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In the present report, we describe a fluorescence-based method capable of measuring benzo-
[a]pyrene diolepoxide (BPDE) adducts in intact genomic DNA, with a sensitivity of a few
hundreds copies per cell. The assay is based on cryogenic laser-induced fluorescence technology
at liquid nitrogen temperatures, coupled with an intensified charge-coupled device camera,
and incorporates several enhancements to existing methodologies. One important modification
was the incorporation of terbium(III) nitrate pentahydrate, Tb(NO3)3, as an internal fluorescence
standard to correct for differences in light scattering and fluctuations in instrument parameters.
Since the fluorescence spectrum of Tb(NO3)3 does not overlap with those of BPDE-DNA
adducts, use of this lanthanide salt markedly improved the sensitivity of cryogenic laser-induced
fluorescence. The limit of quantification of the assay is 6.4 BPDE-DNA adducts/108 nucleotides,
or 776 adducts/cell, using 22.5 µg of genomic DNA. This assay is rapid, highly sensitive, and
economical and has been applied to monitor DNA adduct levels as a function of time after
exposure to BPDE in repair-competent human lymphoblastoid AHH-1 and TK6 cells.

Introduction

Human tissues are replete with DNA adducts from
endogenous and exogenous sources (1). Induction of
biological damage by environmental polycyclic aromatic
hydrocarbons (PAHs)1 has long been suspected as a
means by which cancers are induced or accelerated in
humans. The level of PAH adducts in human tissues has
been variously estimated to lie between 100 and 32 000
adducts/cell (0.8-267 per 108 nucleotides) (2-4). Since
the pattern of human exposure in most settings involves
repeated exposure at relatively low concentrations, long-
term low-dose (LTLD) experiments were designed to
study the genetic effects of carcinogens at concentrations
relevant to human exposure (5-7). LTLD experiments
involve continuous treatment of large cell cultures for up
to 20 days, with repeated sampling to determine DNA
adduct levels and the mutant fraction as a function of
time after exposure. These experiments are technically
very challenging to perform, since they entail low muta-
tion rates, low DNA adduct levels, and continuous growth
of large scale cell cultures without antibiotics for weeks.
Monitoring of mutation rates assays in LTLD has typi-
cally made use of the established forward mutation
assays at HPRT and TK loci. However, detection of the

low level of PAH adducts expected in human cells treated
with low levels of these chemicals has been problematic.
Thus, there was a need for a highly sensitive and
economical assay capable of detecting DNA adducts at
conditions that mimic human exposures.

Previously, we have been able to obtain data for
mutagenic potency of mutagens in a range of concentra-
tions that induce mutations at a rate comparable to the
rate of spontaneous mutation in human lymphoblastoid
cells. Using tritiated benzo[a]pyrene ([3H]BaP) at a
concentration of 100 nM in 4 h pulse exposures, Dan-
heiser et al. (6) found that the level of DNA adduction
was approximately 1500 adducts/cell (or 12.5 adducts/
108 nucleotides). For the HPRT gene, the rate of mutation
was approximately 2.8 times the spontaneous mutation
rate. Therefore, an assay with a sensitivity of about 1000
PAH adducts/cell (or 8.3/108 nucleotides) is needed for
studies of mutagen at doses representing most human
exposures.

Cryogenic laser-induced fluorescence (LIF) spectros-
copy is among the most sensitive methods to obtain both
qualitative and quantitative information about a com-
pound and has been a valuable tool for the analysis of
DNA adducts (8, 9). At cryogenic temperatures the
fluorescence peaks are much narrower than those com-
monly observed at room temperatures. Fluorescence line
narrowing spectroscopy (FLNS) (S1 f S0) at 2 K and
fluorescence nonline narrowing spectroscopy (FNLNS) (S2

f S0) can be used for identifying and for quantifying DNA
adducts, respectively. Fluorescence line narrowing spec-
troscopy (FLNS) results from the excitation of electrons
into the first excited state, S1, and is highly specific. This
methodology has been widely applied to the identification
of PAH-DNA adducts since different fingerprints were
generated for structurally similar PAH-DNA adducts.
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Adduct characterization was accomplished by comparison
with synthetic adduct standards. Recently, capillary
electrophoresis or HPLC, interfaced with FLNS was used
for the separation and spectral characterization of closely
related PAH analytes including stereoisomeric forms
(10-17). However, kinetic studies on large numbers of
samples at liquid helium temperatures can be very
expensive. Due to the increased vibrational level density,
as one goes into the S2 state, the line narrowing effects
are reduced and fluorescence nonline narrowing spec-
troscopy (FNLNS) is obtained. The fluorescence spectra
provided by FLNLS at liquid nitrogen temperatures are
expected to be boarder with less specific structural
features. Studies have shown that the intense fluores-
cence peak resulting from S2 excitation provides greater
sensitivity for quantification of low level of pyrenoid
adducts including BPDE adducts (18). FNLNS (S2 f S0)
spectroscopy was chosen for the quantification of BPDE
adducts in the present experiment for its high sensitivity
and low cost.

The cryogenic laser-excited fluorescence spectra of (()-
anti-BPDE-DNA adducts can be obtained with λex ) 346
nm for S2 excitation (8, 19). The fluorescence from (()-
anti-BPDE-calf thymus DNA adducts increase in inten-
sity by a factor of 20 or more as the temperature is
lowered from ambient to 77-130 K (18, 20-23). This
effect facilitates the quantification of BPDE-DNA adduct
levels in cellular DNA and also makes it possible to use
intact DNA in the assay, eliminating the tedious and
possible error causing steps of adduct hydrolysis, enrich-
ment and cleanup.

