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Polycyclic aromatic amines (arylamines) are a class of chemical carcinogens that are prevalent
in environmental and industrial settings. They are metabolically activated to covalently bond
to DNA, forming mutagenic adducts. In order to study the mechanisms of their toxicity,
sensitive and selective quantitative LC/MS/MS detection methods were developed to
measure the N-(adenin-8-yl)-benzidine adduct and N-(adenin-8-yl)-2-aminofluorene in total
DNA extract samples. A novel synthetic method using a palladium catalyst was previously
developed to prepare authentic and deuterated arylamine-adenine adducts to serve as
standards. These standards were then used to develop an HPLC electrospray ionization
tandem mass spectrometry, isotope dilution method. Sample detection limits in DNA samples
were 22 pg on-column and 51 pg on-column for the N-(adenin-8-yl)-benzidine- and N-(adenin-
8-yl)-2-aminofluorene-adenine adducts, respectively. This method has applications for the
study of DNA adduct formation as a biological marker of exposure to carcinogens and for
environmental and workplace monitoring of these aromatic amines. (J Am Soc Mass
Spectrom 2003, 14, 1057–1066) © 2003 American Society for Mass Spectrometry

Nitrogen-containing polycyclic aromatic hydro-
carbons (PAHs), including primary aromatic
amines, occur intermittently with other PAHs

that are ubiquitous in the environment and are preva-
lent in coal and its refined products [1]. They have been
used extensively in the dye, rubber, and plastics indus-
tries, and some can be found in tobacco smoke, or in
cooked food [2, 3]. Benzidine is used in the synthesis of
many types of dyes and is produced at a rate of �10
million pounds per year, almost entirely as captive use
[4]. Benzidine has been classified as a group A human
carcinogen by the Agency for Toxic substance and
Disease Registry (ATSDR) [5, 6] and the US Environ-
mental Protection Agency (EPA) lists benzidine as a
hazardous air pollutant in the Clean Air Act of 1990 [6].
Benzidine is primarily used in the production of dyes
for the leather, textile, and paper industries [5]. Health
effects occur with both chronic and acute exposure, and
range from dermal sensitivity to bladder cancer [4, 5].
2-Aminofluorene has also been widely studied in labo-
ratories, although not as extensively as benzidine with
regard to human exposures.
Arylamines are activated in vivo by a variety of

enzymes that convert the amine functionality into a
reactive nitrenium ion that has been implicated in the
covalent bonding to the nucleophilic sites of DNA to
form adducts [2, 3]. If these adducts are not repaired
they can cause base substitutions or deletions that can
lead to cancer [4]. The effects include formation of DNA
adducts and protein adducts, increased rates of sister
chromatid exchanges, lung, bladder and skin cancer,
transplacental transfer, premature ovarian failure, and
activation of the aromatic hydrocarbon receptors (AhR)
[7–14]. Numerous publications have shown that the
metabolic products of both 2-aminofluorene and benzi-
dine are mutagenic [15–21].
The detection of DNA adducts in tissues is an

analytical challenge. Their formation is rare and the
isolation of tissue DNA as a sample matrix dictates that
most samples will have low concentrations. Yet because
carcinogens have no threshold of safety for exposure
and exposure to a few molecules at the cellular level
may lead to mutational events at critical loci that can
ultimately be expressed as tumor formation which may
be potentially fatal, it is important to detect them at very
low frequencies (1 adduct in 107 normal nucleotides)
[22]. Not only do they need to be detected at low levels,
but also their rates of formation and repair need to be
studied, and the complete mechanism of their carcino-
genicity understood.
The detection of DNA adducts by high performance
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liquid chromatography (HPLC) electrospray ionization
(ESI) tandem mass spectrometry (MS/MS) offers sev-
eral advantages that other methods do not possess [22].
This method offers the advantages of not requiring
radioactive compounds, or hard to obtain antibodies. It
also provides specific qualitative information in the
form of molecular weights and characteristic fragmen-
tation. Aside from serving as a useful tool to study
adduct formation and the mechanisms of tumor initia-
tion, this method also measures direct evidence of
primary damage to DNA that measuring the tissue
concentration of the parent arylamines does not do.
Measuring DNA adducts themselves is thought to be a
more precise and reliable way to determine the risks
from carcinogen exposure [23, 24]. Consequently the
use of DNA adducts as biomarkers for risk assessment
and environmental monitoring is increasing [25].
In this paper we report the development of a quan-

