
Journal of Chromatography A, 1067 (2005) 181–190

Enhanced sensitivity for the determination of ambiphilic
polyaromatic amines by LC–MS/MS after acetylation

Ellen Straube, Wolfgang Dekant, Wolfgang Völkel∗

Department of Toxicology, University of W¨urzburg, Versbacher Strasse 9, D-97078 W¨urzburg, Germany

Available online 27 January 2005

Abstract

A new method for the analysis of aminonitropyrenes and diaminopyrenes was developed for urine and hemoglobin samples using
LC–MS/MS. A good separation by LC was only achieved after derivatization of the amino group, which also increased sensitivity to a
limit of detection (LOD) of 0.1 pg (on column) for diaminopyrene and 5 pg for aminonitropyrene using electrospray ionization (ESI). Com-
pared to a derivatization with pentafluorobenzoyl chloride yielding only one sensitive MS/MS transition, acetylation offers the advantages
of a higher selectivity with two sensitive MS/MS transitions and the possibility of a direct detection of acetylated aminonitropyrenes and
diaminopyrenes formed metabolically in vivo. Acetylated diaminopyrene was detected in urine and after hydrolysis of the corresponding
h od based
o M
w LOD.
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emoglobin adducts followed by acetylation in blood samples of rats after administration of dinitropyrene but not in controls. A meth
n GC–MS with negative chemical ionization of the electrophore labelled metabolites was non-selective since only one major ion [− HF]−

as formed and some isobaric peaks were observed preventing unequivocal analyte identification at concentrations close to the
2005 Elsevier B.V. All rights reserved.
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. Introduction

Many polyaromatic amines and nitroaromatics are sus-
ected or known human carcinogens[1] and dinitropyrenes
re among the most potent mutagens tested[2]. The only rel-
vant source of human exposure to dinitropyrenes seems to
e diesel engine exhaust since dinitropyrenes have not been
bserved in tobacco smoke or fried food despite of the use
f sensitive methods. After resorption, polyaromatic amines
nd nitroaromatics are metabolically activated to nitroso

ntermediates or hydroxylamines forming covalent adducts
ith hemoglobin[3,4] or with DNA [5]. Complete enzymatic

eduction of nitroarenes leads to amines[6]. Sensitive and se-
ective quantitation methods for biomarkers of human expo-
ure to diesel engine emissions are required for a refined risk
ssessment. Mainly gas chromatography coupled to negative
hemical ionization mass spectrometry (GC–NCI-MS) after
erivatization has been used for the detection of polyaromatic

∗ Corresponding author. Tel.: +49 931 201 48432;
ax: +49 931 201 48865.

amines in aqueous matrices, e.g. in wastewater or after re
from hemoglobin adducts by alkaline hydrolysis[7,8].

In aqueous matrices like urine and blood, hardly any s
ple workup is required when using a method based on
uid chromatography coupled to triple quadrupole mass s
trometry (LC–MS/MS) resulting in faster and more rep
ducible methods as compared to GC–MS methods[9]. In
addition, the use of LC–MS/MS offers highly selective a
lyte identification in complex matrices[10]. Although com
pounds with basic amino groups should be effectively ion
by electrospray ionization (ESI), only few LC–MS meth
have been published for primary aromatic amines[11,12].
Some methods are described for the measurement of h
cyclic aromatic amines found as food contamination b
on LC–MS/MS[13]. Furthermore, the use of atmosphe
pressure chemical ionization (APCI) and especially at
spheric pressure photoionization (APPI) sources use
more lipophilic compounds like steroids may be an a
native ionization method for aromatic amines as previo
described[14,15]. In combination with a derivatization of th
ambiphilic diaminopyrenes and aminonitropyrenes, diffi
E-mail address:voelkel@toxi.uni-wuerzburg.de (W. V̈olkel). chromatographic behavior such as peak tailing on common
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reversed-phase LC columns can be overcome as described for
biogenic amines using 7-fluoro-4-nitrobenzoxy-diazole for
derivatization[16]. Additionally ion-pairing compounds may
be useful to get a well resolved separation, but ion-pairing
reagents often suppress the ionization of the analytes in ESI
as described for heptafluorobutyric acid[17]. The acetyla-
tion of amines is a well known metabolic pathway and many
acetylated amines were detected in urine of humans exposed
to corresponding amines. Therefore, sensitivity and preci-
sion were tested for ESI, APCI, and APPI sources with or
without derivatization and a method for the quantification of
diaminopyrene or aminonitropyrene as acetylated derivatives
in urine and after alkaline hydrolysis from hemoglobin of rats
treated with dinitropyrene was developed.