In the present study, we enhanced the existing tech-
nology of cryogenic laser-induced fluorescence at liquid
nitrogen temperatures, coupled with an intensified charge-
coupled device (ICCD) camera, and applied this meth-
odology to the quantification of (()-(anti)benzo[a]pyrene
diolepoxide (BPDE) DNA adducts. An important modi-
fication was the incorporation of terbium(III) nitrate
pentahydrate, Tb(NO3)3, as an internal fluorescence
standard to correct for differences in light scattering and
fluctuations in instrument parameters. Since the fluo-
rescence spectrum of Tb(NO3)3 does not overlap with
those of BPDE-DNA adducts the use of this lanthanide
salt markedly improved the sensitivity of the method.
Our improved method is a rapid, highly sensitive, and
economical analytical technique, which can be used to
measure BPDE-DNA adduct levels directly in isolated
genomic DNA. The limit of quantification for BPDE-
DNA adducts was 3.3 fmol with a signal-to-noise ratio
of 46, which corresponded to 6.4 adducts/108 nucleotides
or 776 adducts/cell when using 22.5 µg of DNA. This
assay has been applied to monitor DNA adduct levels as
a function of time after a single exposure to BPDE in
repair-competent human lymphoblastoid cells (AHH-1
and TK6).

Material and Methods

Cautions: Benzo[a]pyrene-r-7,t-8-dihydrodiol-t-9,10-epoxide-
(()(anti) (BPDE) is a hazardous chemical and should be handled
carefully in accordance with NIH guidelines.

Material. Benzo[a]pyrene-r-7,t-8-dihydrodiol-t-9,10-epoxide-
(() (anti) (BPDE) and 7R,8S,9S-trihydroxy-10R-(N2-2′-deox-
yguanosyl-3′-phosphate)-7,8,9,10-tetrahydrobenzo[a]pyrene (N2-
dGp) were purchased from National Cancer Institute Chemical
Carcinogen Reference Standard Repository (Kansas City, MO).
(()-r-7,t-8-Dihydroxy-t-9,10-epoxy-7,8,9,10-tetrahydro[7-14C]-

benzo[a]pyrene (anti) ([14C]BPDE) was purchased from Chem-
Syn Laboratories (Lenexa, KS). Terbium(III) nitrate pentahy-
drate, horse serum, and ethylene glycol were obtained from
Sigma (St Louis, MO). Ethylene glycol was purified by HPLC
using C18 column and then stored at 4 °C until use. Anhydrous
DMSO (99.997% purity) was purchased from Aldrich (Milwau-
kee, WI). Microcon centrifugal filter devices were purchased
from Millipore (Bedford, MA). QIAamp Blood Maxi Kits were
purchased from Qiagen Inc. (Valencia, CA). RPMI medium 1640
with L-glutamine was obtained from Life Technologies, Inc.
(Grand Island, NY).

Preparation of Human Cellular DNA Modified by
BPDE. TK6 cells (24) were derived from the parental human
lymphoblastoid line HH4 and heterozygous for thymidine kinase
(TK), an enzyme which phosphorylates thymidine and its
analogues in an ATP-dependent reaction. The AHH-1 TK+/- cell
line (25-27) has aryl hydrocarbon hydroxylase (AHH), a
member of P4501A1 activity and was isolated from the human
B-lymphoblastoid cell line RPMI-1788. It is known that AHH-1
cells can metabolically activate nitrosamines, PAHs, and myc-
otoxins (28).

Both AHH-1 cells and TK6 cells are anchorage independent
and grow in both stationary and stirred cultures with doubling
times ranging from 16 to 24 h. Cells were counted using a
Coulter counter. Cells were maintained in exponential growth
by daily dilution in RPMI 1640 medium supplemented with 5%
donor horse serum. In this project, cells were grown in a spinner
flask to allow for gentle stirring. Stirred cultures were main-
tained in 37 °C incubators with a 5% CO2 atmosphere. Since
AHH-1 cells are very sensitive to unknown serum factors,
screening of serum batches was necessary in order to sustain
the cell’s exponential growth.

We compared the kinetics of DNA adduct removal in AHH-1
and TK6 cells treated with a single dose of BPDE. AHH-1 cells
or TK6 cells (at 5 × 105 cells/mL, 4000 mL) were exposed to
BPDE at 10 ng/mL. Duplicate cultures were used for each cell
line. Aliquots (200 mL) of cells were removed from each culture
at 15 min, 30 min, 45 min, 2 h, 4 h, 6 h, 10 h, 12 h, 24 h, and
36 h after adding BPDE. Cells were centrifuged and resus-
pended in 1 mL of fresh medium plus 10% DMSO and then
placed in a liquid nitrogen freezer to await DNA isolation at a
later date for adduct level analysis. Cell count at each time point
was taken to monitor the growth of the culture during the
treatment.

Preparation of Internal Standard of Human Cellular
DNA Modified by [14C]BPDE. TK6 cells were treated with
[14C]BPDE (48.2 mCi/mmol or 1.07 × 1014 DPM/mol) at a toxic
dose of 63 ng/mL. Then cells were centrifuged and DNA were
isolated and cleaned up with Qiagen columns.

DNA Isolation and Purification. A reliable method that
allowed for the rapid and efficient extraction of intact DNA from
cells without contributing fluorescent contaminants is described
as follows. DNA was extracted from cells using Qiagen columns,
followed by further purification by microdialysis with Microcon
centrifugal devices.

DNA from up to 108 cultured cells was isolated by a QIAamp
Blood Maxi Kit. With a suitable centrifuge rotor, 12 samples
were prepared simultaneously. The size of genomic DNA
obtained ranged from 10 to 50 kb. Absorbance was recorded at
260 and 280 nm to determine DNA concentration and purity.
The A260/A280 ratio was between 1.8 and 1.9 for all the samples
isolated. DNA was further purified and concentrated using
Microcon centrifugal filter devices (Millipore) after isolation from
cultured cells by Qiagen column. Microcon centrifugal filter
devices employ low-binding, hydrophilic regenerated cellulose
membrane. The membrane has low-adsorption characteristics,
which allows usually high recovery rate, 78-95% of the sample
in this experiment.

