of Cw,f are discussed in the following sections.
Because of the higher hydrophobicity of PCB 153 compared
with HCB and OTP, a higher sorption was expected. In
addition, the TOC concentration was higher in the second
study. Concentrations of 4 to 7mg L�1 TOC resulted in a
time-weighted average concentration of 5.98mg L�1 TOC.
The higher SD of Cw,f compared with Cw,t results from the fact
that variations of the instrumental analysis (GC–MS) and
varying fiber sensitivity (resulting from repeated usage of the
fiber) cannot be corrected by internal standards.

Sorption of HOCs to organic matter

The organic matter fractions most relevant for sorption of
HOCs in fish bioconcentration studies are fish feed and fish
feces, which can occur both as particulate and dissolved organic
matter. A previous investigation of organic matter relevant for
bioconcentration studies revealed a very high sorption of HOCs

Figure 1. Total water concentrations (Cw,t) of hexachlorobenzenemeasured
by solid-phase microextraction (black circles) in comparison with
liquid–liquid extraction (gray circles; n¼ 2–4). Continous lines indicate
time-weighted average concentrations� 20% (dashed lines), and error bars
show standard deviation.

Figure 2. Water concentrations (Cw) of polychlorinated biphenyl 153
during the bioconcentration study. Gray circles: total water concentrations
(Cw,t) measured by liquid–liquid extraction; black circles: Cw,t measured by
solid-phase microextraction (SPME); green circles: freely dissolved water
concentrations (Cw,f) measured by SPME (n¼ 4–8). Continous lines
indicate time-weighted average concentrations� 20% (dashed lines), and
error bars show standard deviation.
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to organic matter from fish feed and the filter residue sampled
from the outlet pipe of a control vessel [18]. These fractions are
the potential causes for the reduction ofCw,f compared withCw,t

in the present study. In the first bioconcentration study with
HCB and OTP, a time-weighted average concentration <
2mgL�1 TOC with a DOC content higher than the content of
POCwasmeasured (Supplemental Data, Figure S2). In contrast,
in the second bioconcentration study with PCB 153, a time-
weighted average concentration of 5.98mgL�1 TOC in the test
vessel was measured, with the content of POC predominating
over the content of DOC (Supplemental Data, Figure S3).
Depending on their composition, organicmatter fractions have a
different potential to sorb HOCs. As well as the very low TOC
content in the first bioconcentration study, a different
composition of organic matter compared with the previous
batch sorption experiments [18] is a potential explanation for the
fact that no measurable differences in Cw,t and Cw,f could be
determined for HCB and OTP. A high content of filter residue-
DOC and a low content of fish feed-DOC in the test vessels
could be of special significance. Unlike fish feed-DOC, which
was the most important constituent regarding the sorption of
HOCs in previous sorption experiments [18], the sorption to
DOC from filter residue was relatively low and could not be
determined accurately. Roughly calculated, the logarithmic
DOC–water partitioning coefficient (logKDOC) for HCB in filter
residue-DOC was only approximately 4.0 compared with
logarithmic TOC–water partitioning coefficients (logKTOC)
and log KDOC values of 4.95 to 5.38 for fish feed-TOC, filter
residue-TOC, and fish feed-DOC. The fish feed pellets were
observed to be mostly stable during feeding and until siphoning
off of food residues and feces. This was assumed to have
prevented the release of highly sorptive DOC from the fish feed
pellets. However, based on the previously measured KTOC

values for PCB 153 (logKTOC 5.96–6.01) [18], the difference
between Cw,t and Cw,f in the second study cannot be explained
by the quantitative occurrence of TOC in the test system. Based
on the estimated time-weighted average concentration of
5.98mgL�1 TOC and the reduction of Cw,f compared with
Cw,t, a KTOC value of 109 500 (logKTOC 5.04) can be calculated
for PCB 153, which is approximately 10 times lower compared
with the previous batch experiments. A further determination of
sorption of PCB 153 to filter residue-DOC according to Böhm
et al. [18] resulted in a KDOC of 99 500 (logKDOC 5.0;
Supplemental Data, Figure S10), which is in the same range of
sorption in the test media of the present study. However,
because the content of POCwas higher than the content of DOC
in the second study (Supplemental Data, Figure S3), further
parameters must be responsible to explain the discrepancies.
Again, a difference in the composition of organic matter
fractions is considered to be relevant, in particular regarding the
composition of filter residue, or rather the specific organic
matter in the test vessels. Because organic matter originates
from fish feces, differing amounts of feed residues, and other
constituents (e.g., bacteria), its composition is assumed to vary
greatly between different fish studies. Furthermore, the natural
occurring TOC in the present study was most likely different
from the preparation of filter residue for the batch sorption
studies, which was dried at 105 8C after a filtering process that
had an influence on the organic matter composition. This
assumption is supported by subsequently performed sorption
experiments with PCB 153 and unmodified waters from a vessel
with rainbow trout. Samples with a mean organic matter content
of 3.12mgL�1 TOC (range, 2.31–5.20mgL�1) resulted in a
mean KTOC value of 43 000, or rather a log KTOC of 4.63 (KTOC

12 500–112 000, log KTOC 4.10–5.05), which matches the KTOC

value of 109 500 calculated from the second fish study and
confirms the high variability of organic matter composition.

