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A novel and sensitive high-performance liquid chromatography (HPLC) method was developed to analyze dione meta
enzo[a]pyrene (BaP). Because BaP-diones do not fluoresce, detection of low concentrations is difficult to achieve when analy
hemicals with a simple HPLC system. We developed a method to increase the detection sensitivities for BaP-diones using reduc
fter the chromatographic separation. A post-column zinc reducer was used to convert BaP-diones, in-line, to their corresponding
aP-hydroquinones, which can be measured by fluorescence detection with high sensitivity. With 20-�L injections, the limits of detectio

or the BaP-diones tested (BaP-1,6-dione, BaP-3,6-dione, and BaP-6,12-dione) were all below 1.0 nM. In addition to the high
ensitivity, this HPLC method provides a wide linear dynamic range for BaP-dione detection (1.0–220 nM). We also studied the
ecovery of BaP-diones from recombinant human cytochrome P450 and epoxide hydrolase. To demonstrate the application of this
inetics of BaP-dione formation was studied by incubating BaP with these recombinant enzymes. The present method enhances t
ensitivity for BaP-diones by more than two orders of magnitude compared with traditional ultraviolet detection. Moreover, the meth
he time-consuming derivatization or reduction steps required by other methods.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Benzo[a]pyrene (BaP) is a probable human carcino-
en [1] that is formed by incomplete combustion of
rganic matter and is widespread in the environment. Like
any other xenobiotics that require activation, BaP under-
oes biotransformation by cytochrome P450 and epoxide
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hydrolase to its mutagenic forms, e.g. 7�,8�-dihydroxy-
9�,10�-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene and BaP
4,5-dihydroepoxide[2–5]. Biotransformation of BaP wa
studied in our laboratory using recombinant hum
cytochrome P450 1A1 (CYP1A1) and microsomal epo
hydrolase (EH), as part of our research to study and sim
by computer, the metabolic reaction networks of xenobio
[6–8]. Due to the high cost of the enzymes, these experim
were carried out in small volumes (1000�L), resulting in lim-
ited amounts of metabolites. Therefore, analytical met
with high detection sensitivities were required to determ
BaP metabolites.

570-0232/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures of benzo[a]pyrene (BaP), BaP-1,6-dione (1,6-
dione), BaP-3,6-dione (3,6-dione), and BaP-6,12-dione (6,12-dione).

Previously published studies utilized high-performance
liquid chromatography (HPLC) methods, with various
detectors, e.g. ultraviolet (UV), fluorescence, radioactivity,
and mass spectrometry (MS), to analyze BaP metabolites
[9–12]. Similarly, we used HPLC to monitor the formation
of 11 BaP metabolites, namely BaP-1,6-dione (1,6-dione),
BaP-3,6-dione (3,6-dione), BaP-6,12-dione (6,12-dione),
3-hydroxy-BaP (3-OH), 7-hydroxy-BaP (7-OH), 9-hydroxy-
BaP (9-OH), BaP-trans-4,5-dihydrodiol(±) (4,5-diol),
BaP-trans-7,8-dihydrodiol(±) (7,8-diol), BaP-trans-9,10-
dihydrodiol(±) (9,10-diol), BaP-7,8,9,10-tetrol-7,8,9,10-
tetrahydro-(7�,8�,9�,10�)-(±) (7,10/8,9-tetrol), and
BaP-7,8,9,10-tetrol-7,8,9,10-tetrahydro-(7�,8�,9�,10�)-
(±) (7,9/8,10-tetrol). Except for the BaP-diones (1,6-, 3,6-,
and 6,12-diones; structures shown inFig. 1), all of these
BaP metabolites fluoresce. Thus, fluorescence detection
was used to analyze the metabolite mixtures. Due to the
non-fluorescent nature of BaP-diones, alternative detectors
are required to achieve the same detection sensitivities[12].
Using UV absorbance, the detection limits of BaP-diones
are at least two orders of magnitudes higher than those of the
other fluorescent BaP metabolites using a fluorescence detec
tor. An interesting and useful characteristic of BaP-diones is
that they yield the corresponding BaP-hydroquinones upon
chemical reduction. The BaP-hydroquinones are highly
fluorescent[13], and thus can be monitored by a fluorescence
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sensitivity by more than two orders of magnitude. This
new method is simple, uses readily available equipment,
and avoids labor-intensive and time-consuming sample
preparation involving reducing or derivatizing reagents.