titative HPLC/ESI/MS/MS isotope dilution method to
detect the presence of N-(adenin-8-yl)-benzidine ad-
ducts and N-(adenin-8-yl)-2-aminofluorene in total
DNA extracts from tissues. The ultimate goal of being
able to quantify these DNA adducts at physiologically
significant level of 1 adduct in 107 normal nucleotides
has been achieved.

Experimental

Reagents

The per-deutero- and non-labeled N-(adenin-8-yl)-2-
aminofluorene and N-(adenin-8-yl)-benzidine were
prepared using our new method of palladium catalysis
[26]. The specifics of the synthesis for the per-deutero
compounds are to be published in a separate manu-
script. C-18 Sep-Pak cartridges were purchased from
Waters (Milford, MA). The arylamines used in these
syntheses were 99�% pure reagents from Sigma (St.
Louis, MO). All solvents used for LC/MS and LC/
MS/MS analysis were HPLC grade from Fisher Scien-
tific (Itasca, IL).

HPLC

HPLC separation of aryl amine adducts was performed
on a Zorbax SB-CN reverse-phase column (250 � 4.6
mm, 5 �m) (MAC-MOD Analytical, Inc., Chadds Ford,
PA) using a Waters 2696 multi-solvent delivery system
equipped with a Waters 2487 dual wavelength UV
detector and an auto-injector. A flow rate of 1 ml/min.
used with a 1:1 split between the UV detector and
electrospray ionization (ESI) interface. Both mobile
phases (Solvent A � ultrapure water; Solvent B �
acetonitrile) contained 0.2% formic acid to assist in ESI
positive ionization. A linear gradient program was run
as follows: 0 min, 100% A; 5 min, 100% A; 25 min, 100%
B: 30 min, 100% B; 35 min, 100% A; 40 min, 100% A.

Mass Spectrometry

Mass spectrometry was performed on a Waters-Micro-
mass (Wythenshawe, UK) Quattro II triple-quadrupole
mass spectrometer using the ESI source in a Z-spray
configuration operating in the positive ion detection
mode. Tuning of the ionization source and optimization
of the MS/MS parameters were carried out using
non-labeled N-(adenin-8-yl)-2-aminofluorene and
N-(adenin-8-yl)-benzidine adducts, respectively. Stan-
dards (5ng/�L) were prepared in methanol containing
0.2% formic acid and infused into the mass spectrome-
ter with a Harvard syringe pump at a flow rate 10
�L/min. Full scan mass spectra of each arylamine
adduct standard were collected over a mass range of
m/z 110 to 400 at a scan rate of 1.2 scans per sec. and an
intra-scan time of 0.2 ms. After the ESI interface nitro-
gen gas (99.999% pure) flow for drying (250L/h) and
nebulizing (15L/h) and the probe temperature (125 °C)
were optimized, a tune of the source and ion optics was
performed on each arylamine adduct to maximize sen-
sitivity for each compound by monitoring the intensity
of the [M � H]� ion (m/z 318.2 for N-(adenin-8-yl)-
benzidine adduct, m/z 315.2 for N-(adenin-8-yl)-2-amin-
ofluorene adduct, respectively) over a 2.0 to 5.0 kV
range of capillary voltages in 0.2 kV increments. The
collision energy was then optimized by monitoring the
intensity of the most abundant daughter ions produced
from the fragmentation of each arylamine adduct par-
ent ion. In the collision energy optimization step, the
first quadrupole (Q1) of the mass spectrometer was set
to pass only the parent ion of each specific adduct or its
deuterated analog. Collisions were induced in the sec-
ond quadrupole region (Q2) with a gas cell pressure of
�2.5 � 10�3 mbar argon (99.999% pure), and a full scan
of daughter ion spectra were acquired by the third
quadrupole (Q3). Fragmentation of the N-(adenin-8-yl)-
benzidine adduct was monitored over collision voltages
from 0 to 125 V, and fragmentation of the N-(adenin-8-
yl)-2-aminofluorene adduct was monitored over volt-
ages from 0 to 155 V as it required a higher fragmenta-
tion energy.