2. Experimental

2.1. Instrumentation

LC–MS/MS was carried out with an Agilent 1100 au-
tosampler and an Agilent 1100 LC system (Agilent Technolo-
gies, Waldbronn, Germany) coupled to an API 3000 triple
stage quadrupole mass spectrometer equipped with a Turbo
Ionspray (TIS), APCI or APPI source (Applied Biosystems,
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spectra taking into account a mass shift of 9 amu were
identical.

2.4. Derivatization

After optimization of derivatization time and temperature,
analytical standards (50�g) were acetylated by addition of
200�L acetic anhydride at 60◦C for 30 min. Pentafluoroben-
zoylation was performed by addition of 100�L pentafluo-
robenzoyl chloride to a solution of 50�g analyte in 200�L
acetonitrile. Solvent was evaporated under a gentle stream
of nitrogen, standards were dissolved in 1 mL of acetonitrile
and stored at−20◦C. Working solutions were prepared by
dilution with LC buffer solution and acetonitrile (1:1, v/v).

For GC–NCI-MS, samples were conjugated with pentaflu-
oropropionic anhydride in the presence of triethylamine in
toluene at 50◦C for 15 min. The reaction was stopped by the
addition of water and ammonia (5%). The organic phase was
dried with sodium sulfate and either evaporated to dryness or
directly injected.

2.5. General optimization of LC–MS/MS parameters

For diaminopyrene isomers, aminonitropyrene isomers,
1-aminopyrene and d9-1-aminopyrene, ionization and frag-
mentation patterns were examined by infusion experiments
i za-
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armstadt, Germany). For GC–MS measurements, a
SD (5973) equipped with a NCI source and a tempera
rogrammable inlet with solvent vent function was used (

lent).

.2. Reagents

1,3-, 1,6-, and 1,8-Diaminopyrene (DAP) were obtai
rom Tokyo Kasai Kogyo Co. (Tokyo, Japan). 1,6- and
minonitropyrene (ANP) were a kind gift of Dr. Basu (D
artment of Chemistry, University of Connecticut, Storrs,
SA). A mixture of dinitropyrene isomers was synthesi
s described by Hashimoto and Shudo[18]. 1-Aminopyrene
AP) was from Aldrich (Taufkirchen, Germany) and d9-1-
itropyrene was from Dr. Ehrenstorfer (Augsburg, Germa

.3. Synthesis of d9-1-aminopyrene

d9-1-Aminopyrene (d9-1-AP) was prepared by reducti
f d9-1-nitropyrene (20 mg) with hydrazine hydrate (400�L)
nd Pd/C (10 mg) in 50 mL ethanol (96%) at 90◦C for 2 h fol-

owed by purification with a SepPak C18 (300 mg, Wat
schborn, Germany) solid phase extraction (SPE) cartr
he reaction mixture was diluted with four volumes of w

er and applied to the SPE cartridge, which had been
ashed with acetonitrile and water. After application of

eaction mixture, the cartridge was washed with water
9-1-aminopyrene was eluted with ethanol (96%, 3 mL).
dentity of d9-1-aminopyrene was confirmed based upon
V and LC–MS/MS analyses with ESI using 1-aminopyr
s reference. Retention times, UV spectra, and produc
nto the different sources with or without prior derivati
ion. MS parameters such as declustering potential (D
ollision energy (CE) were optimized with the “quantitat
ptimization” function of analyst 1.3.1 or 1.3.2. A syrin
ump was used to provide a constant analyte infusion int
C eluent (300�L/min) via a T-connection. Analyte conce

rations were chosen in the range of 1–100 ng/�L to obtain
constant signal in the Q1 scan mode. Since severe

istortion was observed for non-derivatized diaminopy
uring LC, several different stationary phases and mo
hase buffers were tested. The conditions used for ce
pplications are given in further detail as indicated. LO
OQs, and instrument precision were determined usin

uted standard solutions.

.6. GC–NCI-MS analysis

A method for the analysis of aromatic amines relea
rom hemoglobin adducts was applied with minor modifi
ions [19]. Using an injection volume of 20�L and solven
ent by helium (temperature gradient: 105◦C for 0.62 min
600◦C/min until 320◦C), separation was performed o
P5-MS column (30 m× 0.25 mm× 0.25�m) with helium
s carrier gas at a flow rate of 1 mL/min (oven tempera
0◦C for 1 min; 25◦C/min until 320◦C; 320◦C for 5 min).