2. Materials and methods

2.1. Chemicals and reagents

BaP, benzo[ghi]perylene (BghiP), acetic acid (99.7%,
A.C.S. reagent), and Trizma Pre-set crystal (pH 7.4 at
37◦C) were purchased from Sigma–Aldrich (St. Louis, MO).
1,6-Dione, 3,6-dione, 6,12-dione, 3-OH, 7-OH, 9-OH, 4,5-
diol, 7,8-diol, 9,10-diol, 7,10/8,9-tetrol, and 7,9/8,10-tetrol
were purchased from National Cancer Institute Chemical
Carcinogen Reference Standard Repository (Kansas City,
MO) and stored at−20◦C. HPLC grade methanol, acetone,
ethyl acetate, and dimethyl sulfoxide (DMSO) were pur-
chased from Fisher Scientific (Hampton, NH). Zinc powder
(−140 + 325 mesh; 99.9% on metals basis) was purchased
from Alfa Aesar (Ward Hill, MA).

2.2. Enzymes

Microsomal preparations of recombinant human
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etector at very low levels. However, BaP-hydroquinone
nstable in the presence of air and readily autoxidize to
aP-diones[14]. To develop a simple technique to red
aP-diones to their respective hydroquinones, we adap
ethod that had been used to analyze Vitamin K compo
y HPLC, in which Vitamins K1 and K3 were reduce

n-line to their fluorescent analogues using reduction by
etal following the chromatographic separation[15,16].
ere we report the development and validation of a sim
PLC method based on this post-column zinc reducer s
gy. Reduction of the BaP-diones increased the dete
-

ytochrome P450 1A1 expressed inEscherichia col
106 pmol CYP1A1/mg protein) were purchased fr
enoTech, LLC (Lenexa, KS). Human lymphoblast mic
omes containing human microsomal epoxide hydro
styrene oxide hydrolase activity of 25 nmol/min mg prote
ere purchased from BD Gentest (Bedford, MA). NAD

egenerating system, containing glucose-6-phosphate
rogenase, NADP+, glucose-6-phosphate, and MgCl2, was
lso purchased from BD Gentest.

.3. HPLC instruments

The HPLC system consisted of a Beckman Coulter Sy
old (Fullerton, CA), composed of Model 126 pump, Mo
07 autosampler, and Model 166 UV detector, couple

ine, to a Jasco (Easton, MD) FP-920 fluorescence d
or. BaP-diones were separated on a Discovery C18 Co
250 mm× 4.6 mm I.D., 5�m; Supelco, Bellefonte, PA).
.5-�m precolumn filter (Upchurch Scientific, Oak Harb
A) and a C18 SecurityGuard cartridge (4.0 mm× 3.0 mm;
henomenex, Torrance, CA) were used to protect the

ytical column. An eight-channel Degasys Populaire vac
egasser (Chrom Tech, Inc., Apple Valley, MN) was use
e-gas the mobile phases.

.4. Chromatographic conditions

Twenty microliters of sample, dissolved in methanol,
njected for HPLC analysis. The flow rate was 0.7 mL/m
uring separation (0–57 min) and increased to 1.0 mL/m
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Table 1
Time steps for the mobile phase gradient for analyzing BaP-diones

Time (min) Composition of mobile phase (%)

Aa Ba

0 40 60
1 40 60

26 20 80
37 20 80
39 4 96
56 4 96
57 40 60
66 40 60

a Mobile Phase A: H2O with 0.003% (v/v) acetic acid; Mobile Phase B:
methanol.

the end of the run to re-equilibrate the column (57–66 min).
Mobile Phase A contained water with 0.003% (v/v) acetic
acid (pH 4.1). Mobile Phase B was methanol. The time pro-
gram for the multi-step gradient is described inTable 1.
BaP-diones were reduced to BaP-hydroquinones by a post-
column zinc reducer (described below) and monitored using
the fluorescence detector at 400 nm for excitation and 500 nm
for emission. The wavelengths used for monitoring other BaP
metabolites were listed inTable 2. UV absorbance at 280 nm
was also monitored. HPLC analyses were performed at ambi-
ent temperature.

