
Simultaneous determination of benzo[a]pyrene and eight of its
metabolites in Fundulus heteroclitus bile using ultra performance
liquid chromatography with mass spectrometry

Shiqian Zhua, Lie Lib, Cammi Thortona, Paulo Carvalhoc, Bonnie A. Averyb, and Kristine L.
Willetta,*

a Department of Pharmacology and Environmental Toxicology Research Program, University of Mississippi,
University, MS

b Department of Pharmaceutics, University of Mississippi, University, MS

c Department of Medicinal Chemistry, University of Mississippi, University, MS

Abstract
A sensitive and fast method was developed to quantitate the carcinogenic polycyclic aromatic
hydrocarbon benzo(a)pyrene (BaP) and eight of its oxidized metabolites by ultra-performance liquid
chromatography (UPLC) coupling with mass spectrometry (MS). The UPLC method, using an
acetonitrile:water gradient as a mobile phase, provided baseline separation of the BaP metabolites
including three BaP diones. Linearity of detection was in the range of 0.2 to 5.0 ng/μL, and limits of
detection (LODs) were lower than 0.01 ng/μL for BaP and all of the metabolites except BaP tetrol.
In order to test this method in environmentally relevant samples, we exposed the small fish Fundulus
heteroclitus to BaP and quantitated biliary BaP metabolites. Extraction recovery of all compounds
varied from 65.4 ± 21.3% to 92.4 ± 3.0%. In exposed fish bile, the BaP diones, BaP-7,8-dihydrodiol,
and 3-hydroxy BaP metabolites predominated, existing mainly as glucuronic acid conjugates. This
UPLC-MS method will be useful for further defining the roles of cytochrome P450s with both in
vivo and in vitro models in the understanding of the mechanisms of metabolic activation and
detoxification of BaP.

1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds, which share the same
core structure: two or more fused rings consisting of only carbon and hydrogen[1,2]. PAHs are
formed during incomplete combustion of organic substances, such as coal, oil, wood, and
tobacco. Some PAH mixtures and individual PAHs are considered as carcinogens by the
International Agency for Research on Cancer (IARC). Due to their ubiquitous presence and
their toxic potency, PAHs are one of the most important environmental pollutants[3].

Benzo[a]pyrene (BaP), a carcinogenic model PAH, has been extensively studied[4]. Bio-
activation is needed for BaP to exert its toxic, mutagenic, and carcinogenic effects[5,6].
Hepatobiliary excretion is the primary route for BaP metabolic elimination[7], so the analysis
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of bile metabolites is a reasonable and convenient way to understand BaP metabolism in animal
models. The major metabolites of BaP include phenols, diones and dihydrodiols, most of which
can be conjugated to glucuronic acid, sulfate and glutathione to become more water soluble
facilitating excretion[8]. Unfortunately one dihydrodiol, BaP-7,8- dihydrodiol, can be further
oxidized to BaP-7,8-diol-9,10-epoxide (BPDE). BPDE can react with proteins, lipids and
DNA, hence it is considered the ultimate carcinogenic metabolite of BaP[5]. Some studies have
found BaP quinones can also form DNA adducts when they became semi-quinones by one
electron reduction[9,10]. Therefore, an important research question is how is BaP metabolized
in susceptible tissues or species, and ultimately, what enzymes are involved in bioactivation
vs. detoxification. BaP is a potent inducer of CYP1 enzymes including CYP1A, CYP1B and
CYP1C[11–14]. In turn, CYP1A and CYP1B also play an important role in BaP metabolism
[15–17] and genotoxicity[18,19]. Recently CYP1C has been identified in fish[20–22], and the
induction of this enzyme by BaP exposure was observed in Fundulus heteroclitus[11], however
its metabolic role is currently unknown. Furthermore, PAH exposure causes liver cancer in
this organism[23,24], so our goal was to develop a sensitive method to quantitate BaP
metabolism in this small fish species.