Microcon centrifugal filter devices were first prerinsed with
400 µL of distilled and deionized water for three times to
cleaning trace contaminants on the membranes. After prerins-
ing, about 400-600 µL of DNA solution was loaded on the filter
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devices and spun at 14000g. Macromolecules such as DNA
remain on the filter, and small molecules such as water, salt,
etc., were filtered through. Then the assembly was removed from
centrifuge. The sample reservoir with the filter was removed
from the vial and placed upside down in a new vial, and then
spun for 3 min at 1000g to transfer the concentrate to the vial.
Typical processing time was 20 min. This procedure removed
some contaminants that originated from either cells or DNA
isolation procedures, significantly decreasing background of
laser-induced fluorescence of intact DNA from untreated cells.

Instrumentation. The instrumentation was modified from
the original design (29). Laser light (1064 nm) was generated
with a Nd:YAG laser (Quanta-Ray DCR-11) whose second
harmonic at 532 nm was generated a dye laser (Spectra Physics
model PDL-3). The output of the dye laser was doubled using a
KDP crystal, to generate laser wavelengths in the range of 300-
400 nm. Typical pulse energy was in the range of 0.1 mJ to 1
mJ/pulse at a repetition rate of 10 Hz and a pulse width of 5
ns. To increase the fluorescence signal, a cylindrical lens was
placed before the sample tube allowed the laser to be focused
onto the sample in the shape of a line rather than a spot. As a
result, the volume of samples exposed to the laser increased
from 0.5 to 2 cm in diameter, with a commensurate 4-fold
increase in the fluorescence signal. The laser light was focused
onto the sample cooled to 77-120 K in a continuous flow liquid
nitrogen optical cryostat (Oxford Instruments model CF-1204)
by a 10 cm focal length cylindrical lens. With the help of a PID-
type (Oxford ITC4) controller, the temperature of the cryostat
could be maintained stable in the range of 77-200 K using a
slow, continuous flow of liquid nitrogen. Fluorescence emission
from the sample was collected at right angles by a pair of lens
in which the collection lens is a 5 cm focal length culminating
lenses and then focused into a 0.32 m spectrograph using a 15
cm focal length lens, matched to the F-number of the spectrom-
eter. An LPF 350 filter was used to block any wavelengths below
360 nm. The fluorescence was detected with an ICCD-array
detector (Princeton Instruments ICCD-1024 MG-E with a
Princeton Instruments ST-130 controller) with appropriate
software on an IBM-compatible PC.

Cryogenic Laser-Induced Fluorescence Spectroscopy
To Detect PAH Adducts. In each experiment, 22.5 µg of [14C]-
BPDE-DNA (30 µL × 0.75 µg/µL) was mixed in fused silica
capillary with 30 µL of purified ethylene glycol (EG) to give 50%
mixtures of EG/water. This matrix allows for uniform and
crystal-free freezing at cryogenic temperatures as low as 120
K. Ethylene glycol (EG) was spiked with terbium(III) nitrate
pentahydrate Tb(NO3)3 at a fixed concentration prior to mixing
with DNA. The DNA/EG mixture (60 µL) was placed in a 1.5
mm internal diameter fused silica capillary and sonicated for 8
min to remove dissolved gases. The sample was then cooled to
120 K by liquid nitrogen in the optical cryostat, and the laser-
induced fluorescence spectrum was measured using an ICCD
detector. The fluorescence peak areas were calculated using
GRAMS/32 software and then normalized with respect to the
area of the strongest peak at 549 nm of Tb(NO3)3 internal
standard. The final DNA adduct level was obtained by using
standard curves from [14C]BPDE treated TK6 cells. The amount
of BPDE DNA adducts at various concentrations or time of
exposure in treated AHH-1 and TK6 cells were measured using
this method.

Results

Development and Validation of High Sensitivity
Cryogenic LIF (FNLNS). The spectrum of 7R,8S,9S-
trihydroxy-10R-(N2-2′-deoxyguanosyl-3′-phosphate)-7,8,9,-
10-tetrahydrobenzo[a]pyrene (N2dGp), which served as
a positive control was obtained at λex ) 346 nm for S2

excitations and (Figure 1). The observed emission peaks
had wavelength of 380, 398, and 419 nm. The overall
peak shapes and emission wavelengths of the spectrum

obtained from N2dGp were similar to those of the spectra
of BPDE adducted TK6 DNA (Figure 2). These findings
suggested that this FNLNS method was unable to
distinguish among BPDE-dA, BPDE-dG, and various
diastereoisomeric forms, and detected a combination of
all BPDE adducts. When compared to the published
spectra of BPDE-DNA adducts obtained using an exci-
tation wavelength of λex ) 346 nm at 77 K, our spectra
had relatively lower peak height at 380 nm, the highest
energy side (19). Since our apparatus included a filter to
block any wavelengths below 360 nm, truncation of the
(0,0)-band on the high-energy side was expected. How-
ever, since the filter was fixed in all spectral determina-
tions of standard and unknown samples, the filtering did
not affect the measurements of BPDE-DNA adducts.

The cryogenic LIF instrument was calibrated using
14C-labeled BPDE-DNA adducts. The level of [14C]-
BPDE-DNA was 2624 ( 2.6 DPM/mg DNA, as deter-
mined by scintillation counting. For genomic DNA this

Figure 1. FNLN spectrum of 7R,8S,9S-trihydroxy-10R-(N2-
2′-deoxyguanosyl-3′-phosphate)-7,8,9,10-tetrahydrobenzo[a]py-
rene (N2dGp) standard at 120K. ex ) 346 nm. The peaks are at
380, 398, and 419 nm.