2.5. Post-column zinc reducer

An apparatus was designed to reduce BaP-diones to
their corresponding fluorescent BaP-hydroquinones in-line
(Fig. 2). The key component of this apparatus is the post-
column zinc reducer, which consisted of a 20 mm× 2 mm
I.D. guard column (Upchurch Scientific) with 0.5-�m frits
packed with zinc powder (−140 + 325 mesh; equivalent to
44–105�m). To pack the zinc reducer, the guard column was

Table 2
Time program for the fluorescence detector for measuring BaP-diones and
other BaP metabolites

T a
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Fig. 2. Apparatus for reducing BaP-diones in-line to their corresponding
fluorescent BaP-hydroquinones.

first manually filled with dry zinc powder. The packed zinc
column was then placed in a vertical position with mobile
phase entering from the top, and conditioned using the fol-
lowing steps: (1) pumping 100% Mobile Phase B at a flow
rate going from 0 to 1.5 mL/min over 5 min; (2) changing
from 100% Mobile Phase B to 100% Mobile Phase A over
5 min; (3) switching back to 100% Mobile Phase B over
5 min; and (4) decreasing the flow rate to 0 over 2 min. The
inlet of the zinc column was disassembled after Step 4 to
visually examine the filling. If any head space was observed,
more zinc powder was added to fill the void. Acetic acid
was added to Mobile Phase A to facilitate the reduction of
BaP-diones to BaP-hydroquinones. In order to prevent the
coating of the flow cells by a reducer-derived material (as yet
unidentified), an additional pump (L-6200A Smart Pump;
Hitachi, San Jose, CA) was used to deliver 0.3% (v/v) acetic
acid in H2O (de-gassed by a vacuum degasser) at 0.3 mL/min
directly to the detectors via a T-connector between the zinc
column and the first detector (Fig. 2).

2.6. Calibration procedures

Seven calibration standards, each containing a mixture
of 1,6-dione, 3,6-dione, 6,12-dione, BaP, BghiP (internal
standard), 3-OH, 7-OH, 9-OH, 7,8-diol, 4,5-diol, 9,10-
d d in
m ards
r BaP
a -
d eak
a tan-
d or-
r n-
d t
s the
R or-
p ed to
d con-
ime (min) Wavelength (nm) Compounds

Excitation Emission

0.0–14.0 278 407 9,10-Diol, 7,10/8,9-tetr
7,9/8,10-tetrol

14.0–22.5 263 388 4,5-Diol
22.5–25.5 348 402 7,8-Diol
25.5–35.0 400 500 1,6-Dione, 3,6-dione,

6,12-dione
35.0–66.0 375 441 BaP, 3-OH, 7-OH, 9-O

BghiP
a Abbreviations: BaP: benzo[a]pyrene; 1,6-dione: BaP-1,6-dion
,6-dione: BaP-3,6-dione; 6,12-dione: BaP-6,12-dione; 3-OH:
ydroxy-BaP; 7-OH: 7-hydroxy-BaP; 9-OH: 9-hydroxy-BaP; 4,5-d
aP-trans-4,5-dihydrodiol(±); 7,8-diol: BaP-trans-7,8-dihydrodiol(±);
,10-diol: BaP-trans-9,10-dihydrodiol(±); 7,10/8,9-tetrol: BaP
,8,9,10-tetrol-7,8,9,10-tetrahydro-(7�,8�,9�,10�)-(±); 7,9/8,10-tetrol
aP-7,8,9,10-tetrol-7,8,9,10-tetrahydro-(7�,8�,9�,10�)-(±); BghiP:
enzo[ghi]perylene.
iol, 7,10/8,9-tetrol, and 7,9/8,10-tetrol, were prepare
ethanol. The concentrations of the metabolite stand

anged from 1.0 to 220 nM, while the concentrations of
nd BghiP were fixed at 10 and 1.6�M, respectively. Stan
ard calibration curves were obtained by plotting the p
rea ratio of individual BaP-hydroquinones to internal s
ard (AD/AIS) as a function of the concentrations of their c
esponding BaP-diones (CD). Linear regression of the sta
ard curves and the determination of whether they-intercep
ignificantly differed from zero were performed using
egression Analysis Tool in Microsoft Excel (Microsoft C
oration, Redmond, WA). Standard curves were then us
etermine the recovery of BaP-diones from solutions
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taining recombinant human enzymes. The equations used to
calculate the recovery are listed inAppendix A.