High performance liquid chromatography (HPLC) has been widely used for the analysis of
drug or environmental contaminant metabolites, including BaP metabolites[25–32], for the last
several decades. In the 1970’s, HPLC was used for separating BaP metabolites[25–27]
combined with UV or scintillation counter detection. Although HPLC certainly provided better
separation than TLC, phenols were barely separated, while dihydrodiols and BaP diones were
not resolved[25–27]. In 1984, Krahn et al developed a method of biliary PAH quantitation by
measuring fluorescence at 380/430 nm excitation/emission to detect “BaP-like” metabolites
[28]. This method has been widely accepted as a sensitive and predictable method to detect
and monitor PAH contamination[29–32]. However BaP diones, do not exhibit fluorescence,
and the method does not quantitate individual metabolites prohibiting the application of
fluorescence detection for a detailed study of BaP metabolism. During the 1990’s, on-line or
off-line radioactivity detection played a major role in the study of BaP metabolism[6,17,33–
36]. The disadvantages of the radioactive method include cost, radiolabeled individual
metabolites are not available, and it cannot be used for the analysis of environmental samples.
The improvement of chromatographic separation methods have allowed for significantly better
separation of BaP metabolites during this decade[17,34,37], although a long gradient elution
protocol had to be used, and BaP diones were still unresolved. From 2000, HPLC coupled with
mass spectrometry was introduced in the study of BaP metabolism though there were still
problems associated with high detection limits for the diones[32]. Willett and colleagues[38]
successfully compared the metabolism and excretion of BaP in two species of Ictalurid catfish
by using HPLC-MS. However, the run time was still more than 60 minutes per sample. So, the
analytical challenge associated with developing a rapid, efficient and convenient method by
traditional techniques to determine BaP metabolites is still considerable.

Recently, ultra-performance liquid chromatography (UPLC) has been introduced with
improved performance over traditional HPLC[39]. UPLC takes advantage of smaller (sub-2
μm) column-filling particles and is dimensioned to allow for higher pressures (up to 14,000
psi). These column characteristics allow for better resolution, more rapid analysis, and
improved detection sensitivity compared to traditional HPLC[40,41]. In this manuscript we
report on the development and validation of a new UPLC-MS method to separate and analyze
BaP and eight of its metabolites from F. heteroclitus bile, which showed overall improvement
compared to currently used methods, and provided the methodological support to study the
role of CYP1s in BaP’s metabolism.
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2. Experimental
2.1. Chemicals

BaP, benzo[a]pyrene solution (100 μg/ml in dichloromethane, Cat. No.: P-650, Lot Number:
CB-1109, 1 ml) was purchased from Ultra Scientific Analytical Solutions (North Kingstown,
RI). 6-hydroxychrysene (100% purity (GC/FID), R-095N, CAS No. 37515-51-8, 2 ×10 mg)
was purchased from AccuStandard® (New Haven, CT). BaP1,6-dione, BaP-3,6-dione,
BaP-6,12-dione, 3-hydroxy BaP, 9-hydroxy BaP, BaP-7,8-dihydrodiol, BaP-9,10-dihydrodiol,
and BaP-7,8,9,10-tetrahydrotetrol BaP were purchased from National Cancer Institute
Chemical Carcinogen Reference Standard Repository (Kansas City, MO). The structures of
BaP, its metabolites and 6-hydroxy chrysene (the internal standard) are shown in Fig. 1.
Acetone (optima*), acetonitrile (HPLC grade), ethyl acetate (HPLC grade), and water (HPLC
grade) were purchased from Fisher (Fairlawn, NJ); formic acid and sodium acetate trihydrate
(95% acetic acid sodium salt, CAS number: 6131-90-4) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. UPLC instrument and chromatographic conditions
Waters Acquity UPLC system was used (Milford, MA, USA). Chromatographic separation
was performed on a Waters Acquity UPLC™ BEH C18 column (1.7 μm, 2.1 × 50 mm) at 28°
C. A 0.2 μm precolumn filter (Acquity UPLC™ stainless steel in-line filter) was used to protect
the analytical column. One micro liter sample, dissolved in acetonitrile, was injected for UPLC
analysis. The flow rate was 0.25 ml/min. Mobile phase A was acetonitrile and mobile phase B
was water containing 0.3% formic acid. The time program for the multi-step gradient was: 0–
6 min: 35/65 (A/B, v/v) to 60/40 (A/B, v/v), 6–9 min: 60/40 (A/B, v/v) to 100/0 (A/B, v/v), 9–
10 min: 100/0 (A/B, v/v) to 35/65 (A/B, v/v). Total run time was 10 min per sample.