Consequences for BCF values

Because SPME and LLE led to equalCw,t for the 3 HOCs, no
relevant differences have to be considered for the estimation of
BCF values based on Cw,t. This is different if Cw,f is taken into
account. A potential effect for the first study can be derived from
the K values. If an agreement of the batch sorption KDOC value
(filter residue-DOC) and the KTOC value obtained from the fish
study (as observed for the second study) is assumed as well for
the first study, the effect of TOC onCw,f would have only led to a
deviation of the BCF value for HCB of <2% (Equations 2
and 3). This demonstrated that an artificial influence of organic
matter on BCF values can be reduced or even prevented by the
efficient removal of organic matter from the test system, at least
for HOCs in the range of log KOW 5 to 6. In contrast, a
significant impact on the BCF value was determined for the
more hydrophobic PCB 153 at higher TOC concentrations. The
BCF value calculated based on Cw,f is 28 058 compared with 17
079 based on the calculation from Cw,t, which is an increase of
approximately 65%. Although PCB 153 is much more
hydrophobic than HCB (logKOW 7.75 and 5.73, respectively),
its BCF is lower (log BCF 4.23 and 4.47, respectively [5.36 and
5.70, respectively, on lipid weight basis]), which is in agreement
with the leveling off of BCF values above logKOW 5 to 6. IfCw,f

is taken into account, log BCF of PCB 153 increases to 4.45
(5.58 on lipid weight basis) and approaches the BCF of HCB.
However, the results of the present study cannot explain the
discrepancy of a missing BCF–KOW correlation above log KOW

5 to 6 by a reduction of Cw,f that is caused by the presence of
organic matter in the test system. The increase of the BCF for
PCB 153 (if calculated based on Cw,f instead of Cw,t) should
have been orders of magnitude higher if the leveling off of BCF
values could be solely explained by artificial influences of TOC
in the present study. However, absolute conclusions on the
amount of Cw,f and on the discrepancy between BCF values
calculated from Cw,t and Cw,f cannot be specified because of the
potential of both the overestimation and underestimation of
BCF values through method-inherent reasons. Generally,
biotransformation of test substances in fish has to be considered
as an influencing factor that could occur under laboratory
conditions and would lead to a reduction of BCF values.
However, according to Buckman et al. [40], one should not
expect a significant biotransformation for PCB 153. The BCF
values can be underestimated by an overestimation of Cw,f,
which could occur when organic matter-bound molecules are
desorbed to form a new equilibrium after significant depletion of
the test substance by the SPME fiber [31,32] and by an
accelerated transport of analytes to the fiber, which can occur
through dissolved organic matter if the sampling time is
insufficient [18,32,41–44]. Because sorption decreases with
increasing temperature for many substances [45], BCF values
could be underestimated when the extraction of Cw,f is
performed at a higher temperature than the temperature in the
flow-through fish study. Because the lowest stable temperature
that can be adjusted in the autosampler heating device is 30 8C, a
difference in the water temperature in the fish study
(approximately 15 8C) was technically unavoidable. In contrast,
BCF values can be overestimated by an underestimation of Cw,f

with the present approach because nonequilibrium conditions of
the flow-through study are not fully taken into account. (The
time between sampling and measurement by automated SPME
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leads to further equilibration in the vial and thus to additional
sorption and reduced extraction.) Furthermore, the interaction
of uptake pathways has to be considered as a likely influencing
factor. Sorption of the test substances to fish feed before
consumption by fish could imply a relevant impact of
biomagnification on the evaluation of BCFs and would then
result in an overestimation of bioconcentration. A batch
experiment with PCB 153 and fish feed revealed immediate
sorption after spiking and resulted in KTOC values of 400 000 to
600 000 (logKTOC 5.6–5.8) within 30 to 60min. Details of the
experiments and calculations are given in the Supplemental
Data (see Immediate Sorption section). However, the impact of
biomagnification on the present study is assumed to be of minor
relevance because fish were fed with a very small feed ration of
only 1.5% of body weight per day, which led to a very fast
consumption of fish feed (<15min). To explain the leveling off
of BCF values solely by the organic matter present, aiming at a 1
to 1 relation of BCF on lipid weight basis and KOW, the Cw,f

would need to be reduced by a factor of approximately 250 or
rather by 2 orders of magnitude when compared with Cw,t. This
is not likely to have occurred because of any of the influencing
factors named previously. Instead, other reasons are assumed to
be relevant for the lower than expected BCF of PCB 153, such as
restricted membrane permeation of HOCs as a result of their
molecular size [8,9,12]. This is as well supported by a
significantly smaller (approximately 70%) uptake rate constant
k1 for PCB 153 compared with HCB and OTP (Supplemental
Data, Table S7).