2.7. Limits of detection, limits of quantitation, and
instrument precision

The limit of detection (LOD) was determined as the con-
centration of the metabolite corresponding to a peak height
that is three times the baseline noise of the fluorescence detec-
tor[17]. A 10:1 ratio of peak height to baseline noise was used
to determine the limit of quantitation (LOQ)[17]. Instrument
precision was measured as the relative standard deviation
(RSD) of the peak area ratio of BaP-hydroquinones to inter-
nal standard (AD/AIS) from six consecutive injections of a
mixture of authentic standards, each at 170 nM.

2.8. Samples for extraction recovery study

One milliliter of a solution containing CYP1A1
(0.085 mg microsomal protein) and EH (0.05 mg microso-
mal protein) in 50 mM Tris–HCl buffer (pH 7.4 at 37◦C)
was spiked with a mixture of 1,6-dione, 3,6-dione, and 6,12-
dione in 10�L of DMSO to give final BaP-dione concen-
trations of 10–226 nM. After incubation at 37◦C for 50 min,
1.0 mL of acetone containing 1.6 nmol of BghiP as an inter-
n tion
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2.10. Other aspects evaluated during method
development

During method development, several method parameters
were adjusted or evaluated, as described here in part. None
of the methods described in this section involved the use
of the third pump delivering 0.3% acetic acid to the detec-
tors. Zinc powder with particle size (median 6–9�m; Alfa
Aesar) smaller than the one described above was also used
to pack the zinc reducer. However, use of the smaller parti-
cles resulted in back pressure as high as 3800 PSI, which can
potentially damage the analytical column. Various acid con-
centrations in the mobile phases were tested before reaching
the optimized method. With Mobile Phases A (water) and B
(methanol) both containing 0.1% (v/v) acetic acid, no separa-
tion of the three BaP-diones was found. Instead, only a large,
broad peak was observed, possibly a result of the mixing of
the three BaP-diones within the space in the zinc reducer pro-
duced by channeling, which was observed after the column
was disassembled. When the concentration of acetic acid in
water and methanol was reduced to 0.01%, no channeling was
observed. However, at this acid concentration, the baseline
from the fluorescence and UV detectors became steeper and
the offset value on the UV detector increased progressively
from run to run. This baseline rise was a result of contamina-
tion of the flow cells by unknown compounds from the zinc
r . The
c the
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N ese
m t 22.5
a ve-
al standard was added to mimic the reaction termina
tep. The extraction procedures were adapted from a p
usly published method[10]. BaP and its metabolites we
xtracted with ethyl acetate (1× 4.0 mL). After thorough
ixing, the solution containing the reaction mixture, acet
nd ethyl acetate was centrifuged at 3000 rpm (1841×g)

or 10 min to separate the organic and aqueous layers
rganic layer (4.0 mL) was collected and evaporated to
ess using a SPD121P SpeedVac concentrator (Thermo

ron, Woburn, MA) at 35◦C. The residues were dissolved
.0 mL methanol and analyzed by HPLC. The equations

o calculate the percentage recovery of BaP-diones are
n Appendix A.

.9. Time-course study of BaP metabolism using
ecombinant human enzymes

Incubation mixtures contained 0.085 mg microso
YP1A1 protein, 0.05 mg microsomal EH protein, 1.3 m
ADP+, 3.3 mM glucose-6-phosphate, 0.4 U/mL glucos
hosphate dehydrogenase, 3.3 mM magnesium chlori
0 mM Tris–HCl buffer (pH 7.4 at 37◦C), in a final volume
f 1.0 mL. After pre-incubation at 37◦C for 2 min, reaction
ere initiated by adding BaP in DMSO to achieve a final c
entration of 10�M of BaP and 1% (v/v) DMSO. Reactio
ere stopped at various time points by adding 1.0 mL ace
ontaining 1.6 nmol of internal standard (BghiP). The s
xtraction procedures described in the previous section
sed to recover BaP and its metabolites from the rea
ixture.
-

educer, observed as a white coating inside the flow cell
oating in the flow cells could be eliminated by washing
ow cells with 0.3% (v/v) acetic acid in water.

