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Abstract: In vitro biotransformation assays are currently being explored to improve estimates of bioconcentration factors of potentially
bioaccumulative organic chemicals in fish. The present study compares thin-film and solvent-delivery dosing techniques as well as single
versus multiple chemical dosing for measuring biotransformation rates of selected polycyclic aromatic hydrocarbons in rainbow trout
(Oncorhynchus mykiss) liver S9. The findings show that biotransformation rates of very hydrophobic substances can be accurately
measured in thin-film sorbent-dosing assays from concentration–time profiles in the incubation medium but not from those in the sorbent
phase because of low chemical film-to-incubation-medium mass-transfer rates at the incubation temperature of 13.5 8C required for trout
liver assays. Biotransformation rates determined by thin-film dosing were greater than those determined by solvent-delivery dosing for
chrysene (octanol–water partition coefficient [KOW]¼ 105.60) and benzo[a]pyrene (KOW¼ 106.04), whereas there were no statistical
differences in pyrene (KOW¼ 105.18) biotransformation rates between the 2 methods. In sorbent delivery–based assays, simultaneous
multiple-chemical dosing produced biotransformation rates that were not statistically different from those measured in single-chemical
dosing experiments for pyrene and benzo[a]pyrene but not for chrysene. In solvent-delivery experiments, multiple-chemical dosing
produced biotransformation rates that were much smaller than those in single-chemical dosing experiments for all test chemicals. While
thin-film sorbent-phase and solvent delivery–based dosing methods are both suitable methods for measuring biotransformation rates of
substances of intermediate hydrophobicity, thin-film sorbent-phase dosing may be more suitable for superhydrophobic chemicals.
Environ Toxicol Chem 2014;33:1885–1893. # 2014 SETAC
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INTRODUCTION

Biotransformation may play an important role in the
elimination and bioaccumulation of xenobiotic chemicals.
However, the lack of a priori consideration of biotransformation
rates is a major limitation in current bioaccumulation assess-
ments. The bioconcentration factor (BCF), bioaccumulation
factor (BAF), and the octanol–water partition coefficient (KOW)
are routinely used to assess the bioaccumulative behavior of
chemicals according to national and international regulations
such as the Canadian Environmental Protection Act; the US
Toxic Substances Control Act; the European Union’s Registra-
tion, Evaluation, Authorization, and Restriction of Chemicals
(REACH); the Japanese Chemical Substances Control Law; and
the Stockholm Convention on Persistent Organic Pollutants [1].
Empirical BCFs and BAFs do not exist for the vast majority
of commercial chemicals. Therefore, to date, bioaccumulation
assessments have often relied on theKOW or on bioaccumulation
models, which in most cases did not consider biotransformation
because of a lack of information on biotransformation rates. This
approach can lead to misidentification of the bioaccumulation
potential of chemicals in screening and risk assessments.
Recently, 2 approaches have emerged to include biotransforma-
tion in bioaccumulation assessments. One approach is the
development of quantitative structure–activity relationships for

calculating the BCF and BAF that take into account
biotransformation [2]. The other approach is the application of
experimental in vitro biotransformation tests [3–8].

In vitro analysis of chemical biotransformation rates in liver
preparations has been advocated for predicting biotransforma-
tion rates in whole organisms in a manner that is cost-effective
and reduces animal use [9]. Developing protocols for in vitro
biotransformation tests using fish liver is of particular interest
because existing bioaccumulation models for fish can use
the bioassay data to estimate BCF and BAF values [3–6,10].
Various fish liver preparations include 9000-g supernatants of
liver homogenate (S9) [4,7,8,11], microsomes [6,8], freshly
isolated hepatocytes [4,7,12,13], and cultured hepatocytes [13].
Ex vivo assays using isolated perfused fish livers have also
been proposed to measure biotransformation rates that can be
extrapolated to the whole body [14]. However, in vitro assays
for measuring biotransformation rates of highly hydrophobic
chemicals (logKOW> 5) with high bioaccumulation potential
can be challenging when using conventional solvent-delivery
dosing methods where chemicals are introduced into the
incubation medium dissolved in a small volume of an organic
solvent [15]. These challenges include incomplete dissolution of
the hydrophobic chemical in the largely aqueous assay medium
and inhibition of enzyme activity by the spiking solvent. A
solvent-free dosing approach has the potential to overcome the
above-mentioned problems and may reduce error in measure-
ments of the in vitro biotransformation rates of very hydrophobic
chemicals (i.e., those with high bioaccumulation potential) [15].
In addition, sorbent-phase dosing allows for direct measurement
of the unbound chemical fraction in the incubation and reduces
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substrate saturation of enzyme by using incubations with an
initial substrate concentration of 0.