2.3. Mass spectrometry
The MS equipment consisted of a Waters Micromass Quattro Micro™ triple-quadrupole system
(Manchester, UK). The MS system was controlled by MassLynx software, version 4.0. The
APCI+ (positive Atmospheric Pressure Chemical Ionization) interface consisted of a heated
nebulizer probe and a standard atmospheric pressure source equipped with a corona discharge
pin. The source and probe temperatures were set to 100°C and 550°C, respectively. The corona
current was 6.0 μA; the cone voltage was 80 V; the extractor voltage was 4 V, and the RF lens
voltage was set to 0.1 V. The desolvation and cone gases were 400 and 50 L/hr, respectively.
Analysis was performed in selected ion recording (SIR).

2.4. Standard and working solution
Individual stock solutions in acetonitrile of BaP metabolites (100 ng/μL), and internal standard
(30 ng/μL) were prepared. For BaP tetrol, water and DMSO were added to acetonitrile to
improve solubility. Stock solutions of BaP and its metabolites were mixed and further diluted.
The final concentrations of BaP and each metabolite in the standard solutions ranged from 0.1
to 6 ng/μL (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 ng/μL), while the concentration of
the internal standard was fixed at 3 ng/μL.

Working solutions were prepared by adding each standard solution (100 μL) in a borosilicate
glass disposable culture tube (13×100 mm). After evaporation by a stream of nitrogen, the
residue was dissolved in blank bile from two gallbladders and then extracted as described in
Section 2.5. Quality control (QC) samples at 3 different concentrations (0.4, 2, 4 ng/μL) were
prepared in the same way, and were used to assess accuracy and precision.

Zhu et al. Page 3

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2009 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5. Fish exposure and bile sample preparation
Adult F. heteroclitus were divided to three groups: 1) control group, treated with ethanol
(vehicle) at 100 μl/L; 2) low BaP group, exposed with 10 μg/L BaP; 3) high BaP group, exposed
with 100 μg/L BaP for 15 days with ~90% static renewal daily. Two waterborne BaP exposures
were done with 12 fish per group for experiment 1, and 16 fish per group for experiment 2.
The water concentration of BaP was confirmed by GC/MS to be: 9.0 ± 1.3 μg/L and 101 ± 6.6
μg/L for experiment 1; 9.2 ± 0.6 μg/L and 101 ± 15.4 μg/L for experiment 2, respectively for
the low and high concentration groups. The gallbladders were carefully dissected from each
fish and stored at −80°C.

Two gallbladders (about 3 μL bile each) and 10 μL of internal stock solution (30 ng/μL of 6-
hydroxy chrysene) were placed in a borosilicate glass disposable culture tube (13×100 mm).
After adding 0.5 ml sodium acetate buffer (200 mM, pH 5.0) to each tube, extractions were
done with 1 ml ethyl acetate:acetone (2:1) first, then followed by 1 ml ethyl acetate two more
times. The organic fractions were combined and dried down under nitrogen. The residue was
dissolved in 100 μL acetonitrile, and filtered with 0.45 μm filter (Millex®-HN, 4mm). This
extract contained the “free” unconjugated BaP metabolites.

The aqueous phase from the extract described above was blown down to remove any trace of
the organic phase. Glucurase (200 μl, 1000 units, β-D-Glucuronide glucuronosohydrolase,
Sigma) was added, and tubes were capped, vortexed, and incubated for 6 hr at 37°C. The
reaction was stopped by addition of a mixture of ethyl acetate:acetone (2:1) and the internal
standard was added. Two additional extractions were done: one with ethyl acetate:acetone (2:1)
and a second with ethyl acetate alone. Once concentrated, resuspended in acetonitrile, and
filtered, this extract contained the BaP metabolites that had been conjugated with glucuronic
acid. To isolate metabolites that had been sulfate conjugated, aqueous samples were then
brought up to 1 mL with 0.2 M sodium acetate, pH 5.0. Nineteen units of aryl sulfatase (Type
V from limpets, Sigma) and 20 μmol/mL saccharic acid lactone were added to the tubes and
incubated again for 6 hr at 37°C. After incubation, the samples were again extracted as
previously described [38]. All samples were protected from oxidation by a layer of argon gas.

2.6. Method validation
The validation of this UPLC-MS method included linearity, inter- and intra-day precision,
intra-day accuracy, and recovery.