Other modifications of the mobile phases included
se of zinc chloride (10 mM), sodium acetate (5 mM),
cetic acid (4.5 mM) in both water and methanol, as ada

rom a previous report[18]. However, severe channeling w
bserved under these conditions. On the other hand,

he mobile phases contained methanol and HCl in wate
.05), high back pressure was observed.

. Results

.1. Chromatograms

A representative HPLC profile for the authentic st
ards of BaP-diones and other BaP metabolites is s

n Fig. 3. As shown in the chromatogram, the method
lso be used to separate eight other BaP metabolite
eaks in the chromatogram were well separated, exce

hose corresponding to 7-OH and 3-OH. A different met
as developed to separate 7-OH and 3-OH (manuscr
reparation). A representative HPLC chromatogram sho

he metabolites produced from BaP by recombinant hu
YP1A1 is shown inFig. 4. The metabolites observed we
,6-dione, 3,6-dione, 6,12-dione, 9-OH, 7-OH, and 3-
o unknown peaks interfered with the separation of th
etabolites. The sharp shifts of the baseline observed a
nd 35 min (Fig. 4) were caused by the programmed wa
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Fig. 3. HPLC profile of the authentic standards of BaP and its metabo-
lites. The BaP-hydroquinones (labeled in boldface) are formed from their
corresponding BaP-diones by the post-column zinc reducer. The numbers
enclosed in parentheses represent the retention time of the compounds in
minutes. The metabolite peaks and BghiP peak represent 3.4 and 32 pmol of
the compounds, respectively. The BaP peak was off-scale and represented
200 pmol of the compound. SeeTable 2for detection methods and list of
abbreviations.

length changes of the fluorescence detector. In addition, it was
observed that the retention time of all peaks was dependent
on the ambient temperature (data not shown), with increasing
temperature leading to slightly shorter elution times.

3.2. Standard calibration curves and detection limits

The slopes and coefficients of determination (R2) for the
standard calibration curves, i.e. peak area ratio (AD/AIS) ver-
sus dione concentration (CD), are shown inTable 3. The
data were gathered from four different HPLC sequences

F 1A1
( hich
w post-
c al
C

Fig. 5. Standard calibration curves for 1,6-dione. Symbols represent exper-
imental data and lines represent linear regression results. The data were
collected from four sequences, using the same zinc post column.

(batches), each performed on a separate day.Fig. 5 shows
the standard calibration curves for the 1,6-dione from each
of the separate sequences, andFig. 6 shows the standard
curves for each of the three BaP-diones, based on data from
Sequence 4. The slope of the standard calibration curve for
each BaP-dione varied from sequence to sequence (Fig. 5).
However, excellent linear correlation was observed between
AD/AIS andCD within each sequence (R2 ≥ 0.9976) at BaP-
dione concentrations ranging from 1.0 to 220 nM (Table 3;
Figs. 5 and 6). They-intercept for each standard curve was
not significantly different from zero. The variations in the
slopes of standard curves among the sequences were presum-
ably the result of changes in the catalytic activity of the zinc
toward the conversion of BaP-diones to BaP-hydroquinones.
This hypothesis was supported by the observation that the
peak area of the internal standard was constant for every
sequence. The same zinc column was used to generate the
data inTable 3andFig. 5, revealing that the catalytic activ-
ity remained effective even after 250 injections, over a span

F dione
b nt
e

ig. 4. HPLC profile of BaP metabolism using recombinant human CYP
A). The peaks shown in the inset (B) are from BaP-hydroquinones, w
ere formed by reduction of their corresponding BaP-diones by the
olumn zinc reducer. BaP (10�M) was incubated with 0.085 mg microsom
YP1A1 in 1.0 mL solution (pH 7.4) at 37◦C for 24 min.
ig. 6. Standard calibration curves for 1,6-dione, 3,6-dione, and 6,12-
ased on data from Sequence 4 (Table 3and Fig. 5). Symbols represe
xperimental data and lines represent linear regression results.
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Table 3
Standard calibration curves and detection limits of BaP-dionesa