Solvent-free passive dosing techniques have been developed
and applied to improve toxicity testing of highly hydrophobic
chemicals by loading the test chemical into a sorbent phase such
as poly(dimethylsiloxane), silicone O-rings, or ethylene vinyl
acetate (EVA), and then delivering the chemical into the
assay medium by passive diffusion [11,16–22]. Passive dosing
using silicone O-rings as the dosing polymer has also been
used to measure biodegradation kinetics of phenanthrene and
fluoranthene in a bacterial strain at defined dissolved chemical
concentrations ranging over 4 orders of magnitude [23].
An EVA thin-film sorbent-phase dosing approach has been
developed and applied to measure the in vitro biotransformation
rates of superhydrophobic chemicals by rat liver S9 fractions,
and it was found that the in vitro biotransformation rates
measured using the sorbent-phase dosing method were greater
than those measured using a solvent-delivery dosing method
under the same conditions [15].

The objective of the present study was to develop and
evaluate the sorbent-phase dosing technique to measure in vitro
biotransformation rates of hydrophobic chemicals by liver S9
fractions from rainbow trout (Oncorhynchus mykiss). In vitro
biotransformation rates obtained from sorbent-phase dosing
were compared with biotransformation rates measured using
conventional solvent-delivery dosing to evaluate method
performance. To date, solvent-free passive dosing techniques
have not been applied to fish liver preparations, yet fish remain
the predominant species used in bioaccumulation assessment. In
addition, we investigated multiple chemical dosing using both
sorbent-phase and solvent-delivery dosing approaches; measur-
ing the biotransformation rates of multiple chemicals in the
same incubation would reduce time, costs, and animal use.
The ultimate goal of the present studies was to improve current
bioaccumulation assessments.

THEORY

In thin-film sorbent-phase dosing systems, the test chemical
is transferred by passive diffusion from the sorbent phase (EVA
thin films) to the incubation medium containing liver S9 with
active metabolic capacity (test) or inactivated enzymes (control).
The theory and inherent assumptions of the thin-film sorbent-
phase dosing approach are presented in Lee et al. [15]. A
2-compartment mass-transfer model is used to describe the
exchange of the test chemical between the sorbent phase and the
incubation medium considering simultaneous diffusive transfer
and biotransformation, as described by the Equations 1 and 2

dCe

dt
¼ k2

Vm

Ve
Cm � k1Ce ð1Þ

dCm

dt
¼ k1

Ve

Vm
Ce � k2 þ krð ÞCm ð2Þ

where Ce and Cm are concentrations (mol/m3) of the chemical in
the EVA sorbent phase and the incubationmedium, respectively;
Ve and Vm are volumes (m3) of the EVA thin film and the
incubationmedium, respectively; k1 and k2 are mass-transfer rate
constants (min�1) describing the transfer of the chemical from
the sorbent phase to the incubation medium (k1) and from the
medium back to the sorbent phase (k2); and kr is the in vitro
biotransformation rate constant (min�1). It is required that the
mass-transfer rate constants (k1 and k2) of the chemical in the test
are the same in the test and control and that kr is 0 in the control.

One of the features of the thin-film sorbent-phase dosing
technique is that biotransformation rates can be determined by
measuring chemical concentrations in the EVA films over time,
which is analytically less difficult than measuring concentrations
in highly complex liver preparations. However, this requires
the diffusive mass-transfer rate of the chemical from the
sorbent to the incubation mixture to be greater than the rate of
biotransformation (i.e., k1> kr) to ensure that the mass transfer
is not the rate-limiting step in the biotransformation process [15].
If this requirement is not met and k1 � kr, then the biotrans-
formation rate can be determined from the chemical concentra-
tion in the incubation medium over time but not from the
concentrations in the films.

MATERIALS AND METHODS

Chemicals

Pyrene, chrysene, benzo[a]pyrene, and chrysene-d12 were
purchased from Sigma-Aldrich with purities of 98% or higher.
Ethylene vinyl acetate, Elvax 40W, was obtained from DuPont.
Potassium dihydrogen phosphate and high-performance liquid
chromatography (HPLC)–grade acetonitrile were obtained
from Caledon Laboratories. Potassium phosphate dibasic was
obtained from Anachemia Canada. Potassium chloride and
HPLC-grade hexane were obtained from EMD Millipore.
All other chemicals, if not specified, were purchased from
Sigma-Aldrich.

Animals

Nine male rainbow trout (O. mykiss, approximately 1000 g
body wt) were obtained from Miracle Springs. The fish were
held in tanks equipped with a dechlorinated tap water flow-
through system (13.5� 2 8C) under a 16:8-h light:dark cycle for
at least 2wk and fed EWOS Pacific 3.0-mm pellets once daily.

Preparation of trout liver S9 fraction

The trout were euthanized by overdose exposure to 0.3 g L�1

tricaine methanesulfonate (MS222, buffered with 0.3 g L�1

sodium bicarbonate). Exposure to this concentration of MS222
for 5min has no effect on microsomal P450 activities [24].
Livers were immediately excised and rinsed in ice-cold 1.15%
(w/v) KCl. Each liver was weighed, minced on ice with a razor
blade, and homogenized on ice using a Potter-Elvehjem
glass tissue grinder with a Teflon pestle (Kontes) in 1 volume
(gmL�1) of ice-cold 0.20M phosphate buffer (pH 7.4)
containing 1.15% (w/v) KCl. The liver homogenates were
pooled into 3 groups (each groupwas comprised of 3 trout livers)
and centrifuged at 9000 g for 20min at 4 8C (Hermle Z360K
centrifuge). The 9000-g supernatant fraction (S9) was collected
and stored at �80 8C until use (held for <3mo). The protein
concentration of the S9 fraction was determined by the method
of Bradford [25] using bovine serum albumin (FractionV;
Sigma-Aldrich) as the standard.