2.6.1. Linearity, limits of detection (LOD), and limits of quantitation (LOQ)—
Calibration curves were obtained by plotting the peak area ratio of BaP or its metabolites to
internal standard against the theoretical concentration of each compound added, using a
weighted (1/x) least-squares regression. The calibration was processed with the MassLynx 4.0
QuanLynx software. The limit of detection (LOD) was determined as the concentration
corresponding to a peak height that was three times of the baseline noise. A 10:1 ratio of peak
height to baseline noise was used to determine the limit of quantification (LOQ).

2.6.2. Precision and accuracy—To test the reproducibility of this analytical method,
quality control samples were analyzed. The intra-day precision was measured as the relative
standard deviation (RSD) of the peak area ratio of BaP or its metabolites to the internal standard
from five consecutive injections of the same sample. The inter-day precision was measured as
the relative standard deviation (RSD) of the peak area ratio of BaP or its metabolites to internal
standard from five injections of the same sample, one injection per day. Accuracy was assessed
by comparison of the calculated mean concentration (n=3) to nominal concentration for each
compound.
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2.6.3. Extraction recovery—The recoveries of BaP and its metabolites were determined
in triplicate using samples spiked at 2 ng/μL for each compound individually. Stock solution
(2 μL) of BaP or its metabolites (100 ng/μL) was placed in a borosilicate glass disposable
culture tube (13 × 100 mm) with 5 μl blank bile, and then it was extracted as described in
section 2.5. The extraction recoveries were calculated by comparing peak areas from spiked
samples to the same amounts of standard solution directly diluted from 2 μL to 100 μL with
acetonitrile. The internal standard at the concentration of 3 ng/μL was determined by the same
way.

3. Results and discussion
3.1. Chromatography

Although several methods described in the literature used acetonitrile/water as mobile phase
in HPLC for the separation of polycyclic aromatic hydrocarbons, including BaP[42–44], most
BaP HPLC methods [6,29,31,32,38,45–47] used methanol/water as the mobile phase with a
gradient program. We tried methanol/water first, however, even after optimization, we did not
achieve ideal separation of the three BaP diones with UPLC, and some bile samples showed a
peak of unknown endogenous compound that overlaid with the internal standard. When we
changed the organic phase to acetonitrile, with the gradient program described in section 2.2,
the three BaP diones were almost base-line-separated, along with perfect separation of other
metabolites and the internal standard (Fig. 2). The peak of the endogenous compound was
shifted to 2.7 min without overlaying any metabolites. In addition, the labile compounds, such
as the BaP diones, showed better stability in acetonitrile than in methanol (data not shown).

The peak name, retention time and selected ion for each compound are shown in Table 1. The
separation was done in just 10 minutes with better resolution than those with 45–80 minutes
protocols[6,48]. This rapid method saves time and solvent. Furthermore, the mass spectrometry
detector with selected ion recording provided better specificity for determination of BaP
metabolites, compared to common UV or fluorescent detectors, and radiolabeled parent
compounds were unnecessary. In addition, the higher peak capacity of UPLC resulted in a net
reduction in ion suppression for MS detector, which gave an improvement in the detection
sensitivity, compared to traditional HPLC.

3.2. Optimization of extraction procedure
Ethyl ether was tried for extraction, and it resulted in better recovery than ethyl acetate:acetone
for most metabolites with the exception of BaP tetrol. However, because the improvement was
not particularly dramatic and taking safety into account, the previously published[38] ethyl
acetate:acetone extraction was ultimately used. Oxygen and trace amounts of acid in the ethyl
acetate, and the pH value of the buffer had significant impacts on the extraction efficiency for
the different metabolites. When ACS grade ethyl acetate was used, the recovery of 6-OH
chrysene (IS) and 3-OH BaP was unacceptably low. Accordingly, HPLC grade ethyl acetate
was required; and an argon bubbling degassing procedure (10 minutes) was helpful to get better
recoveries. Sample extraction methods presented in section 2.5 represent optimized methods
and resulted in acceptable recovery for each of the compounds (Table 1). The extraction
recovery of all compounds varied from 65.4 ± 21.3% to 92.4 ± 3.0%.