Figure 2. Fluorescence emission spectra from a series of
dilutions of [14C]BPDE adducted TK6 DNA. The curves from
lowest intensity to highest intensity represent background
solvent control, DNA control from untreated TK6 cells, 2, 5.2,
15.5, and 20.7 × 109 adducts from 22.5 µg of DNA (30 µL ×
0.75µg/µL), which corresponds to 776, 2070, 6212, and 8282
adducts/cell, respectively.
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level corresponds to 24.52 ( 0.024 pmol/mg of DNA or
132 408 ( 132 [14C]BPDE adducts/cell. Serial dilutions
of the [14C]BPDE-DNA stock were prepared for calibra-
tion experiments.

To measure BPDE-DNA adducts at both high and low
levels in genomic DNA following short-term high-dose
and long-term low-dose exposures, we generated two
fluorescence standard curves. A calibration curve covered
concentrations from 5 × 109 to 82 × 109 adducts in 22.5
µg of genomic DNA, corresponding to 2000 adducts/cell
to 33 000 adducts/cell. Another calibration curve was for
adducts in the range of range of concentration from 1.9
× 109 to 21 × 109 adducts in 22.5 µg of DNA, correspond-
ing to 776 adducts/cell to 8200 adducts/cell. The cryogenic
LIF instrument was shown to have a linear output in
both of the concentration ranges used for the calibration
curves (Figure 3 and Figure 4). Different amounts of
internal standard were spiked into the EG differed for
the two calibrations, which could accounted for about
2-fold variation of slopes obtained for lower and higher
ranges of adduct levels. Tb(NO3)3 at a final concentration
of 1600 µM was used for the higher concentration
calibration, while 500 µM was used for the calibration of
adducts in the lower concentration range.

The peaks of BPDE-DNA fluorescence were normal-
ized with respect to the Tb(NO3)3 internal standard and
then integrated with peak areas using GRAMS/32 soft-
ware. The results obtained using four different concen-
trations of [14C]BPDE adducted TK6 DNA, and a negative
control consisting of DNA from untreated TK6 cells in
the second calibration were shown in Figure 2. Presented
are the fluorescence spectra obtained with 2.0, 5.2, 15.5,
and 20.7 × 109 adducts from 22.5 µg of DNA and

normalized with respect to Tb(NO3)3 internal standard.
The standard curve for BPDE-DNA adducts generated
from the data is shown in Figure 3. Similarly, the
standard curve for BPDE-DNA adducts at the high
concentration range is shown in Figure 4

.
The limit of quantification for BPDE-DNA adducts

was 3.3 fmol, with a signal-to-noise ratio of 46. This level
of sensitivity corresponded to 6.4/108 nucleotides or 770/
cell when using 22.5 µg of DNA, which was sufficient for
analysis of BPDE-DNA adduct levels in cells during
long-term low-dose exposure.2

DNA Repair Kinetics in Single Dose BPDE-
Treated AHH-1 and TK6 Cells. We next used the
enhanced FNLNS method to compare the kinetics of
DNA adduct removal in cells treated with a single dose
of BPDE. AHH-1 cells or TK6 cells were exposed to BPDE
at 10 ng/mL, and the levels of total BPDE-DNA adducts
were determined at 15 min, 30 min, 45 min, 2 h, 4 h, 6
h, 10 h, 12 h, 24 h, and 36 h posttreatment. There results
of the latter analyses are presented in Figures 5 6. For
both AHH-1 and TK6 cells, there was a significant
number of BPDE-DNA adducts formed after only 15 min
of exposure to BPDE. BPDE-DNA adduct levels reached
a maximum between 4 and 6 h after exposure. Six hours
after exposure, DNA adduct levels started to decrease,
presumably due to the adduct removal by the DNA repair

2 W. Luo and W. G. Thilly, submitted for publication.

Figure 3. A calibration curve covered concentrations from 1.9
× 109 to 21 × 109 adducts in 22.5 µg of DNA, corresponding to
776 adducts/cell to 8200 adducts/cell. Adduct levels were
determined by scintillation counting [14C]BPDE-DNA. A total
of 22.5 µg (30 µL × 0.75 µg/µL) of DNA was loaded and 500 µM
Tb(NO3)3 was spiked as internal standard. Error bars represent
95% confidence levels.

Figure 4. A calibration curve covered concentrations from 5
× 109 to 82 × 109 adducts in 22.5 µg of genomic DNA,
corresponding to 2000 adducts/cell to 33 000 adducts/cell. Adduct
level was determined by scintillation counting the [14C]BPDE-
DNA. A total of 22.5 µg of DNA (30 µL × 0.75 µg/µL) was loaded
and 1600 µM Tb(NO3)3 was spiked as internal standard. Error
bars represent 95% confidence levels.
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machinery. When plotted in log scale, the adduct level
decreased linearly with time, following the first-order
kinetics described by the following equations:

where Do and D(t) are the levels of DNA adduct at time
0 and t, respectively. K is the DNA adduct repair rate
constant. T1/2 is the half-life for the repair of adducts.

The calculated DNA repair rate constants were 0.0532
and 0.0565 for AHH-1 and TK6 cells, respectively. Thus,
the BPDE-DNA adduct half-lives were calculated to be
13.0 and 12.3 h for AHH-1 and TK6 cells, respectively,
indicating similar capacities for repairing BPDE-DNA
adducts. The rates of BPDE adduct repair in both cell
lines were constant over the range of time studied, 36 h
after the initial treatment. About 65% of DNA adducts
were removed in 24h in AHH-1 cells.

Discussion

Improving Cryogenic Laser-Induced Fluores-
cence Spectroscopy FNLNS To Quantify BPDE
Adducts. The DNA adducts of BPDE are the most
frequently studied biomarkers of environmental exposure
to B[a]P in cooked foods and air pollutants. These

pyrenoid adducts have been well characterized and a
battery of analytical methods have been employed for
their detection and quantification (30-32). Previous
studies indicate that total PAH-DNA and BaP-DNA
adduct levels in human white blood cells are in the range
of 0.2-3.9/108 nucleotides (or 24-468 adducts/cell) for
controls and 0.4-19.5/108 nucleotides (or 48-2340 ad-
ducts/cell) for occupationally exposed individuals (33, 34).