Thin-film preparation

The EVA thin film was prepared according to Lee et al. [15].
Briefly, a 0.135-g L�1 EVA solution was prepared by dissolving
EVA beads in dichloromethane. The test chemicals were pyrene,
chrysene, and benzo[a]pyrene, which have log KOW values
of 5.18, 5.60, and 6.04, respectively [26]. These chemicals
were added to the EVA solution individually or as a
mixture producing nominal concentrations of 4.05mgmL�1,
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4.57mgmL�1, and 12.62mgmL�1, respectively. The maximum
possible concentration in the incubation medium (assuming all
chemical in the sorbent is instantaneously released into the
incubation medium) was 1.0mM for pyrene and chrysene and
2.5mM for benzo[a]pyrene. These concentrations are less than
reported Michaelis-Menten constants (Km) of 15.1mM for
pyrene hydroxylation by isolated hepatocytes from rainbow
trout [27] and 33mM to 125mM for benzo[a]pyrene hydroxyl-
ation by liver microsomes of rainbow trout [28]. Thin films of
EVA containing the test chemicals were formed on the interior
surface of 2-mL silanized amber glass vials (Agilent) by adding
25mL of the spiked EVA solution and rolling the vials slowly
to evaporate the solvent. The thin films were 4 nm thick and
contained 0.0035mL (3.4mg) EVA. Thicker films (20 nm
containing 17mg EVA) were also studied. Film thickness was
estimated by dividing the volume of EVA film by the interior
surface area of the vial.

Incubation conditions of sorbent-phase dosing system

The reactions were started by adding 0.50mL of the
incubation mixture containing trout liver S9 (preincubated at
13.5 8C for 5min) to the EVA–coated vials. The incubation
mixture consisted of 0.38mL phosphate buffer (0.20M, pH 7.4)
containing 1.15% (w/v) KCl, 0.10mL reduced nicotinamide
adenine dinucleotide phosphate (NADPH)–generating system
(0.8mmol nicotinamide adenine dinucleotide phosphate, 8mmol
glucose-6-phosphate, 1.6 units glucose-6-phosphate dehydro-
genase, and 4mmol MgCl2 prepared in phosphate buffer), and
0.020mL trout liver S9 (containing �3mg S9 protein in the
incubation mixture). Incubations were conducted at 13.5� 1 8C
in a water bath equipped with an immersion cooler (Grant CS
200G). The vials were capped with polytetrafluoroethylene-
lined screw caps and rolled horizontally at 80 rpm in the water
bath with a roller designed in-house to optimize contact between
the incubation medium and the EVA thin film. The reactions
were stopped at various times (10min, 20min, 30min, 40min,
60min, 80min, 100min, and 140min in single-chemical dosing
experiments for pyrene and 5min, 10min, 15min, 30min,
45min, 60min, 90min, 120min, 150min, and 180min in all
other experiments) by quickly transferring 0.40mL of incuba-
tion medium to 1.0mL ice-cold hexane and removing the
remaining medium from the EVA-coated vials. The EVA thin
films were then rinsed twice with 0.20mL of deionized water,
and 1.0mL hexane was added to the vials to extract chemicals
from the films. Chemical concentrations were measured in both
the EVA and medium phases.

A no-cofactor control system using inactive liver S9
(incubated at 13.5 8C overnight and no NADPH-generating
system included in the incubation mixture) was run in parallel
with each test system using the incubation conditions described
above. Two vials without incubation medium were included in
the incubation bath and their films extracted to determine the
initial concentration of the test chemicals in the EVA thin films
(Ce at t¼ 0). Test chemicals were dosed individually or in a
mixture under the same experimental conditions to examine
mixture effects. Triplicate incubations using different pools of
liver S9 (3 fish per pool, 9 fish used in total) were conducted to
determine the mean in vitro biotransformation rates of the test
chemicals.

Incubation conditions of the solvent-delivery dosing system

The same trout liver S9 preparations and incubation
conditions were used in both sorbent-phase dosing and
solvent-delivery dosing experiments. Briefly, pyrene, chrysene,