Quantitative Analysis of DNA Adducts

For the quantitative analysis of the aryl amine adducts
a multiple reaction selected ion monitoring (SIM)
method was developed for each adduct and its corre-
sponding deuterium labeled internal standard. For the
N-(adenin-8-yl)-benzidine adduct, the transitions mon-
itored were m/z 318 to 169 and m/z 318 to 208, while for
the deuterated analog the transitions were m/z 326 to
175 and m/z 326 to 215. For the N-(adenin-8-yl)-2-
aminofluorene adduct, the transitions monitored were
m/z 315 to 166 and m/z 315 to 205, while for the
deuterated analog the transitions were m/z 324 to 173,
and m/z 324 to 205. A standard response ratio curve was
constructed by replicate (3) analyses of 10 �L injections
of standard solutions containing from 0.1 ng/�L, 0.2
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ng/�L, 0.4 ng/�L, 0.8 ng/�L, 1.6 ng/�L, and 3.2
ng/�L of adduct in DMSO. Each adduct standard also
contained 0.2 ng/�L of the corresponding deuterated
internal standard. The relative response curve was then
plotted for each arylamine adduct using the most
intense daughter ion (of m/z 318 to 169 versus m/z 326 to
175 ion intensities for N-(adenin-8-yl)-benzidine and
m/z 315 to 166 versus m/z 324 to 173 for N-(adenin-8-

yl)-2-aminofluorene). Blank injections both with and
without internal standard and with and without salmon
sperm DNA hydrolyzate were also analyzed to verify
that there was no cross contamination in the ion detec-
tion windows for either compound or for non-adducted
nucleotide bases in native DNA.
Two spike and recovery studies were performed to

assess method validity for total DNA tissue extract

Figure 1. (a) Electrospray ionization mass spectrum of the N-(adenin-8-yl)-benzidine adduct (insert)
and MS/MS daughter ion mass spectrum of the N-(adenin-8-yl)-benzidine adduct. (b) Electrospray
ionization mass spectrum of the N-(d8-adenin-8-yl)-benzidine DNA adduct (insert) and MS/MS
daughter ion mass spectrum of the N-(d8-adenin-8-yl)-benzidine adduct.
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analysis, adduct stability, and overall procedure effi-
ciency. Duplicate sets of samples were prepared by
spiking 15, 75, 150, and 300 ng of authentic standards
into separate test tubes containing 2.5 mL of 0.02 N HCl.
In the stability study, the solutions were then hydro-
lyzed for 1.5 h at 75 °C. After cooling, each sample was
neutralized to pH 7 with NaOH and then loaded on to
a C18 Sep-Pak cartridge that had been precleansed and
activated with 6 mL of acetonitrile followed by 6 mL of
ultrapure water. Each Sep-Pak was washed with 8 mL

of DI water and then eluted with 3 mL of methanol.
Each methanol eluent was then evaporated to dryness
under ultra-pure nitrogen and spiked with 30 ng of the
appropriate internal standard dissolved in 50 �L of
DMSO. The residue was then redissolved in 100 �L of
DMSO and analyzed by LC/MS/MS. Results were
compared to standards analyzed directly by LC/MS/
MS.
In the second spike and recovery study, the authentic