ons were detected in the single ion monitoring mode w
CI source temperature of 240◦C and methane as reacta
as. The following ions were monitored: d9-1-aminopyren
/z352 [M− H–F]−, 1-aminopyrenem/z343 [M− H–F]−,
iaminopyrenem/z504 [M− H–F]−, aminonitropyrenem/z
08 [M]− andm/z358 [M− H–CF3]−.
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Table 1
MS/MS transitions for LC–MS/MS analysis with ESI of acetylated analytes
in biological matrix

Compound Transitionm/z DP (V) CE (V)

Doubly acetylated DAP (quantifier) 317.3→ 217.1 50 50
Doubly acetylated DAP (qualifier) 317.3→ 232.3 50 40
Singly acetylated DAP (quantifier) 275.2→ 217.2 30 30
Singly acetylated DAP (qualifier) 275.2→ 232.2 30 30
Singly acetylated ANP (quantifier) 305.3→ 216.1 60 50
Singly acetylated ANP (qualifier) 305.3→ 246.3 60 35
1-AP (quantifier) 260.1→ 218.1 71 33
1-AP (qualifier) 260.1→ 201.1 71 47
d9-1-AP (quantifier) 269.1→ 227.1 71 33
d9-1-AP (qualifier) 269.1→ 210.1 71 47

DAP: diaminopyrene, ANP: aminonitropyrene, 1-AP: 1-aminopyrene, DP:
declustering potential, CE: collision energy.

2.7. Administration of dinitropyrene to rats

Rats were dosed with a dinitropyrene mixture (3.5 mg/kg
b.w.) in tricaprylin by gavage. Urine was collected from 0
to 12 h after treatment and stored at−20◦C until further
analysis. Prior to LC–MS/MS analysis, proteins and parti-
cles were removed by centrifugation (128 000×g, 30 min,
4◦C) and 10�L of the supernatants were injected after addi-
tion of d9-1-aminopyrene as internal standard (10 pg/10�L
final concentration). Analytes (acetylated DAP and acety-
lated ANP) were identified usingm/z275.2→m/z217.2 and
m/z 305.3→m/z 216.1 as quantifier andm/z 275.2→m/z
232.2 andm/z 305.3→m/z 246.3 as qualifier (Table 1).
A calibration curve from 0.1 to 50 pg/10�L and from 1
to 500 pg/10�L for diaminopyrene and aminonitropyrene,
respectively (d9-1-aminopyrene 10 pg/10�L) was used for
comparison of retention times and quantitation. Urine from
control animals was spiked with standards to evaluate recov-
ery and precision.

For the determination of hemoglobin adducts, animals
dosed with dinitropyrene (20 mg/kg b.w.) were sacrificed
by CO2 asphyxiation and blood samples were collected by
cardiac puncture 24 h after treatment. Red blood cells were
separated from plasma by centrifugation, hemoglobin was
prepared according to the method of Riedel et al.[20] and
s ◦ of
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acetic anhydride was allowed to react with water (1 mL) and
prior to vigorous mixing, 5% aqueous NH3 (25%, v/v) in wa-
ter (1 mL) was added. The organic phase was evaporated to
dryness by vacuum centrifugation, the sample was dissolved
in 200�L LC buffer (50% 5 mM ammonium acetate pH 3
in acetonitrile, v/v) and stored at−20◦C until LC–MS/MS
analysis.

The injection volume was 10�L, LC separation was ac-
complished on an Atlantis C18 column (100 mm× 2 mm,
5�m, Waters, Eschborn, Germany). Gradient elution with
a flow of 350�L/min and 5 mM ammonium acetate pH 3
(solvent A) and acetonitrile (solvent B) was carried out us-
ing the following conditions: 5–30% B in 1 min, 30–60% B
in 12 min, 60–98% B in 2 min, 98% B for 0.5 min, 98–5%
B in 1 min, 5% B for 3.5 min. Electrospray ionization in the
positive ion mode was carried out using nitrogen as nebuliz-
ing and curtain gas (NEB 10, CUR 8), a source temperature
of 450◦C and an ion spray voltage of 4000 V. Two specific
transitions for each analyte with dwell times of 200 ms were
monitored in the MRM mode using nitrogen as collision gas
(CAD 4) (Table 1).