and benzo[a]pyrene were dissolved individually or in a mixture
in acetonitrile. To initiate the reactions, 2.4mL of the spiked
solvent was added to 0.50mL incubation mixture in 2-mL vials
preincubated at 13.5 8C for 5min. Final concentrations in the
incubation medium were 0.50mM for pyrene and chrysene and
1.0mM for benzo[a]pyrene. The final acetonitrile concentration
was <0.5% (v/v). Incubations were conducted at 13.5� 1 8C,
and reactions were terminated at various times (0min, 10min,
20min, 30min, 40min, 60min, 80min, 100min, and 140min
in single-chemical dosing experiments for pyrene and 0min,
5min, 10min, 15min, 30min, 45min, 60min, 90min, 120min,
150min, and 180min in other experiments) by adding 1.0mL
ice-cold hexane to the incubationmedium. A no-cofactor control
system in which the trout liver S9 had been incubated at 13.5 8C
overnight for enzyme inactivation and the NADPH-generating
system was omitted from the incubation mixture was run in
parallel with a test system using the incubation conditions
described above. Test chemicals were dosed individually or in a
mixture under the same experimental conditions to examine
mixture effects. Triplicate experiments using the same S9
preparations used in the sorbent-phase dosing (3 fish per pool,
9 fish used in total) were conducted to determine the mean
in vitro biotransformation rates of the test chemicals.

Chemical extraction

Chemical extraction procedures were according to Lee
et al. [15]. Briefly, prior to chemical extraction from the films,
an nternal standard (0.21 nmol chrysene-d12) was added to the
hexane extraction solvent. Test chemicals remaining in the film
after the termination of incubation were extracted into the
hexane by shaking the vials on a vortex mixer for 1min.
Extracts were transferred to 2-mL autosampler vials for gas
chromatography/mass spectrometry (GC/MS) analysis. Internal
standard (0.21 nmol chrysene-d12) was added to the vials
containing S9 plus hexane, and the vials were shaken on a vortex
mixer for 2min. The vials were then centrifuged at 800 g for
10min (IEC Centra-CL2; Thermo Scientific). The upper organic
layer was transferred to a 2-mL autosampler vial for GC/MS
analysis.

GC/MS analysis

Test chemicals were analyzed using an Agilent 6890 GC
coupled to an Agilent 5973 MS and an Agilent 7683
autosampler. The GC was fitted with a cool-on-column capillary
inlet, and the injection volume was 1mL. Chemicals were
separated on anHP-5MS 5%phenyl methylpolysiloxane–coated
column (30m� 0.25mm inner diameter, 0.25mm film thick-
ness) connected to a fused-silica deactivated guard column
(5m� 0.53mm inner diameter). The oven was held at an initial
temperature of 60 8C for 0.5min, then increased at 25 8Cmin�1

to 200 8C (held for 0.5min), followed by an increase at
20 8Cmin�1 to a final temperature of 300 8C (held for 4min).
Helium was used as the carrier gas at a constant flow rate
of 1.0mLmin�1. Conditions for MS measurements were as
follows: electron impact ionization at 70 eV; ion source
temperature at 230 8C; and selected ions at mass-to-charge
ratios of 202 (pyrene), 228 (chrysene), 240 (chrysene-d12), and
252 (benzo[a]pyrene). Agilent MSD ChemStation software
(G1701CA) was used for instrument control and data process-
ing. The dynamic range and relative response factor (obtained by
dividing the ratio of peak area by the concentration of the test
chemical to that of the internal standard) for each test chemical
were determined using an 8-point calibration curve (concentra-
tion range, 1–500 ngmL�1). Strong linearity (r2> 0.99) was
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shown in the calibration curves, and constant relative response
factor values were obtained over the concentration range.

Data analysis

In the sorbent-phase dosing experiments, the mass-transfer
rate constants (k1, k2) and in vitro biotransformation rate
constants (kr) and their 95% confidence intervals were estimated
as described by Lee et al. [15] by fitting the measured chemical
concentrations in either the sorbent phase or the incubation
medium using a nonlinear regression and a Runge-Kutta
numerical differential equation solver using MATLAB R2009a
(Mathworks).

To derive the biotransformation rate constants in solvent-
delivery dosing experiments, the declining concentrations in the
incubation medium over time were fitted by a first-order kinetic
model

dCm

dt
¼ �kr � Cm ð3Þ

where Cm is the control-corrected chemical concentration in
the incubation medium (mM) and kr is the apparent first-order
biotransformation rate constant (min�1). The kr value was
estimated using a linear regression from the slope of ln (Cm/Cm,

t¼0) versus time (i.e., ln [Cm/Cm,t¼0]¼ –kr� t), where Cm,t¼0 is
the initial dosing concentration of the chemical in the incubation
medium (mM). Only data showing apparent first-order depletion
were used for data analysis.

Determination of unbound fraction

The unbound fractions of the test chemicals in the incubation
medium were determined as Ce /(EVA–water partition coeffi-
cient [KEW]�Cm) as described by Lee et al. [15]. Briefly,
Ce/(KEW�Cm) was obtained from the control data in the
sorbent-phase dosing experiments, where Ce /Cm is the ratio
of chemical concentration in the sorbent phase to chemical
concentration in the incubation medium at steady state in
the control, calculated as (k2�Vm)/(k1�Ve) obtained from
Equation 1 when dCe/dt¼ 0 or from Equation 2 when
dCm /dt¼ 0 and kr¼ 0; KEW is 105.84, 106.40, and 106.52 for
pyrene, chrysene and benzo[a]pyrene, respectively [29].