standards were spiked into separate test tubes contain-

Figure 2. (a) Electrospray ionization mass spectrum of the N-(adenin-8-yl)-2-aminofluorene DNA
adduct (insert) and MS/MS daughter ion mass spectrum of the N-(adenin-8-yl)-2-aminofluorene
adduct. (b) Electrospray ionization mass spectrum of the N-(d9-adenin-8-yl)-2-aminofluorene - DNA
adduct (insert) and MS/MS daughter ion mass spectrum of the N-(d9-adenin-8-yl)-2-aminofluorene
adduct.
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ing acid along with 4 mg of salmon sperm DNA. Each
sample was then spiked with 30 ng of the appropriate
internal standard. These solutions were then hydro-
lyzed for 1.0 h at 75 °C. After cooling, each sample was
processed as above with the residue redissolved in 150
�L of DMSO and analyzed by LC/MS/MS. The results
were again compared to standards analyzed directly by
LC/MS/MS.

Results and Discussion

Standard Characterization and Ionization
Optimization

The full-scan ESI mass spectra for the N-(adenin-8-yl)-
benzidine adduct, and its deuterated analog are pre-
sented in Figures 1a (insert) and b (insert), respectively.
The full-scan ESI mass spectra for the N-(adenin-8-yl)-

2-aminofluorene adduct, and its deuterated analog are
shown in Figure 2a (insert) and b (insert), respectively.
In all cases, the protonated [M � H]� molecular ion of
each adduct is clearly the most abundant ion. For
N-(adenin-8-yl)-benzidine and its deuterated analog,
these were m/z 318.2 and 326.3, respectively, while for
N-(adenin-8-yl)-2-aminofluorene and its deuterated an-
alog these were m/z 315.2 and 324.2. In the case of the
authentic C8-adenine adducts, it was the intensity of
this ion that was monitored in order to optimize ion-
ization. In addition to the [M � H] ions, a fairly intense
sodium adduct ion was also detected in each of the
parent compound adduct spectra (e.g., m/z 340.2 for the
N-(adenin-8-yl)-benzidine adduct and m/z 337.2 for
N-(adenin-8-yl)-2-aminofluorene adduct). This poten-
tial interference, which reduced sensitivity by reducing
the yield of the [M � H] ion for each compound, was
subsequently minimized by use of plastic lab ware for
sample preparation and storage.
In order to achieve the maximum sensitivity and

selectivity, it was necessary to optimize the MS/MS
conditions in order to produce the strongest signal for
detection. Two parameters that were critical to be
optimized were the capillary ionization voltage and the
collision voltage used to induce fragmentation. The
optimum ionization voltage for the N-(adenin-8-yl)-
benzidine adducts was found to be 3.2 kV, and that of
the N-(adenin-8-yl)-2-aminofluorene adduct was found
to be 3.0 kV. The results of the ionization study for the
N-(adenin-8-yl)-benzidine and N-(adenin-8-yl)-2-amin-

ofluorene adducts are shown in Figure 3. These opti-
mum voltages were utilized in all subsequent method
development steps. It is possible that at lower voltages
reduced sensitivity is due to incomplete sample ioniza-

Figure 3. The optimization of the ionization voltage for N-(ad-
enin-8-yl)-benzidine adduct and N-(adenin-8-yl)-2-aminofluorene
DNA adducts.

Figure 4. Optimization of collision voltages for the N-(adenin-8-
yl)-benzidine adduct and N-(adenin-8-yl)-2-aminoflurene DNA
adducts.

Structure 1

Structure 2
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tion in the ESI sources of the mass spectrometer, while
at higher voltages reduced sensitivity may be due to
sample decomposition or the creation of multiply
changed species.
In order to achieve maximum sensitivity in the