Cryogenic laser-induced fluorescence spectroscopy is
a highly sensitive and specific method for the analysis
of BPDE-DNA adducts (8). Previous studies using this
methodology attained a limit of quantification corre-
sponding to 5000/108 nucleotides or 600000/cell using 100
µg of DNA (18). To further increase sensitivity of cryo-
genic LIF, we sought to reduce background fluorescence
caused by impurities and contamination. First, we used
fused silica sample tubes that contained a low level of
impurities (∼1 ppm) that might contribute to background
fluorescence when excited with ultraviolet light. We
further tested various antifreezing agents. At an excita-
tion wavelength of 346 nm, the ideal anti-freezing solvent
should give minimal fluorescence particularly in the
region of fluorescence peaks from test compounds. How-
ever, even most high-grade solvents contain trace amounts
of impurities. We selected EG as the anti-freezing solvent
instead of the more commonly used glycerol because of
its higher purity, lower viscosity, and excellent anti-
freezing properties. UV absorption data demonstrated
that commercially available EG preparations contained
fewer impurities compared to glycerol. Furthermore, EG
has relatively lower viscosity, which facilitates its puri-
fication by column chromatography and reduces volu-
metric errors during sample uptake and mixing. EG used
in this study was further purified by C18 column chro-
matography. DNA solutions can be mixed with EG to give
50% (by volume) mixture of EG/water, which allows for
uniform and crystal-free freezing of genomic DNA solu-
tion (0.75 mg/mL) of 10-50 kb length at cryogenic
temperatures as low as 120 K. The incorporation of
purified EG as the anti-freezing agent decreased the
background, improved sensitivity and accuracy, and thus
represented one of the major methodological improve-
ments in BPDE-DNA adduct detection.

Internal standards are commonly used to correct for
differences in light scattering and variations in instru-
mental factors among experiments. Dyes such as diso-
dium fluorescein (18) and PAH molecules such as ben-
zodiphenylene sulfide (BDS) are widely used as internal
standards for LIF analysis. However, these compounds
either have fluorescence spectra that overlap with those
of the pyrenoid adduct fluorescence peaks or have much
shorter lifetimes compared to pyrenoid adducts. The
present study is the first to demonstrate the value of
using lanthanide salts as an internal standard in fluo-
rescence assays. Among various lanthanide salts, ter-
bium(III) nitrate pentahydrate Tb(NO3)3 (Sigma) was
chosen because of its nonradioactivity, high solubility in
water, ethanol, and ethylene glycol. Moreover, Tb(NO3)3

and BPDE-DNA have very similar fluorescence lifetimes
but well-separated fluorescence spectra. The utilization
of Tb(NO3)3 as internal standard greatly increased the
sensitivity for detecting BPDE-DNA adducts. The limit
of quantification for BPDE-DNA adducts reached 3.3
fmol (20.7 × 109) from 22.5 µg of genomic DNA with a
signal-to-noise ratio of 46, which corresponds to 6.4/108

nucleotides or 776/cell (Figure 2). Thus, the detection

Figure 5. Exponential removal of BPDE-DNA adducts in
AHH-1 cells. Regression analysis was performed on adduct
levels for time points starting at 4 h after the exposure. Adduct
half-life was calculated to be 13.0 h.

Figure 6. Exponential removal of BPDE-DNA adducts in TK6
cells. Regression analysis was performed on adduct levels for
time points starting at 4 h after the exposure. Adduct half-life
was calculated to be 12.3 h.

dD(t)
dt

) -kD(t)

D(t) ) Doe
-kt

ln D(t) ) -kt + ln Do

T1/2 ) ln 2
k
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limit using 22.5 µg of DNA was estimated to be around
0.2 fmol, 0.4/108 nucleotides, or 50/cell based on signal
to noise ration of three. The limit of detection and
quantification can be further improved severalfold by
loading larger quantities of DNA.

Other assays for low-level DNA adduct measurement
include immunoassays (35, 36), 32P-postlabeling (37-39),
HPLC coupled with mass spectrometer (40-43), and
HPLC with fluorescence detection (44, 45). These meth-
odologies have adequate sensitivities to detect adducts
in genomic DNA from human tissue. Despite the inability
to detailed structural information, the FNLNS method
described in this study has several advantages over
existing methodologies. For instance, immunoassays
require the growth of specific antibodies for each car-
cinogen to be determined, necessitate relatively large
quantities of DNA (200-300 µg/assay), and may have
reduced specificity due to antibody cross-reactivity. More-
over, both immunoassays and fluorescence spectroscopy
were developed for the analysis of targeted adducts and
will typically provide no information for unknowns. 32P-
Postlabeling involves working with large quantities of
harmful radioisotopes and identification of unknown
adducts remains challenging. While providing detailed
structural information, HPLC-mass spectrometry based
assays require larger amount of DNA, and digestion of
DNA to nucleosides together with subsequent enrichment
and clean up. Although our enhanced FNLNS method
cannot provide detailed structural information for each
adduct (BPDE-dA, BPDE-dG, and various diastereoiso-
meric forms), it has the advantages of being an inexpen-
sive, rapid, robust, highly sensitive technique for quan-
tifying total BPDE-DNA adduct levels in genomic DNA.
Moreover, the method can be used to quantify the level
of total adducts derived from dibenzo(a,l)pyrene diolep-
oxides, malonaldehyde, etc.