RESULTS AND DISCUSSION

Thin-film sorbent-phase dosing of trout liver S9

Extraction efficiencies of all test chemicals from the sorbent
phase were high at 102� 1%, and sorbent concentrations were
therefore not corrected for extraction efficiency. Extraction
efficiencies from the trout liver incubation mixture were
79� 2%, 70� 4%, and 61� 4% (mean� standard deviation
[SD]) for pyrene, chrysene, and benzo[a]pyrene, respectively.
Concentrations of the test chemicals in the incubation medium
were corrected for extraction efficiencies to ensure that mass
balance was obtained. The lower extraction efficiencies from the
incubation medium compared with the sorbent phase illustrate
the greater ease and lower error of sorbent-phase extractions.

When test chemicals were dosed individually via the thin-
film sorbent phase, concentrations of pyrene, chrysene, and
benzo[a]pyrene in the sorbent phase declined over time as the
test chemical was transferred from the sorbent phase to the
incubation medium (Figure 1). The magnitude of concentration
decline over time was greatest for pyrene, whereas chrysene and
benzo[a]pyrene exhibited similar concentration declines over
time (Figure 1). For all test chemicals, the rates of concentration

decline over time in the test (thin films exposed to active trout
liver S9) and control (thin films exposed to inactive trout liver
S9) were similar and did not show statistically significant
(p< 0.05) differences (Figure 1). Corresponding concentrations
in incubation media containing inactive S9 increased over time
and reached a plateau (Figure 1). Concentrations in the active
liver incubations increased over time, reached a maximum, and
then decreased over time for all test chemicals (Figure 1).
Concentration profiles in the incubation mixture showed highly
statistically significant differences between test and control
(p< 0.05). The findings show that the biotransformation rate
constant, kr, of the chemicals in the present study can be derived
from the concentration profiles in the incubation phase but not
from those in the sorbent phase. Figure 2 illustrates the reasons
for these findings. It shows that the similarity between chemical
concentration profiles in the sorbent phase of the test and control
incubations is a result of the slow chemical delivery rate of the
test chemicals from the sorbent phase to the incubation medium
(k1) relative to the biotransformation rate in the incubation
medium (kr). The measured in vitro biotransformation rate
constants for chrysene and benzo[a]pyrene obtained from
concentrations measured in the incubation medium were
0.17� 0.03min�1 and 0.037� 0.006min�1 (mean� SD),
respectively. These rate constants are significantly higher
(p< 0.05) than the corresponding k1 values (Figure 2B and
C). For pyrene, kr was 0.012� 0.005min�1 (mean� SD) and
significantly (p¼ 0.04) smaller than k1, but k1 did not exceed kr
by a large enough margin to measure kr using the sorbent-phase
concentration time course.

In similar experiments of the same test chemicals in rat liver
S9 [15], delivery rates of chrysene (0.28min�1) and benzo[a]
pyrene (0.13min�1) from the sorbent phase to the liver
incubation medium were much greater than those measured in
the present experiment using fish liver S9 (i.e., 0.012� 0.005
min�1 and 0.012� 0.002min�1, mean� SD), despite the
thinner EVA films (4 nm) used in the fish study compared
with the rat study (20 nm). In trout liver incubation experiments
at 13.5 8C using thin films of 20-nm thickness, equal to that used
in the rat liver incubation studies at 37 8C, k1 values were
0.0038� 0.006min�1 and 0.0013� 0.002min�1 for chrysene
and benzo[a]pyrene, respectively, 73 and 96 times, respectively,
lower than those measured in the rat study (Supplemental Data,
Figure S1). While the rat and trout liver S9 incubation mixture
did vary in composition (12mg protein mL�1 and 3mg protein
mL�1 in rat and fish, respectively), we expect that the lower
incubation temperature in the trout study (13.5 8C) compared
with the rat study (37 8C) is the main factor causing the lower
sorbent delivery rates in the trout liver S9 incubations. Diffusion
coefficients are recognized to decline with decreasing tempera-
ture [30]. The lower temperature required in bioassays with
rainbow trout liver (13.5 8C in the present study) compared with
37 8C in mammalian liver bioassays can therefore limit the
ability of measuring biotransformation rates from concentration
measurements in the thin films. Sorbent delivery rates can
be increased by employing thinner films. However, there are
practical limits to the use of very thin films because of test
chemical evaporation from the sorbent phase during film
preparation and handling processes, which contributes error.
The decline in diffusion rates with decreasing temperature does
not affect the ability to measure biotransformation rates from
concentration measurements in the incubation medium.