MS/MS mode for each adduct and its deuterated ana-
log, while confirmation of the identity of each adduct
was retained, the transition from its molecular ion to the
two most abundant characteristic daughter ions was
measured using multiple reaction-selected ion monitor-
ing. The optimum collision voltage to achieve this for
the N-(adenin-8-yl)-benzidine adducts was found to be
38 V (Figure 4). The ESI MS/MS mass spectrum of the
N-(adenin-8-yl)-benzidine adduct and its deuterated
analog at these optimized conditions are presented in
Figure 1a and b, respectively. Structures 1 and 2 show
the key fragments selected for quantification of the
authentic standard and the deuterated analog of N-
(adenin-8-yl)-benzidine.
The results of the N-(adenin-8-yl)-2-aminofluorene

adduct collision energy study are presented in Figure
4 and its optimum collision voltage was found to be
70 V. The ESI MS/MS mass spectrum of the N-
(adenin-8-yl)-2-aminofluorene adduct and its deuter-
ated analog under optimized conditions are shown in
Figure 2a and b, respectively. Structures 3 and 4 show
the key fragments selected for quantification of the
authentic standard and the deuterated analog for

2-aminofluoroene. The relatively large difference in
the collision energy required for fragmentation of
N-(adenin-8-yl)-benzidine versus N-(adenin-8-yl)-2-
aminofluorene adducts may be the result of stabili-
zation of the electron distribution in the extended
ring structure of the N-(adenin-8-yl)-2-aminofluorene

Structure 3

Structure 4

Table 1. N-(Adenin-8-yl)-benzidine adduct standard
calibration data

Ng adduct
on
column

Ng adduct
calculated

%
Accuracy

Average %
accuracy

�
standard
deviation

%
RSD

1.00 1.11 111
1.00 1.10 110 110 � 1.2 1.10
1.00 1.08 108

2.00 2.01 100
2.00 2.03 102 105 � 6.6 6.33
2.00 2.24 112

4.00 3.83 96
4.00 4.29 107 102 � 5.8 5.71
4.00 4.10 102

8.00 8.01 100
8.00 8.15 102 101 � 1.0 1.03
8.00 8.16 102

16.00 14.92 93
16.00 14.67 92 93 � 1.7 1.85
16.00 15.22 95

32.00 32.04 100
32.00 32.62 102 101 � 1.3 1.24
32.00 32.82 103

Table 2. N-(adenin-8-yl)-2-aminofluorene adduct standard
calibration data

Ng adduct
on
column

Ng adduct
calculated

%
Accuracy

Average %
accuracy

�
standard
deviation

%
RSD

1.00 0.93 93
1.00 0.89 89 93 � 4.2 4.49
1.00 0.97 97

2.00 2.13 106
2.00 1.89 95 102 � 6.2 6.06
2.00 2.08 104

4.00 4.18 105
4.00 3.91 98 101 � 3.5 3.46
4.00 4.01 100

8.00 8.52 106
8.00 8.35 104 106 � 1.1 1.04
8.00 8.45 106

16.00 16.42 103
16.00 16.35 102 100 � 3.5 3.45
16.00 15.22 95

32.00 31.36 98
32.00 31.89 100 100 � 1.5 1.49
32.00 32.31 101
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adduct compared with that of the single aromatic
ring in the N-(adenin-8-yl)-benzidine adduct.

Quantitative LC/MS/MS Detection Method

A calibration curve was prepared from triplicate runs of
authentic standard solutions over a range of 1 to 32 ng
(1, 2, 4, 8, 16, and 32 ng) of adduct on-column. Each
standard injection also contained a fixed quantity (2 ng
on column) of deuterated internal standard. The peak
height rather than its area was used for quantification as
more precise results were obtained in this mode and
fewer matrix interferences were observed in tissue
DNA samples.
The data used to construct the standard curve for the

N-(adenin-8-yl)-benzidine adducts is presented in Table
1. A linear response ratio versus concentration was
determined (y � 0.8324x � 0.1728) using the method of
least squares with a resulting R2 of 0.9981. The overall
accuracy for all concentrations tested ranged from 92 to
112%, with the percent relative standard deviation
ranging from 1.1 to 6.33%. The limit of detection was
calculated after repeated injections of 30 pg on-column
to be 22 pg (69 fmole) (signal-to-noise (S/N) � 3) and
the limit of quantification was 73 pg (230 fmole) (S/N�
10) [27]. The data used to construct the standard curve
for the N-(adenin-8-yl)-2-aminofluorene adducts is pre-
sented in Table 2. A linear response ratio versus con-