DNA Adduct Levels in Human Lymphoblastoid
Cells after BPDE Treatment. It has been reported that
BPDE binds to hydrophobic interiors of carrier proteins
such as serum albumin in aqueous solution (46). The
culture medium in this experiment contained 5% of horse
serum. Such noncovalent interactions can prolong the
half-life of BPDE from a few minutes in aqueous solution
to a few hours in the presence of serum albumin, and
provides a mechanism of transport from medium to
target macromolecules within the cell. BPDE can then
react with other macromolecules such as DNA. Therefore,
the kinetics for BPDE-DNA adduct formation in cul-
tured human cells after treatment is expected to be
instantaneous, followed by a persistent but lower rate of
adduct formation while serum stabilized mutagen is in
equilibrium with the unbound form with simultaneous
and continuous adduct removal. As the rate of adduct
formation declined, the adduct removal rate became
exponential. Both AHH-1 and TK6 cells were shown to
have first-order DNA repair kinetics with very similar
repair rates (Figures 5 and 6). Using a variety of
methods, including synchronous fluorescence spectro-
photometry (47), immunoassay (48, 49), and 32P-postla-
beling (50), investigators have also observed exponential
BPDE-DNA adduct removal in different murine tissues
in vivo and in vitro.

Conclusion
A highly sensitive, economical and rapid method using

FNLNS was used for monitoring the level of total BPDE-

DNA adducts formed in human cells upon treatment. For
example, it was possible to monitor BPDE-DNA adduct
levels in treated cells as a function of time using intact
genomic DNA, without degrading the DNA to nucleoside
level. The limit of quantification for BPDE-DNA adducts
was 2 × 109, or 3.3 fmol of adducts, which corresponded
to 6.4 adducts/108 nucleotides or 776 adducts/cell when
using 22.5 µg of DNA. Thus, the level of sensitivity
attained by our assay was comparable to that of 32P-
postlabeling and HPLC coupled with mass spectrometry
and was sufficient for analysis of BPDE-DNA adduct
levels in cells during long-term low-dose exposure experi-
ments that mimic most human environmental exposure
to mutagens.

Acknowledgment. This research was supported by
Grant P01 ES07168 from the National Institute of
Environmental Health Sciences.

References

(1) Hemminki, K., Koskinen, M., Rajaniemi, H., and Zhao, C. (2000)
DNA adducts, mutations, and cancer 2000. Regul. Toxicol. Phar-
macol. 32, 264-275.

(2) Pavanello, S., Gabbani, G., Mastrangelo, G., Brugnone, F.,
Maccacaro, G., and Clonfero, E. (1999) Influence of GSTM1
genotypes on anti-BPDE-DNA adduct levels in mononuclear white
blood cells of humans exposed to PAH. Int. Arch Occup. Environ.
Health 72, 238-246.

(3) Dickey, C., Santella, R. M., Hattis, D., Tang, D., Hsu, Y., Cooper,
T., Young, T. L., and Perera, F. P. (1997) Variability in PAH-
DNA adduct measurements in peripheral mononuclear cells:
implications for quantitative cancer risk assessment. Risk Anal.
17, 649-656.

(4) van Schooten, F. J., van Leeuwen, F. E., Hillebrand, M. J., de
Rijke, M. E., Hart, A. A., van Veen, H. G., Oosterink, S., and
Kriek, E. (1990) Determination of benzo[a]pyrene diol epoxide-
DNA adducts in white blood cell DNA from coke-oven workers:
the impact of smoking. J. Natl. Cancer Inst. 82, 927-933.

(5) Penman, B. W., Crespi, C. L., Komives, E. A., Liber, H. L., and
Thilly, W. G. (1983) Mutation of human lymphoblasts exposed to
low concentrations of chemical mutagens for long periods of time.
Mutat Res. 108, 417-436.

(6) Danheiser, S. L., Liber, H. L., and Thilly, W. G. (1989) Long-term,
low-dose benzo[a]pyrene-induced mutation in human lympho-
blasts competent in xenobiotic metabolism. Mutat Res. 210, 143-
147.

(7) Chen, J., and Thilly, W. G. (1996) Mutational spectra vary with
exposure conditions: benzo[a]pyrene in human cells. Mutat Res.
357, 209-217.

(8) Jankowiak, R., and Small, G. J. (1991) Fluorescence line narrow-
ing: a high-resolution window on DNA and protein damage from
chemical carcinogens. Chem. Res. Toxicol. 4, 256-269.

(9) Jankowiak, R., Cooper, R. S., Zamzow, D., Small, G. J., Doskocil,
G., and Jeffrey, A. M. (1988) Fluorescence line narrowing-
nonphotochemical hole burning spectrometry: femtomole detec-
tion and high selectivity for intact DNA-PAH adducts. Chem Res
Toxicol. 1, 60-68.

(10) Roberts, K. P., Lin, C. H., Singhal, M., Casale, G. P., Small, G.
J., and Jankowiak, R. (2000) On-line identification of depurinating
DNA adducts in human urine by capillary electrophoresiss
fluorescence line narrowing spectroscopy. Electrophoresis 21,
799-806.

(11) Devanesan, P., Ariese, F., Jankowiak, R., Small, G. J., Rogan, E.
G., and Cavalieri, E. L. (1999) A novel method for the isolation
and identification of stable DNA adducts formed by Dibenzo[a,l]-
pyrene and Dibenzo[a,l]pyrene 11, 12- dihydrodiol 13,14-epoxides
in vitro. Chem. Res. Toxicol. 12, 796-801.

(12) Jankowiak, R., Ariese, F., Hewer, A., Luch, A., Zamzow, D.,
Hughes, D. Phillips, N. C., Seidel, A., Platt, K. L., Oesch, F., and
Small, G. J. (1998) Structure, conformations, and repair of DNA
adducts from dibenzo[a,l]pyrene: 32P-postlabeling and fluores-
cence studies. Chem. Res. Toxicol. 11, 674-685.

(13) Jankowiak, R., Zamzow, D., Stack, D. E., Todorovic, R., Cavalieri,
E. L., and Small, G. J. (1998) Spectral characterization of
fluorescently labeled catechol estrogen 3,4-quinone-derived N7
guanine adducts and their identification in rat mammary gland
tissue. Chem. Res. Toxicol. 11, 1339-1345.