Figure 2 shows that for all test chemicals there were no
statistically significant differences (p> 0.05) between sorbent-
to-liver medium mass-transfer rate constants (k1) obtained from
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concentrations in the sorbent phase and those obtained from
concentrations in the incubation medium. Similarly, medium-to-
sorbent mass-transfer rate constants (k2) determined from
concentrations measured in the sorbent phase were not
significantly different from those determined using the concen-
trations in the incubation medium (p> 0.05). This illustrates that
mass-transfer rate constants can be determined using concen-
trations in either the sorbent or the medium phase. However,
there were differences in the magnitude of error in the
determination of the mass-transfer rate constants. For pyrene,
the error in the k1 and k2 measurements obtained from
concentrations in the sorbent phase was greater than that
obtained from concentrations in the medium, but this was not
observed for chrysene and benzo[a]pyrene. This may be a result
of the greater volatility of pyrene, which introduces variability
among replicates because of loss of chemical from the sorbent
phase during preparation and handling of the thin films. Pyrene
has a lower octanol–air partition coefficient (KOA; log KOA¼
8.60) compared with chrysene (logKOA¼ 10.40) and benzo[a]
pyrene (logKOA¼ 10.80) [26]. For benzo[a]pyrene, the error in
the k1 and k2 measurements obtained from concentrations in the

incubation medium was greater than that obtained from
concentrations in the sorbent phase. The lower extraction
efficiency and fewer detectable measured concentrations for
benzo[a]pyrene in the incubation medium (Figure 1) compared
with those from the sorbent phase are likely the main causes of
the difference in error. Therefore, to obtain accurate sorbent-to-
medium and medium-to-sorbent mass-transfer rate constants,
concentration measurements in the liver medium may be
preferred over measurements in the sorbent phase for relatively
low-KOA chemicals, whereas concentrations measured in the
sorbent phase may be more suitable for high-KOW and high-KOA

chemicals.
Concentrations of pyrene and benzo[a]pyrene measured in

the incubation mixture were well below (by 1–3 orders of
magnitude) reported Michaelis-Menten constants of 15mM for
pyrene measured using isolated hepatocytes from rainbow
trout [27] and 33mM to 125mM for benzo[a]pyrene measured
using liver microsomes from rainbow trout [28]. This suggests
that enzyme saturation likely did not occur and that first-order
enzyme kinetics were maintained. Substrate concentrations
below the Michaelis-Menten constant are necessary in substrate
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Figure 1. Natural logarithm of concentration–time profiles in the ethylene vinyl acetate thin-film sorbent phase (ln Ce; A, C, E) and in the incubation medium
(lnCm; B, D, F) containing active (solid squares) or inactive (open triangles) rainbow trout liver S9 (control) using the sorbent-phase single-chemical dosing
approach for pyrene (A, B), chrysene (C, D), and benzo[a]pyrene (E, F). Solid lines represent nonlinear regressions. Data from 1 of 3 experiments are shown.
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depletion experiments to avoid enzyme saturation and sub-
sequent underestimation of the depletion rate.

The extrapolation of in vitro biotransformation rates to in
vivo rates requires information about the fraction of unbound
substrate in incubation mixtures [31–33]. In a sorbent-dosing
approach, the unbound substrate can be measured from the
concentration profiles in the control (inactive S9) incuba-
tions [15]. In the present study, the unbound fractions of pyrene,
chrysene, and benzo[a]pyrene in the incubation medium were
0.033� 0.001, 0.087� 0.053, and 0.04� 0.01 (mean� SD),
respectively. The mean measured unbound fractions of pyrene,

chrysene, and benzo[a]pyrene were approximately 3-fold,
14-fold, and 13-fold higher than those calculated using a
KOW-dependent empirical relationship used by others [6,11] for
fish liver S9. One of the factors contributing to the observed
differences between measured and calculated unbound fractions
may be that the empirical relationship was obtained using heat-
denatured liver S9 or microsomes. The S9 preparations used
in the present experiments were not heat-treated. Using the
measured unbound fractions and the measured S9 protein
content of 2.83� 0.42mg S9 protein/mL (mean� SD), un-
bound intrinsic clearance rates of 0.13� 0.06mLmin�1 mg�1

S9 protein, 0.69� 0.45mLmin�1 mg�1 S9 protein, and 0.33�
0.11mLmin�1 mg�1 S9 protein (mean� SD) for, respectively,
pyrene, chrysene, and benzo[a]pyrene can be derived. The
unbound intrinsic clearance rates for chrysene and benzo[a]
pyrene in rainbow trout liver are much lower than those
measured using the same technique in rat liver [15]: 10.9�
1.5mLmin�1 mg�1 S9 protein (mean� SD) for chrysene and
15.3� 4.1mLmin�1 mg�1 S9 protein (mean� SD) for benzo-
[a]pyrene. This supports the general assumption that bio-
transformation rates in fish are lower than those in mammals.