Sequence # Standard curve (AD/AIS vs.CD) LOD (nM) LOQ (nM)

Slope R2

BaP-1.6-dione 1 6.16× 10−3 0.9981 0.18 0.61
2 6.58× 10−3 0.9994 0.19 0.62
3 8.16× 10−3 0.9988 0.12 0.39
4 4.29× 10−3 0.9991 0.41 1.35

BaP-3.6-dione 1 2.82× 10−3 0.9978 0.40 1.32
2 3.16× 10−3 0.9994 0.36 1.19
3 3.91× 10−3 0.9986 0.21 0.69
4 1.74× 10−3 0.9981 0.90 2.99

BaP-6,12-dione 1 5.73× 10−3 0.9983 0.17 0.55
2 5.79× 10−3 0.9994 0.20 0.67
3 7.71× 10−3 0.9985 0.11 0.37
4 5.07× 10−3 0.9976 0.33 1.09

a Sequences 1, 2, 3, and 4 were performed on Days 0, 32, 94, and 142, respectively. The same zinc post column was used for all four sequences.

of 142 days. As expected from the changes in the slopes of
the standard curves, LOD and LOQ values also varied from
sequence to sequence (Table 3). Generally, detection sensi-
tivities for 1,6-dione and 6,12-dione were similar, with LOD
values approximately equal to one-half of the value for 3,6-
dione.

3.3. Instrument precision

Instrument precision was measured as RSD of the peak
area ratio (AD/AIS) from six consecutive injections of a mix-
ture of authentic standards at 170 nM. The RSD for 1,6-dione,
3,6-dione, and 6,12-dione were 1.24%, 1.86%, and 0.81%.
The differences in the RSD between 3,6-dione and 6,12-dione
was due to the large difference in their respective peak areas.

3.4. Impact of the post-column zinc reducer

The increase in the detection sensitivity for BaP-diones
is shown inFig. 7by comparing the peak area of each BaP-
dione measured under the following conditions: (A) no zinc
reducer; (B) with zinc reducer and no acid in the mobile
phase; and (C) with zinc reducer using acidic mobile phase.
With no zinc reducer, the peak areas were determined using
UV absorbance, while fluorescence detection was used for
t ivity
o e nor
m under
e al-
i d by
t in
w liv-
e . As
a flow
r and
0 ile
a he

corrected peak areas for Conditions A–C are shown inFig. 7.
Even with no acid added to the mobile phase, the use of the
zinc reducer resulted in increases of peak areas of 88-, 23-,
and 67-fold for 1,6-dione, 3,6-dione, and 6,12-dione, respec-
tively. With the combination of the zinc reducer and 0.003%
(v/v) acetic acid in Mobile Phase A, the peak areas were 410,
126, and 183 times those measured without the zinc reducer.

3.5. Extraction recovery study

The results of the extraction recovery study are shown
in Table 4. The percentage recovery of BghiP (RCVIS) was
102.6%± 2.8%. The percentage recoveries for 1,6-dione and

F esence
a e stan-
d ith no
a n with
a 0.3%
a e was
m

he latter two conditions. To compare the relative sensit
f these three conditions, the measured peak areas wer
alized, based on the baseline noise level observed
ach condition. In addition, for Condition C, the norm

zed peak areas were corrected for the dilution cause
he use of the third pump. Specifically, acetic acid (0.3%
ater) from the third pump (at 0.3 mL/min) was only de
red under Condition C, but not under Conditions A and B
result, BaP-diones passed through the detectors at a

ate of 1.0 mL/min (0.7 mL/min for the mobile phases
.3 mL/min for the 0.3% acetic acid) for Condition C, wh
t a flow rate of 0.7 mL/min for Conditions A and B. T
-

ig. 7. Comparison of the peak area of BaP-diones measured in the pr
nd absence of the zinc post-column reducer. Error bars represent on
ard deviation from six measurements, except for the zinc column w
cid samples (which were from three measurements). For zinc colum
cid, 0.003% acetic acid in water was added to Mobile Phase A and
cetic acid in water was delivered from the third pump. UV absorbanc
onitored at 280 nm.
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Table 4
Percentage recovery of BaP-diones from 0.085 mg microsomal CYP1A1
protein and 0.05 mg microsomal EH protein at pH 7.4 and 37◦C