Quantifying BPDE-DNA Adducts Using Fluorescence Chem. Res. Toxicol., Vol. 16, No. 1, 2003 79



(14) Zamzow, D., Lin, C. H., Small, G. J., and Jankowiak, R. (1997)
Application of capillary electrophoresis-fluorescence line-narrow-
ing spectroscopy for on-line spectral characterization of closely
related analytes. J. Chromatogr. A. 781, 73-80.

(15) Suh, M., Ariese, F., Small, G. J., Jankowiak, R., Liu, T. M., and
Geacintov, N. E. (1995) Conformational studies of the (+)-trans,
(-)-trans, (+)-cis, and (-)- cis adducts of anti-benzo[a]pyrene
diolepoxide to N2-dG in duplex oligonucleotides using polyacry-
lamide gel electrophoresis and low- temperature fluorescence
spectroscopy. Biophys. Chem. 56, 281-296.

(16) Rogan, E. G., Devanesan, P. D., RamaKrishna, N. V., Higgin-
botham, S., Padmavathi, N. S., Chapman, K., Cavalieri, E. L.,
Jeong, H., Jankowiak, R., and Small, G. J. (1993) Identification
and quantitation of benzo[a]pyrene-DNA adducts formed in mouse
skin. Chem. Res. Toxicol. 6, 356-363.

(17) Devanesan, P. D., RamaKrishna, N. V., Padmavathi, N. S.,
Higginbotham, S., Rogan, E. G., Cavalieri, E. L., Marsch, G. A.,
Jankowiak, R., and Small, G. J. (1993) Identification and quan-
titation of 7,12-dimethylbenz[a]anthracene-DNA adducts formed
in mouse skin. Chem. Res. Toxicol. 6, 364-371.

(18) Zhao, R., Liu, T. M., Kim, S. K., MacLeod, M. C., and Geacintov,
N. E. (1992) Identification and quantitative detection of isomeric
benzo[a]pyrene diolepoxide- -DNA adducts by low-temperature
conventional fluorescence methods. Carcinogenesis 13, 1817-
1824.

(19) Jankowiak, R., Lu, P. Q., Small, G. J., and Geacintov, N. E. (1990)
Laser spectroscopic studies of DNA adduct structure types from
enantiomeric diol epoxides of benzo[a]pyrene. Chem Res Toxicol.
3, 39-46.

(20) Heisig, V., Jeffrey, A. M., McGlade, M. J., and Small, G. J. (1984)
Fluorescence-line-narrowed spectra of polycyclic aromatic carcin-
ogen-DNA adducts. Science 223, 289-291.

(21) Sanders, M. J., Cooper, R. S., Small, G. J., Heisig, V., and Jeffrey,
A. M. (1985) Identification of polycyclic aromatic hydrocarbon
metabolites in mixtures using fluorescence line narrowing spec-
trometry. Anal. Chem. 57, 1148-1152.

(22) Sanders, M. J., Cooper, R. S., Jankowiak, R., Small, G. J., Heisig,
V., and Jeffrey, A. M. (1986) Identification of polycyclic aromatic
hydrocarbon metabolites and DNA adducts in mixtures using
fluorescence line narrowing spectrometry. Anal. Chem. 58, 816-
820.

(23) Jankowiak, R., Cooper, R. S., Zamzow, D., Small, G. J., Doskocil,
G., and Jeffrey, A. M. (1988) Enhancement of sensitivity of
fluorescence line narrowing spectrometry for detection of carcin-
ogen-DNA adducts. IARC Sci. Publ. 89, 372-377.

(24) Skopek, T. R., Liber, H. L., Penman, B. W., and Thilly, W. G.
(1978) Isolation of a human lymphoblastoid line heterozygous at
the thymidine kinase locus: possibility for a rapid human cell
mutation assay. Biochem. Biophys. Res. Commun. 84, 411-416.

(25) Crespi, C. L., Liber, H. L., Behymer, T. D., Hites, R. A., and Thilly,
W. G. (1985) A human cell line sensitive to mutation by particle-
borne chemicals. Mutat. Res. 157, 71-75.

(26) Freedman, H. J., Parker, N. B., Marinello, A. J., Gurtoo, H. L.,
and Minowada, J. (1979) Induction, inhibition, and biological
properties of aryl hydrocarbon hydroxylase in a stable human
B-lymphocyte cell line, RPMI-1788. Cancer Res. 39, 4612-4619.

(27) Freedman, H. J., Gurtoo, H. L., Minowada, J., Paigen, B., and
Vaught, J. B. (1979) Aryl hydrocarbon hydroxylase in a stable
human B-lymphocyte cell line, RPMI-1788, cultured in the
absence of mitogen. Cancer Res. 39, 4605-4611.

(28) Crespi, C. L., and Thilly, W. G. (1984) Assay for gene mutation
in a human lymphoblast line, AHH-1, competent for xenobiotic
metabolism. Mutat. Res. 128, 221-230.

(29) Day, B. W., Doxtader, M. M., Rich, R. H., Skipper, P. L., Singh,
K., Dasari, R. R., and Tannenbaum, S. R. (1992) Human serum
albumin-benzo[a]pyrene anti-diol epoxide adduct structure elu-
cidation by fluorescence line narrowing spectroscopy. Chem. Res.
Toxicol. 5, 71-76.

(30) Weston, A. (1993) Physical methods for the detection of carcinogen-
DNA adducts in humans. Mutat. Res. 288, 19-29.

(31) Kriek, E., Rojas, M., Alexandrov, K., and Bartsch, H. (1998)
Polycyclic aromatic hydrocarbon-DNA adducts in humans: rel-
evance as biomarkers for exposure and cancer risk. Mutat. Res.
400, 215-231.