Solvent-delivery dosing using trout liver S9

Figure 3 illustrates that when dosed individually using the
solvent delivery method, the concentrations of pyrene, chrysene,
and benzo[a]pyrene in the active liver S9 showed a statistically
significant log-linear decline with incubation time (p< 0.05 for
the slopes), indicating apparent first-order kinetics of substrate
depletion within the first hour of incubation (later time
points flattening the depletion curves were omitted from data
analysis). The estimated in vitro biotransformation rate constants
(kr) for pyrene, chrysene, and benzo[a]pyrene were 0.021�
0.005 min�1, 0.008� 0.002 min�1, and 0.019� 0.006 min�1

(mean� SD), respectively. The kr values obtained for pyrene
and benzo[a]pyrene were similar (p> 0.05), and both were
significantly higher than the measured kr value for chrysene
(p< 0.05). Benzo[a]pyrene was also biotransformed faster than
chrysene by liver microsomes from brown bullheads [34]. The kr
value measured in the present study for pyrene was in good
agreement with the value of 0.015� 0.002 min�1 (mean� SD)
found earlier in solvent-delivery experiments in this laborato-
ry [35]. For benzo[a]pyrene, the measured in vitro biotransfor-
mation rate normalized to protein concentration in the incubation
medium was 0.37� 0.12mL h�1 mg�1 S9 protein, which is
approximately 5 times higher than that reported by Han et al. [8]
in rainbow trout liver S9. The apparent difference in
biotransformation rate may be a result of the higher substrate
concentration of 2mM and the lower protein concentration of
2mg protein mL�1 in Han et al. compared with those of the
present study, 1.0mM and 2.8mg protein mL�1. Both factors
can contribute to lower biotransformation rates according to
Michaelis-Menten theory.

The in vitro biotransformation rate of pyrene obtained from
the solvent-delivery dosing experiments was not significantly
different (p> 0.05) from that obtained in the sorbent-phase
dosing experiments using the same trout liver S9 preparation
(Figure 4A and 4B). For chrysene and benzo[a]pyrene, however,
the in vitro biotransformation rates measured using the thin-film
sorbent-phase dosing system were significantly higher (20 times
and 2 times, respectively) than those measured using the solvent-
delivery dosing system (p< 0.05). This agrees with experiments
using rat liver S9 in which kr values were also greater than those
obtained from solvent-delivery dosing experiments for both
chemicals [15]. The higher biotransformation rates obtained in

-0.01 

0 

0.01 

0.02 

0.03 

0.04 

0.05 

k1  k2  kr 

1/
m

in
 

0 

0.05 

0.1 

0.15 

0.2 

k1  k2  kr 

1/
m

in
 

-0.01 

0 

0.01 

0.02 

0.03 

0.04 

0.05 

k1  k2  kr 

1/
m

in
 

A 

B  

C

Pyrene 

Chrysene 

Benzo[a]pyrene 

Figure 2. Measured rate constants for mass-transfer (k1 and k2) and in vitro
biotransformation rate (kr) in sorbent-phase single-chemical dosing experi-
ments (n¼ 3) for pyrene (A), chrysene (B), and benzo[a]pyrene (C). Results
obtained from 3 independent experiments using concentrations in the sorbent
phase (empty bars) or the liver incubation mixture (filled bars). Error bars
represent the standard deviation.
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thin-film sorbent-phase dosing experiments may result from
lower initial incubation substrate concentrations in the sorbent
delivery–based experiments, a lack of solvent inhibition of
enzyme activities, better chemical dissolution in the incubation
medium, and reduced biotransformation product inhibition by
product diffusion into the sorbent phase. The greatest difference
between biotransformation rates measured in sorbent and solvent
delivery–based systems was for chrysene. Chrysene has the
lowest aqueous solubility of the chemicals tested—2mg/L at
25 8C compared with 4mg/L and 130mg/L for benzo[a]pyrene
and pyrene, respectively [26]. It has been suggested that when
superhydrophobic chemicals are spiked using a carrier solvent

and delivered into a largely aqueous liver preparation, their
concentrations may locally exceed their aqueous solubility,
causing the formation of microcrystals [20] that may limit
substrate access to enzymes during the relatively short
incubation phase, causing underestimations of in vitro biotrans-
formation rates in the solvent-delivery dosing experiments.
For chemicals with greater water solubility, such as pyrene,
incomplete dissolution in the incubation medium may not be an
important issue, and in vitro biotransformation rates in sorbent-
phase dosing and solvent-delivery dosing systems are similar.
The results suggest that the solvent-delivery dosing approach is
appropriate for measuring in vitro biotransformation rates of less
hydrophobic chemicals (e.g., log KOW< 5) with relatively high
water solubility. The sorbent-phase dosing approach may be
more useful for measuring in vitro biotransformation rates for
very hydrophobic chemicals (e.g., log KOW> 5) with very low
water solubility.