3. Results and discussion
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tored at−20 C until further analysis. After the addition
9-1-aminopyrene (1 ng/10�L), alkaline hydrolysis was ca
ied out by sonicating hemoglobin (100 mg) dissolved in
aOH (0.01% SDS) (5 mL) for 1 h at room temperature.

er centrifugation (5 min, 1500×g), samples were applied
ASIS MCX SPE cartridge (150 mg, 6 cm3) prewashed wit
cetonitrile (2 mL), 0.1N HCl (2 mL) and 1N HCl (2 mL
he cartridges were washed with 1N HCl (2 mL), metha
2 mL), and acetonitrile (2 mL) and analytes were eluted
% aqueous NH3 (25%, v/v) in acetonitrile (5 mL). Toluen
nd water (1 mL each) were added and the mixture was v
usly shaken for 1 min. For acetylation, the organic phase
ried with anhydrous Na2SO4, mixed with 0.5 M triethyl-
mine in toluene (200�L) and acetic anhydride (200�L),
nd the reaction was carried out at 60◦C for 30 min. Exces
.1. Gas chromatography–mass spectrometry

A method established for the analysis of other arom
mines released from hemoglobin adducts was slightly m

fied [19]. Using a solvent vent by helium enabled the in
ion of a larger volume (20�L) yet providing narrow peak
nd thus high signal to noise ratios. The HP5-MS col
sed, showed reduced signal tailing compared to other
olumns. This might be attributed to its neutral proper
hereas other DB5 columns frequently show acidic cha

eristics [21,22]. Compared to GC columns especially
igned for amine separation like Rtx®-5 Amine [23], HP5-
S can be used at higher oven temperatures, which
dvantage for the analysis of high-molecular-weight ch

cals with low volatility. The source temperature of 240◦C
as unusually high for NCI but a reduced signal tailing in
ource was achieved (data not shown). For diaminopy
-aminopyrene, and d9-1-aminopyrene the most intense io
ere [M− H–F]− ions. For aminonitropyrene, however,m/z
08 [M]− andm/z358 [M− H–CF3]− were more abundan
oth fragmentations are typical for fluorinated compou

12]. A typical GC–NCI-MS chromatogram is given inFig. 1.
C–MS analysis resulted in low LODs below 2 pg on c
mn.

.2. Liquid chromatography–mass spectrometry

.2.1. Derivatization
Derivatization of primary amines may improve the

roperties of the analytes due to a better resolution in co
ation with reduced tailing of the signals[24]. Additionally,



184 E. Straube et al. / J. Chromatogr. A 1067 (2005) 181–190

Fig. 1. GC–NCI-MS chromatogram for analyte standards after pentafluoro-
propionylation, 20�L injected, concentration of all analytes: 100 fg/�L.

formed product ions can be used for unequivocal identifica-
tion if a tandem mass spectrometer is used as detector[25].
These benefits may result in an increase of sensitivity[25,26].
The conjugation with pentafluorobenzoylchloride was se-
lected since the pentafluorobenzoyl moiety enables the use
of APCI in combination with an electron-capture ionization
mechanism known for highest sensitivity in GC-NCI–MS
and LC-APCI–MS/MS[27,28].

Acetylation of hydroxy, amino, and acidic CH groups
is a well known biotransformation pathway and acetylated
amines are frequently observed in urine of humans ex-
posed to amines and nitroaromatics[6]. Therefore, instru-
mental method development for acetylated amines would
be of advantage. Derivatization conditions for acetylation
were optimized to 60◦C and 30 min due to the formation
of triply acetylated diaminopyrenes at higher temperatures
or decreased derivatization efficiency for aminonitropyrene
at lower temperatures.

3.2.2. Ionization and fragmentation
3.2.2.1. Ionization.Precursor ions for 1-aminopyrene,
aminonitropyrene, diaminopyrene, and their acetylated and
pentafluorobenzoylated derivatives after ESI, APCI or APPI
are summarized inTable 2. In the positive ion mode, proto-
nation was the major ionization mechanism for 1-AP, ANP,
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xplained by an electrolytic oxidation due to charge bal
equirements[29] or doubly charged dimers. In the nega
on mode, deprotonated precursor ions were observed
ll sources applied.

After derivatization with pentafluorobenzoylchloride,
nly compound related ions observed for the monofunct
olecules 1-aminopyrene and aminonitropyrene werem/z
67 [C6F5

•]− and, with lower intensity, [M− H]− after neg
tive ionization. The dissociation could not be prevente
educing the declustering potential. No [M− PFB]− was ob-
erved as precursor ion which has been described as dis
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tive electron capture atmospheric pressure chemical ioniza-
tion MS for hydroxylated polyaromatic hydrocarbons[28].
Deprotonation and electron capture are competing mecha-
nisms and deprotonation may predominate when acidic hy-
drogen atoms are present[30]. This is in accordance with the
occurrence of [M− H]− for secondary amines produced by
pentafluorobenzoylation of polyaromatic amines.