Concentration (nM) % Recoverya

1,6-Dione 3,6-Dione 6,12-Dione

10.2 14.4± 1.6 19.7± 2.2 7.5± 1.8
34.0 19.3± 1.7 24.6± 4.6 7.2± 1.2

113 26.6± 4.6 32.8± 4.4 6.6± 2.7
227 33.1± 1.6 40.5± 3.0 7.9± 2.6

a Results are the mean of % recovery± standard deviation from four data
points (two injections from each duplicated sample).

3,6-dione increase with increasing spiked concentrations.
The recovery for 1,6-dione ranged from 14.4% to 33.1%; the
recovery for 3,6-dione ranged from 19.7% to 40.5%. On the
other hand, less than 8% of 6,12-dione was recovered, and the
percentage recovery was independent of the concentration of
the dione from 10.2 to 227 nM.

3.6. Application of the method to study the time-course
of BaP metabolism

This new analytical method was tested on samples from
an experiment on the dynamics of BaP transformation by
recombinant human CYP1A1 and EH (Fig. 8). Although the
concentrations shown are not corrected for recovery or non-
enzymatic transformations (e.g. autoxidation), it is evident
that the levels of the 1,6- and 3,6-diones increased over time,
while that of 6,12-dione remained relatively constant. Low
concentrations of all three diones were detected with rela-
tively low variability in this complex reaction system.
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4. Discussion

This study reports the development and validation of a
novel and relatively simple HPLC method for qualitative
and quantitative analysis of BaP-diones with high detec-
tion sensitivity. A post-column zinc reducer was used to
convert BaP-diones to their corresponding fluorescent BaP-
hydroquinones. Since the BaP-hydroquinones can be ana-
lyzed using a fluorescence detector, the detection sensitivities
are at least two orders of magnitude higher than those for
non-converted BaP-diones using UV absorbance. The high
detection sensitivities of this method make it suitable for
studies where limited amounts of BaP-diones are present,
such as metabolic studies using recombinant enzymes. In
previous studies involving BaP metabolism using recombi-
nant enzymes, the formation of BaP-diones was either not
measured[19] or measured by radioactivity detectors using
radiolabeled BaP[10,20,21]. Another method that can detect
BaP-diones in airborne particulate matter with good sensitiv-
ity utilized liquid chromatography/mass spectrometry with
atmospheric pressure chemical ionization[12].

Acetic acid was used in Mobile Phase A to facilitate reduc-
tion and prevent the BaP-hydroquinones from autoxidizing
to BaP-diones. However, the acidic mobile phase resulted
in problems that were not reported in previous publications
using a post-column zinc reducer[15,16]. Specifically, an
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H (0.05 mg microsomal protein/mL) at 37◦C. Results are the mean of t
easured concentrations±one standard deviation from four data points (

njections from each duplicated sample). The data shown are not cor
or recovery or for the amount of diones detected in controls with no a
ADPH.
nknown substance coated the flow cells of the detector
esulted, eventually, in the inability to use the detectors
igher concentrations of acetic acid in Mobile Phase A, c
eling within the zinc column was observed although the
ells were not contaminated. An extra pump that deliver
iluted acetic acid solution to the flow cells without pa

ng through the zinc column successfully prevented fou
f the flow cells without damaging the zinc powder pack
aterial.
While this method was designed to separate three

iones and other fluorescent BaP metabolites, the run
ay be shortened if BaP-diones are the only compoun
e analyzed. This may be achieved by using acetonitr
ther solvents stronger than methanol as the organic m
hase.