Dosing with chemical mixtures

Thin-film sorbent-phase dosing. Supplemental Data, Figure S2
illustrates the time course of chemical concentrations in the EVA
film and in the incubation medium in the multichemical dosing
experiment. Sorbent-to-medium mass-transfer rate constants
(k1) obtained from multichemical dosing experiments were not
significantly different from those obtained from single-chemical
sorbent-phase dosing experiments for all 3 test chemicals
(p> 0.05; Figure 4C). Also, the medium-to-sorbent mass-
transfer rate constants (k2) were similar in single-chemical and
mixture incubations (Figure 4D). For chrysene, the difference
in k2 values between single-chemical and chemical mixture
incubations was very small but statistically significant
(p¼ 0.022) because of very low variability among replicates.
The observation that film-incubation medium mass-transfer rate
constants were not affected by the presence of other chemicals
spiked simultaneously in the sorbent phase is consistent with
diffusive mass-transfer of chemicals being controlled by the
molecular diffusion coefficients and thickness of the diffusion
layers [36], neither of which are affected by multichemical
dosing conditions. There was also no significant mixture effect
on in vitro biotransformation rates (kr) measured for pyrene
and benzo[a]pyrene in the sorbent-phase dosing experiments
(Figure 4A). This suggests that codelivery of approximately
equimolar concentrations of the 3 test chemicals to the
incubation medium does not affect the dissolution in the
incubation medium or enzyme–substrate interactions of pyrene
and benzo[a]pyrene. However, the kr measured for chrysene in
the single-chemical sorbent-phase dosing experiments was
significantly higher (p< 0.05) than that in the multiple-chemical
dosing experiments. This may be a result of competitive
inhibition of chrysene oxidation by benzo[a]pyrene as both
chemicals are catalyzed by CYP1A [37]. Constitutive levels
of CYP1A in fish are low [34,38,39], and benzo[a]pyrene
concentrations in the incubation medium are greater than
those of chrysene (Supplemental Data, Figure S2), making
competitive inhibition more likely.

Solvent-delivery dosing. When test chemicals were dosed
together as a mixture, no statistically significant declines
(p> 0.05) in the pyrene and chrysene concentrations with
incubation time were observed (Supplemental Data, Figure S3).
For benzo[a]pyrene there was a statistically significant decline
(p< 0.05) in concentrations in the incubation medium over
time (Supplemental Data, Figure S3), but the in vitro
biotransformation rate in the mixture incubation was much
lower than that in single-chemical incubations. In general, in
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Figure 3. Natural logarithm of concentration–time profiles in the trout liver
S9 in the solvent-delivery single-chemical dosing experiments for pyrene
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(Cm control adjusted) to initial chemical concentrations in the incubation
medium (Cm,t¼0). Data from 1 of 3 experiments are shown.

Biotransformation rates in fish liver S9 Environ Toxicol Chem 33, 2014 1891



vitro biotransformation rate constants (kr) obtained from single-
chemical dosing experiments were significantly greater than
those obtained from multiple-chemical dosing experiments
(Figure 4B). Similar results were reported for chrysene and
benzo[a]pyrene biotransformation in a solvent delivery dosing
experiment with rainbow trout hepatocytes (J. Trowell, Simon
Fraser University, Burnaby, BC, Canada, unpublished data).
The results suggest that the biotransformation of the test
chemicals is inhibited by the presence of other substrates in the
incubation mixture. In solvent-delivery experiments, therefore,
chemicals should be dosed individually to measure the full
metabolic capacity of the liver preparation. However, the
observation that the mixture effect was much smaller in the
sorbent phase dosing experiments than that in the solvent
delivery–based dosing experiments (and apparently absent for
pyrene and benzo[a]pyrene) suggests that the dosing method
also has an effect on the apparent biotransformation rates of
chemicals when dosed together. The lower initial substrate
concentrations in the incubation medium in the thin-film dosing
experiments compared with those in the solvent-delivery dosing
experiments may reduce competitive inhibition and be partly
responsible for this observation. A sorbent-delivery system may
therefore have greater potential for measuring biotransformation
rates of multiple chemicals, although further work on this issue
appears necessary.

The results of the present study suggest that thin-film sorbent-
phase dosing is a particularly useful method for measuring
in vitro biotransformation rates of substances that are highly

hydrophobic (e.g., log KOW> 5), and hence very difficult to
fully dissolve in aqueous media, and that have a high log KOA

(e.g., log KOA> 5), which reduces measurement error among
replicate thin-film preparations concentration because of
reduction of evaporative losses of the test chemical from the
films. An important advantage of thin-film sorbent dosing over
solvent delivery–based dosing is the direct measurement of
the fraction of unbound test chemical in the incubation. The
unbound fraction of very hydrophobic chemicals can be very
low and play an important role in the in vitro to in vivo
extrapolation of biotransformation rates and may be difficult to
estimate by other means. A disadvantage of the thin-film sorbent
phase dosing method is that the release rate of the chemical
from the film to the incubation medium falls with decreasing
temperature and with increasing KOW. Although slow thin-film
release rates do not pose a fundamental problem to the
application of the thin-film sorbent technique to measure
biotransformation rates, they do require the adoption of more
sensitive techniques for chemical detection and lower detection
limits. The sorbent-phase dosing technique has shown potential
for simultaneous measurement of biotransformation rates of
multiple chemicals, whereas the solvent delivery–based experi-
ments have indicated that biotransformation rates are best
measured when dosing chemicals individually. Further inves-
tigations are needed to refine the sorbent-phase dosing system, to
explore its application to compounds other than polycyclic
aromatic hydrocarbons, and to investigate its use for simulta-
neous measurement of biotransformation rates of multiple
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chemicals, with the ultimate goal of improving bioaccumulation
assessments.

SUPPLEMENTAL DATA

Figures S1–S3. (209KB DOCX).
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