Applicability of SPME in BCF studies

Based on the results from the present study, the use of
automated SPME for water analysis in fish bioconcentration
studies can be recommended with some minor limitations. The
results for the investigated substances showed that SPME can
easily replace LLE for the measurement of Cw,t, guaranteeing
a high quality of results. During method modification, the
parameters extraction temperature, fiber coating, coating
thickness, and extraction time have to be considered. While
a remeasurement of extracts is possible after LLE, and storage
of extracts requires minimum space, remeasurement of water
samples after SPME is not possible (because of the depletion
of analytes). Therefore, retained samples for SPME have to be
original water samples, and additional freezer storage has to
be considered. In contrast, by applying automated SPME, the
use of organic solvents can be avoided and labor time can be
saved. Most importantly, SPME allows the simultaneous
determination of Cw,f in addition to Cw,t, which would provide
valuable information on the sorption of HOCs in the test
system. Potential constraints can be uncertainties by both the
potential over- and underestimation of Cw,f: because of
depletion and accelerated transport (overestimation: the
supposedly true Cw,f should be lower than measured) or
rather nonequilibrium conditions in the test versus equilibrium
conditions during extraction (underestimation: the supposedly
true Cw,f should be higher than measured). Depletion and
accelerated transport can be adversely influenced by time. If
extraction time is increased, the effect of an accelerated
transport is reduced but depletion is increased and vice versa.
Both effects can be significantly reduced if SPME fibers with
a reduced coating volume are used, for example 7mm PDMS
instead of 100mm PDMS fibers. The effect of an accelerated
transport of analytes toward the fiber can be further reduced
by the enhancement of kinetic processes through an increase
of agitation speed in the heating device of the autosampler.

Because possible interferences could be resolved by passive
sampling [27,46], equilibrium passive sampling could be
applied to further confirm the reliability of nonequilibrium
sampling by automated SPME. To consider as well the
influence of flow-through conditions, SPME should be used in
situ under equilibrium conditions, that is, fiber pieces are
introduced into and equilibrated in the test vessels. Because of
the large water volume in the test vessels and the continuous
supply of test substances, possible interference by depletion
could also be prevented. Furthermore, a temperature discrep-
ancy between the fish study and extraction in the laboratory,
which might influence the amount of extracted Cw,f of test
substances, could be avoided as well. In simple terms, while
automated SPME under nonequilibrium conditions is less
laborious and simplifies the extraction procedure, the use of in
situ SPME would increase the precision of Cw,f. In this
context, the disadvantages of in situ SPME are related to the
procedure of handling and quantification. Fiber pieces
equilibrated in situ have to be recollected and extracted
with solvents unless additional equipment is used for the
direct thermodesorption in the injector of a GC [27]. In either
case, fiber length and coating volume of the fibers have to be
known for quantification, and external calibration is com-
monly not performed with fibers but by the injection of
solvent-based stock solutions. Unlike the automated SPME
approach, Cw,f is not directly derived from the external
calibration but is calculated from the concentration of the test
substance in the fiber coating and specific fiber–water partition
coefficients, which provide information about the distribution
of the test substance between the water phase and the fiber
coating under equilibrium conditions. This would be a highly
relevant issue in case fiber–water partition coefficients are
lacking, especially in the regulatory context when new
chemicals are tested for a potential authorization. Quantifica-
tion from extraction under nonequilibrium conditions is even
more laborious compared with automated SPME, because Cw,f

values in the test vessels change frequently, but equilibration
between test substances and fiber can last up to several days.
Continuous adaption to altering concentrations because of
changes in the supply of test substances or changes in the
amount of organic matter in the test system further delay the
equilibration process. Therefore, the measurement of specific
Cw,f values at defined sampling intervals is hampered, unless
the fibers are used under nonequilibrium conditions with
stable isotope calibration [47]. Otherwise, in situ SPME could
allow for a time-integrated measurement of Cw,f. After
sufficient validation in OECD guideline 305 test systems,
the use of in situ SPME could be advantageous in addition to
automated SPME to validate Cw,f. However, because of the
comparatively simple handling in the laboratory, automated
SPME is recommended in any case as the main method for the
measurement of Cw,t. As a benefit, Cw,f is determined
simultaneously without further effort. In case of uncertainty
regarding potential interfering factors, Cw,f could at least be
used in terms of a screening tool to elucidate the impact of
organic matter on Cw,f of highly HOCs, because it will most
probably be more precise compared with a calculation of the
possible organic matter impact from literature data.

Supplemental Data—The Supplemental Data are available on the Wiley
Online Library at DOI: 10.1002/etc.3854.
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