(32) Poirier, M. C., Santella, R. M., and Weston, A. (2000) Carcinogen
macromolecular adducts and their measurement. Carcinogenesis
21, 353-359.

(33) Rojas, M., Cascorbi, I., Alexandrov, K., Kriek, E., Auburtin, G.,
Mayer, L., Kopp-Schneider, A., Roots, I., and Bartsch, H. (2000)

Modulation of benzo[a]pyrene diolepoxide-DNA adduct levels in
human white blood cells by CYP1A1, GSTM1 and GSTT1 poly-
morphism. Carcinogenesis 21, 35-41.

(34) Pavanello, S., Favretto, D., Brugnone, F., Mastrangelo, G., Dal
Pra, G., and Clonfero, E. (1999) HPLC/fluorescence determination
of anti-BPDE-DNA adducts in mononuclear white blood cells from
PAH-exposed humans. Carcinogenesis 20, 431-435.

(35) Poirier, M. C. (1993) Antisera specific for carcinogen-DNA adducts
and carcinogen-modified DNA: applications for detection of
xenobiotics in biological samples. Mutat. Res. 288, 31-38.

(36) Poirier, M. C. (1994) Human exposure monitoring, dosimetry, and
cancer risk assessment: the use of antisera specific for carcinogen-
DNA adducts and carcinogen- modified DNA. Drug Metab. Rev.
26, 87-109.

(37) Randerath, K., and Randerath, E. (1994) 32P-postlabeling methods
for DNA adduct detection: overview and critical evaluation. Drug
Metab. Rev. 26, 67-85.

(38) Gupta, R. C., and Earley, K. (1988) 32P-adduct assay: comparative
recoveries of structurally diverse DNA adducts in the various
enhancement procedures. Carcinogenesis 9, 1687-1693.

(39) Gupta, R. C., Reddy, M. V., and Randerath, K. (1982) 32P-
postlabeling analysis of non-radioactive aromatic carcinogens
DNA adducts. Carcinogenesis 3, 1081-1092.

(40) Casale, G. P., Singhal, M., Bhattacharya, S., RamaNathan, R.,
Roberts, K. P., Barbacci, D. C., Zhao, J., Jankowiak, R., Gross,
M. L., Cavalieri, E. L., Small, G. J., Rennard, S. I., Mumford, J.
L., and Shen, M. (2001) Detection and quantification of depuri-
nated benzo[a]pyrene-adducted DNA bases in the urine of ciga-
rette smokers and women exposed to household coal smoke.
Chem. Res. Toxicol. 14, 192-201.

(41) Gangl, E. T., Turesky, R. J., and Vouros, P. (2001) Detection of
in vivo formed DNA adducts at the part-per-billion level by
capillary liquid chromatography/microelectrospray mass spec-
trometry. Anal. Chem. 73, 2397-2404.

(42) Soglia, J. R., Turesky, R. J., Paehler, A., and Vouros, P. (2001)
Quantification of the heterocyclic aromatic amine DNA adduct
N-(deoxyguanosin-8-yl)-2-amino-3-methylimidazo[4,5-f]quino-
line in livers of rats using capillary liquid chromatography/
microelectrospray mass spectrometry: a dose-response study.
Anal. Chem. 73, 2819-2827.

(43) Marzilli, L. A., Koertje, C., and Vouros, P. (2001) Capillary
electrophoresis-mass spectrometric analysis of DNA adducts.
Methods Mol. Biol. 163, 395-406.

(44) Chen, J., MacLeod, M. C., Zhao, R., and Geacintov, N. E. (1993)
Fluorescence HPLC methods for detecting benzo[a]pyrene-7,8-
dihydrodiol 9,10-oxide-deoxyadenosine adducts in enzyme-digests
of modified DNA: improved sensitivity. Carcinogenesis 14, 1049-
1051.

(45) Alexandrov, K., Rojas, M., Geneste, O., Castegnaro, M., Camus,
A. M., Petruzzelli, S., Giuntini, C., and Bartsch, H. (1992) An
improved fluorometric assay for dosimetry of benzo[a]pyrene diol-
epoxide-DNA adducts in smokers’ lung: comparisons with total
bulky adducts and aryl hydrocarbon hydroxylase activity. Cancer
Res. 52, 6248-6253.

(46) Roche, C. J., Zinger, D., Geacintov, N. E., and Harvey, R. G. (1985)
Enhancement of stability of 7 beta,8 alpha-dihydroxy-9 alpha
epoxybenzo[a]pyrene by complex formation with serum albumin.
Cancer Biochem. Biophys. 8, 35-40.

(47) Brauze, D., Mikstacka, R., and Baer-Dubowska, W. (1991) Forma-
tion and persistence of benzo[a]pyrenesDNA adducts in different
tissues of C57BL/10 and DBA/2 mice. Carcinogenesis 12, 1607-
1611.

(48) Venkatachalam, S., Denissenko, M., and Wani, A. A. (1995) DNA
repair in human cells: quantitative assessment of bulky anti-
BPDE- DNA adducts by non-competitive immunoassays. Car-
cinogenesis 16, 2029-2036.

(49) Nakayama, J., Yuspa, S. H., and Poirier, M. C. (1984) Benzo[a]-
pyrene-DNA adduct formation and removal in mouse epidermis
in vivo and in vitro: relationship of DNA binding to initiation of
skin carcinogenesis. Cancer Res. 44, 4087-4095.

(50) Walker, M. P., Jahnke, G. D., Snedeker, S. M., Gladen, B. C.,
Lucier, G. W., and DiAugustine, R. P. (1992) 32P-postlabeling
analysis of the formation and persistence of DNA adducts in
mammary glands of parous and nulliparous mice treated with
benzo[a]pyrene. Carcinogenesis 13, 2009-2015.

TX0255065

80 Chem. Res. Toxicol., Vol. 16, No. 1, 2003 Luo et al.