centration was determined (y� 0.5449x� 0.1454) using
the method of least squares with a resulting R2 of
0.9996. The overall accuracy for all standards tested
ranged from 89 to 106%, with the percent relative
standard deviation ranging from 1.04 to 6.06%. The
limit of detection was calculated after repeated injec-
tions of 60 pg on-column to be 51 pg (162 fmole) (S/N
� 3) and the limit of quantification was 171 pg (543
fmole) (S/N � 10).

Spike and Recovery Studies

In order to demonstrate the method validity, analyses
of total DNA extracts from tissue (salmon sperm),
adduct stability to acid hydrolysis and sample prepara-
tion steps, and overall procedural recovery efficiency
were measured. The first study determined the adduct
standards and deuterated standards stability to the
thermal acid hydrolysis conditions which exceeded
those typically used in the preparation of DNA hydro-
lysates from tissue samples (salmon sperm) and the
efficiency of recovery during the Sep-Pak C18 cartridge
clean-up step. The recovery of the N-(adenin-8-yl)-
benzidine adduct spike varied slightly ranging from
90–94% recovery, with an average of 92% (Table 3). The
recovery of the N-(adenin-8-yl)-2-aminofluorene ad-
duct spike also varied slightly ranging from 95–97%
recovery, with an average of 96% (Table 4). These data

Table 3. Stability during thermal hydrolysis of the
N-(Adenin-8-yl)-benzidine adduct

Ng Benzidine
Adduct Spike

Ng Benzidine
Adduct

Calculated
Recovery

(%)
Average
Recovery

1.00 0.90 90 91
1.00 0.91 91

5.00 4.69 94 93
5.00 4.58 92

10.00 9.21 92 91
10.00 8.98 90

20.00 18.21 91 92
20.00 18.44 92

Table 4. Stability during thermal hydrolysis of the
N-(adenin-8-yl)-2-aminofluorene adduct

Ng 2-Amino-
fluorene
Adduct
Spike

Ng 2-Amino-
fluorene
Adduct

Calculated
Recovery

(%)
Average
Recovery

1.00 0.96 96 97
1.00 0.97 97

5.00 4.75 95 96
5.00 4.81 96

10.00 9.69 97 96
10.00 9.48 95

20.00 19.24 96 96
20.00 19.07 95

Table 5. Recovery study of the N-(Adenin-8-yl)-benzidine
adduct from salmon DNA matrix

Ng Benzidine
Adduct Spike

Ng Benzidine
Adduct

Calculated
Recovery

(%)
Average
Recovery

1.00 0.96 96 98
1.00 0.99 99

5.00 5.31 106 108
5.00 5.49 110

10.00 10.18 102 108
10.00 11.43 114

20.00 21.36 107 106
20.00 20.95 105

Table 6. Recovery study of the N-(adenin-8-yl)-
2-aminofluorene adduct from salmon DNA

Ng 2-Amino-
fluorene
Adduct
Spike

Ng 2-Amino-
fluorene
Adduct

Calculated
Recovery

(%)
Average
Recovery

1.00 0.95 95 97
1.00 0.99 99

5.00 5.71 114 108
5.00 5.09 102

10.00 11.65 117 110
10.00 10.31 103

20.00 20.06 100 105
20.00 21.86 109
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indicate that there is a small loss in recovery due to
either the acid hydrolysis of the sample or the Sep-Pak
concentration step. This loss is relatively small (3–10%)
and appears to be very consistent. It was subsequently
shown that the losses here were due to small amounts
of adduct standards retained on the Sep-Pack at low
concentrations rather than thermal hydrolysis losses.
These losses were not observed when larger amounts of
total DNA hydrolyzates were passed through the Sep-
Packs as is observed in the next set of results.
The second spike and recovery study demonstrated