3.3. Method validation
Good linearities (regression coefficient between 0.969 to 0.998) were obtained between the
peak-area ratio to the internal standard and the corresponding concentration of BaP and its
metabolites. The linear range was 0.6 – 5.0 ng/μL for BaP tetrol, while for all other metabolites
and BaP, the range was 0.2 – 5.0 ng/μL. The equations for the regression lines and the regression
coefficients are shown in Table 2, with all LOD and LOQ values. Generally, except for BaP
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tetrol (0.08 ng/μL), LOD of BaP and other metabolites were lower than 0.01 ng/μL. LOQs
ranged from 0.6 ng/μL for BaP tetrol to lower than 0.01 ng/μL for BaP. The LODs of BaP
metabolites in our previous study[38], which also used APCI-MS as detector, were in the range
of 1–5 ng (25 ng for BaP tetrol), considering 1 μL injection volume in our method, the LODs
were 100 times lower (40 times lower for BaP tetrol), which shows the greater sensitivity of
this UPLC method compared traditional HPLC-MS.

Intra-day precision values of BaP and all of its metabolites were within 9.8% RSD, and inter-
day precision values were within 13.9% RSD at all three concentrations: 0.4, 2.0 and 4.0 ng/
μL (Table 3). The intra-day accuracy varied from 78.8% to 108.8% for all compounds at these
three concentrations (Table 4).

3.4. Application for fish bile
The method has been satisfactorily applied for detection of biliary BaP metabolites from BaP
exposed fish. The sensitivity of the UPLC method described has made it possible to study BaP
metabolism in F. heteroclitus, a small fish with minimal amounts of bile. The average bile
volume was only about 3 μL per gallbladder, and it was impossible to drain this small volume
from each gallbladder. In these experiments, we pooled two gallbladders prior to extraction
representing approximately 6 μL bile. With less sensitive methods, bile from more fish would
be need, or the studies would have to be limited to bigger fish with more bile which are more
difficult to maintain in the laboratory or expose to BaP[30,38].

As with any biological sample, potential matrix interference by endogenous compounds
present in bile must be considered. Several blank bile samples from F. heteroclitus of different
genders and ages were tested. Most of them had two peaks of unknown endogenous compound
at retention time 2.7 and 9.4 min, which did not overlay with any peaks of the examined
compounds (Fig 3a). However, a matrix effect compromised our ability to accurately quantitate
the most polar metabolite, BaP tetrol in some of the free metabolites samples. At around 1 min,
other polar endogenous compounds sometimes also eluted and the ratio of the quantitation ion
(226) to the confirmation ion (252) was not indicative of BaP tetrol at this retention time.
Therefore, BaP tetrol was not quantitated in any of the free metabolites samples.

The results indicated that most BaP metabolites were conjugated (Table 5 columns F vs. G or
S; Fig 3b). The ratio of conjugated metabolites to free metabolites varied with each compound.
For example, BaP-7,8-dihydrodiol was mainly in the free form: 53–100% of total free
metabolites at the high BaP dose, but the BaP diones and the 3-OH BaP were mostly or
exclusively detected in the glucurase-digested extraction. The average total ng/gallbladder of
glucuronic acid conjugates were 59 and 89 for the low (10 μg/L) and high (100 μg/L) BaP
exposure group, respectively in the first experiment and 412 and 602 ng/gallbladder in the
second experiment. While the amount of BaP metabolites was higher in the first experiment
relative to the second, we believe this is for a biological reason rather than an analytical method/
extraction reason. Nevertheless, the percentage that each metabolite contributed to the total
glucuronic acid conjugates was consistent between experiment and doses. For example, the 3-
OH BaP contributed between 58 – 66 percent and BaP-3,6 dione was 14 – 17 percent of the
total glucuronic acid metabolites regardless of dose or experiment.

In the first experiment, there was a predominance of the glucuronic acid conjugated
metabolites. Sulfate conjugated metabolites were barely detectable and hence were not
extracted in the second experiment. The preferential glucuronic acid conjugation of BaP
metabolites was consistent with results observed in studies using hamster embryo fibroblasts
[49], English sole and starry flounder[47], and mirror carp[37]. Higher amounts of BaP-7,8-
dihydrodiol existing as free metabolites may contribute to the susceptibility of F.
heteroclitus to BaP-associated genotoxicity. The percentage of glucuronic acid conjugated
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BaP-7,8-dihydrodiol was comparable with channel catfish[38], but much lower than carp
[50], English sole and starry flounder[47]. However the species, dose, routes, and time of BaP
exposure were different between these experiments so an absolute correspondence between
the fish BaP metabolism studies is not expected.