Due to variations in the catalytic activity of the zi
n converting BaP-diones to BaP-hydroquinones, seque
o-sequence variation was observed in the slopes of
ard curves. However, good linear correlation was obse
etweenAD/AIS andCD within each sequence (R2 ≥ 0.9976)
t BaP-diones concentrations ranging from 1.0 to 220
his sequence-to-sequence variation can be address

njecting authentic standards every four to six runs.
The recoveries of 1,6-dione and 3,6-dione from the e

atic reaction mixture increased with increasing spiked
entrations, with lower concentrations showing poor re
ries. These results suggest saturable binding of these d

o biomolecules such as proteins or DNA. This interpreta
s supported by the identification of 3,6-dione DNA addu
fter incubating 3,6-dione with mouse aortic smooth m
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cle cells[22] and after incubating BaP with monkey kidney
COS1 cells co-transfected with CYP1A1 and P450 reductase
[23]. Reindl et al.[24] reported 62% recovery of 3,6-dione
(2�M) from rat liver microsomes (0.087 mg protein/mL).
Although this level of 3,6-dione recovery is higher than
that achieved in this study, the only concentration of 3,6-
dione (2�M) used by Reindl et al.[24] was 8.8 times
the highest concentration used here with the protein con-
centration at a comparable level. In addition to possible
binding to protein and/or DNA, another factor that can con-
tribute to the low recovery of 6,12-dione from the reaction
mixture may be dione degradation during the extraction
processes.

Recovery efficiencies are likely to depend on the nature of
the sample. Prior to the recovery study described above, we
performed a pilot recovery study (data not shown). This study
revealed that, in the presence of BaP and other metabolites,
the recoveries of all three BaP-diones from the enzyme incu-
bation were higher than those shown inTable 4(performed
in the absence of BaP and other metabolites). In this pilot
study, the enzymatic reaction solution (containing 0.085 mg
microsomal CYP1A1 protein, 0.05 mg microsomal EH pro-
tein and no added NADPH) was spiked with mixtures of
10�M BaP and various concentrations of the eleven BaP
metabolites. At a spiked concentration of 34 nM for each
metabolite, the apparent recoveries of 1,6-dione, 3,6-dione
a y (cf.
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the analytical method developed here performed well, detect-
ing low concentrations of the three diones in small sample
volumes with minimal sample preparation.

5. Conclusions

A novel, sensitive HPLC method for measuring BaP-dione
concentrations was developed and validated. With the combi-
nation of a zinc reducer and acidic mobile phase, the detection
sensitivity for BaP-diones was enhanced by greater than two
orders of magnitude. The LODs for all three BaP-diones
tested were below 1 nM based on 20-�L injections. Wide
linear ranges for these metabolites were also provided by
this method. This method is ideal for studies that require
the detection of low levels of BaP-diones when radiolabeled
BaP or radioactivity detectors are not available. Moreover,
the method avoids time-consuming derivatization or reduc-
tion steps required by other methods.
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ppendix A

All equations associated with the calculation of
esponse factors and percentage recovery for BaP-dion
isted in this section. The concentration of BaP-diones
orrelated with the HPLC peak area using:

D = AD

AIS

RFIS CIS

RFD
(1)

hereAi represents the peak area measured by HPLC
ompoundi, and RFi andCi represent the response fac
nd concentration, respectively, for compoundi. The sub
cripts D and IS were used to denote BaP-diones and in
tandard (BghiP), respectively. Standard calibration cu
ere obtained by plotting the peak area ratio of individ
aP-hydroquinones to internal standard (AD/AIS) as a func

ion of the concentrations of corresponding BaP-diones (CD).
he slope of the standard curve for metabolite D is equ

he value of RFD/(RFISCIS).
The percentage recovery of BaP-diones (RCVD) from

olutions containing recombinant human enzymes was
alculated as

CVD = AD

AIS

1

CD

RFIS CIS

RFD
RCVIS (2)

hereAD/AIS values were the peak area ratios analyze
PLC andCD is the known spiked concentration of Ba
ione D. The values of RFD/(RFISCIS) were obtained from
tandard calibration curves. The percentage recovery of



174 K.H. Liao et al. / J. Chromatogr. B 824 (2005) 166–174

nal standard (RCVIS) in Eq.(2) was calculated by

RCVIS = AIS

RFIS CIS
(3)

whereCIS is equal to 1.6�M. AIS is the mean of the peak area
of BghiP from the entire recovery study. RFIS is the mean of
the values of (AIS/CIS) from the entire standard calibration
study. Eq.(1) is the simplified form of Eq.(2), where RCVIS
and RCVIS were assumed to be 100%.
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