the effect of a biological matrix, in this case the salmon
tissue total DNA extract matrix, upon adduct recovery,
method accuracy and precision, and also determined if
any natural matrix interferences were present which
could bias results. The results for the total DNA extract
(salmon sperm tissue) spike and recovery experiment
were slightly improved over the stability/efficiency
study (Tables 5 and 6). Average recoveries were some-

what higher but were slightly more variable. The recov-
ery of the N-(adenin-8-yl)-benzidine adduct in the tis-
sue DNA samples ranged from 96–114% recovery, with
an average of 105%while the recovery of the N-(adenin-
8-yl)-2-aminofluorene adduct in the tissue DNA sam-
ples ranged from 95–117% recovery with an average
recovery of 105%.
This improved recovery observed is most likely

due to one primary factor. Since the internal stan-
dards underwent the entire sample preparation pro-
cedure along with the non-labeled authentic adduct
spike, any material that was lost would be propor-
tional to the amount of the internal standard also lost
thus making it possible to correct for these errors.
Because the recovery was over 100% in some cases it
is also likely that the larger amounts of total nucleo-
tides being handled reduced non-specific binding of
analytes to lab ware.
Representative chromatograms of tissue DNA blank

Figure 5. Representative mass chromatograms for the salmon sperm blank and spike/recovery
samples. In each pair, the top chromatogram is the authentic spike response and the bottom
chromatogram is the internal standard response. (a)Benzidine adducts salmon sperm DNA blank, (b)
1 ng N-(adenin-8-yl)-benzidine adduct spike, (c) 2-aminofluorene salmon sperm DNA blank, (d) 1 ng
N-(adenin-8-yl)-2-aminofluorene spike
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and 1 ng adduct spikes in DNA samples are presented
in Figure 5.
Tandem mass spectrometry has been utilized to

identify and quantify the N-acetylamino metabolite
adducts of both 2-aminofluorene and benzidine. Lak-
shmi and coworkers [28, 29] utilized an ESI tandem
mass spectral method for analysis of N-acetylamino-
benzidine guanine adducts to confirm the identity of
adducts detected through P32-postlabelling but not for
quantitative analysis. Wolf and Vouros [30, 31] devel-
oped a capillary electrophoresis tandem mass spectro-
metric method for quantification of N-acetyl amino-
fluorene N2- and C8-guanine adducts formed in vitro
with calf thymus DNA. They reported detection limits
for these adducts in the range of 50 fmole on-column.
Thus, the potential for quantification of this and other
classes of bulky DNA adduct-forming compounds us-
ing LC/MS/MS methods seems great. This paper is the
first report of quantification of the non-acetylated ad-
ducts of these two amines with adenine.

Conclusion

In conclusion, a sensitive, selective method for the
detection of N-(adenin-8-yl)-benzidine and N-(adenin-
8-yl)-2-aminofluorene-C8-adenine adducts in DNA was
developed. The average limit of detection was �100
fmole which would correspond to one adduct detected
in �6 � 107 bases from a 4 mg DNA sample, which is
well within physiologically and toxicologically relevant
levels. The sample preparation and analysis procedure
yielded an average overall recovery of 105%. Injection
of volumes of extracted DNA hydrolyzates greater than
10 �L (e.g., 20–50 �L) could yield even lower detection
limits but could incur added interferences from matrix
effects.
This method is applicable for quantifying N-(adenin-

8-yl)-benzidine adducts and N-(adenin-8-yl)-2-amin-
ofluorene from in vitro and in vivo studies. It is
currently being utilized to correlate arylamine expo-
sures to adduct formation frequencies, and to investi-
gate the kinetics of adduct formation and repair. The
method could also be used as a diagnostic method to
screen for DNA damage in environmental and indus-
trial settings where these compounds are present. By
slightly changing the multiple reaction selected ion
monitoring parameters in the mass spectrometer, this
method could be modified to detect other arylamine
adduct isomers, though quantification would not be as
precise without the use of synthesized authentic isomer
standards. This analytical method has numerous appli-
cations for future studies in this field.
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