4. Conclusion
This method represents the first development and validation of a UPLC-MS method for the
determination of BaP metabolism. The new UPLC-MS-based method allows for separation
and analysis of BaP metabolites with increased resolution, rapid analysis time, and high
detection sensitivity compared to conventional HPLC methods. With some modification, this
method could be adapted to quantitate other PAH metabolites such as hydroxypyrenes and
hydroxyphenanthrenes. Also it can be used for environmental monitoring of PAH
contamination. Furthermore, the application of this method is definitely not limited to marine
samples or biliary metabolites, but other matrices could be extracted to detect, for example,
human urinary BaP metabolites, or in vitro BaP metabolism from cell culture or recombinant
protein assays. In summary, this method will be useful as we continue to try and understand
the mechanisms of BaP and the role of its metabolites in toxicity.
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Fig. 1.
Chemical structures of BaP, eight BaP metabolites and 6-hydroxy chrysene (the internal
standard).
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Fig. 2.
Chromatogram of BaP, eight metabolites and the internal standard under the gradient elution
of acetonitrile/acid water system as described in section 2.2.
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Fig. 3.
Chromatogram of: (a) a control F. heteroclitus bile sample after glucurase digestion; (b) a BaP
(100 μg/L) exposed F. heteroclitus bile sample after glucurase digestion.
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Table 1
Compound name, retention time, selected ion and the extraction recoveries (n=3, average ± SE) from fish bile
at 2 ng/μL spiked concentration.

Peak name Compound Retention time (min) Selected ion Recovery (%)
A BaP-7,8,9,10-tetrol 1.13 226 65.4±21.3
B BaP-9,10-dihydrodiol 1.98 239 75.2±4.3
C BaP-7,8-dihydrodiol 3.24 239 82.2±8.0
D BaP-1,6-dione 4.66 226 71.1±2.8
E BaP-3,6-dione 4.92 226 86.2±5.0
F BaP-6,12-dione 5.42 226 74.1±11.8
G 6-hydroxy Chrysene 5.97 202 90.6±2.1
H 9-hydroxy BaP 6.64 239 86.4±7.7
I 3-hydroxy BaP 7.06 239 82.7±6.7
J BaP 9.04 252 92.4±3.0
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Table 2
Calibration data of the examined compounds, 9 concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0 ng/μL),
n = 3
Compound Linearity r LOD (ng/μL) LOQ (ng/μL)

BaP-7,8,9,10-tetrol y=0.450975x-0.10325* 0.977 0.08 0.6
BaP-9,10-dihydrodiol y=2.45477x-0.353215 0.988 <0.01 0.04
BaP-7,8-dihydrodiol y=2.35149x-0.371544 0.991 <0.01 0.04

BaP-1,6-dione y=1.95707x-0.0972766 0.995 <0.01 0.04
BaP-3,6-dione y=6.344325x-1.52853 0.969 <0.01 0.02
BaP-6,12-dione y=4.23934x-0.822734 0.982 <0.01 0.02
9-hydroxy BaP y=1.49807x-0.218547 0.993 <0.01 0.02
3-hydroxy BaP y=1.45174x-0.142785 0.998 <0.01 0.04

BaP y=1.79128x-0.298198 0.991 <0.01 <0.01
*
: The linear range of BaP tetrol was 0.6–5.0 ng/μL
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Table 4
Accuracy data (n = 3, average ± SE) of BaP and its eight metabolites at three different concentrations
Compound Accuracy (%)

0.4 ng/μL 2 ng/μL 4 ng/μL
BaP-7,8,9,10-tetrol 108.8±2.8 83.7±5.7 108.5±9.2

BaP-9,10-dihydrodiol 106.3±1.7 85.6±3.7 104.4±5.3
BaP-7,8-dihydrodiol 108.8±1.6 88.5±4.4 100.7±2.2

BaP-1,6-dione 108.1±5.8 92.8±2.1 97.3±1.7
BaP-3,6-dione 108.7±2.5 78.8±3.8 101.9±8.3
BaP-6,12-dione 105.9±3.9 82.5±3.6 103.7±6.3
9-hydroxy BaP 105.0±4.4 90.8±1.4 104.2±2.5
3-hydroxy BaP 100.3±5.4 99.6±1.2 104.1±4.2

BaP 103.9±3.4 92.0±7.7 102.3±4.2
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