3.2.2.2. Fragmentation.For aromatic amines such as 4-
chloroaniline, 1-aminopyrene, aminonitropyrene or di-
aminopyrene, a typical constant neutral loss (CNL) of 18 amu
(CNL of NH3) was observed upon collision induced frag-
mentation experiments using a triple quadrupole mass spec-
trometer as described for 4-aminobiphenyl[12]. In complex
samples from biological matrix, this transition might be con-
fused with the unspecific loss of water or hydroxyl radical
observed for many oxygen containing substances[31]. In
addition to the loss of 17 or 18 amu after collision induced
dissociation with nitrogen, a fragment ion [M− 28]+ corre-
sponding to a loss of CNH2 typical for aromatic amines
with a relatively low intensity was observed for diaminopy-
rene (Table 2). The observed differences in fragmentation
patterns of diaminopyrene isomers with and without deriva-
tization (Table 2) and after pentafluorobenzoylation (data not
shown) in the positive ion mode may be explained by dif-
f ting
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rene. Ultra pure, extensively endcapped or polar modified
columns showed an acceptable chromatographic separation
and peak shapes only during the first few separations for di-
aminopyrene. This might be attributed to a decomposition of
silica based LC column material by the LC buffers used which
results in chemically modified silanol groups[33]. The use of
polymeric type LC columns improved chromatographic be-
havior of diaminopyrene in relation to aminonitropyrene and
1-aminopyrene but lower theoretical plate numbers reduced
resolution and may be responsible for peak widths of up to
2 min.

Trifluoroacetic acid (0.1%), 5 mM ammonium acetate pH
2, pH 2.5, pH 3, and pH 3.5, 0.1% formic acid, water, 5 mM
ammonium bicarbonate pH 10.5, 50 mM ammonium acetate
pH 3 were used as polar mobile phase constituents, ace-
tonitrile and acetonitrile with isopropanol as unpolar mobile
phase constituents. Chromatographic behavior of aminoni-
tropyrene and 1-aminopyrene was sufficient using most of
these buffers but diaminopyrenes could not be separated with
acceptable peak shapes.

An improved chromatographic behavior could be
achieved for acetylated and pentafluorobenzyolated di-
aminopyrenes. The formation of amides which do not interact
with silanol residues to the same extent as primary amines
may explain this effect. In comparison to acetylation, the large
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erent abilities for resonance stabilization of the resul
ation due too- or p-positioned substituents. In the ne
ive ion mode, the only observed yet very sensitive ion
uced by collision induced fragmentation for monofunctio
mines after pentafluorobenzoylation wasm/z167 [C6F5

•]−.
or the bifunctional amine diaminopyrene, a loss of 168

M − H–C6F5H]− was additionally observed.
None of the fragments of derivatized analytes migh

onfused with an unspecific loss of H2O yielding a more
nequivocal and specific identification in complex biolo
al matrix. For diaminopyrene isomers, acetylation yie
wo sensitive SRM transitions to be used for quantifica
quantifier) and confirmation of analyte identity (qualifi
hereas only one sensitive transition was observed wi
erivatization (Fig. 2).

Based upon results from “quantitative optimization” d
ng infusion experiments, analyses of acetylated and pri
mines in the positive ion mode, and that of pentafluoro
oylated amines in the negative ion mode were more sen
fter “quantitative optimization” compared to vice versa i

zation mode.

.2.3. Liquid chromatography
Strong peak tailing upon liquid chromatography of

ary amines is a well known phenomenon, which has
ulted in the development of new LC materials such as
ar modified phases[32]. Several LC columns (Synergi H
ro, Atlantis C18, XTerra C18, Luna C8, Symmetry Sh
8, YMC Aqua, Hypersil BDS C8, ReproSil-Pur 120 C
nd Reprogel) were tested. Traditional C18 columns an
olumns showed unacceptable peak shapes for diami
ubstituent C6F5 makes the molecule more lipophilic resu
ng in the lowest LOD since C6F5 shields the secondary ami

ore effectively to be less prone to unwanted silanol–am
nteractions on silica based LC columns than an amide
smaller substituent. In addition, the more lipophilic ana
lutes at a higher organic solvent rate which results in a
fficient solvent evaporation with better ionization efficien
nd therefore, a higher sensitivity.

.3. Comparison of different analytical techniques

LODs and precision for the LC–MS/MS measuremen
tandard solutions of derivatized and non-derivatized
ytes using ESI, APCI, and APPI were compared to th
btained by GC–NCI-MS (Table 3). In analyses of unmod
ed diaminopyrenes in concentrations of 50 pg/10�L, peak
ntensities were similar to those observed with acetylate
minopyrenes. Due to a more than linear decrease in s

ivity observed below concentrations of 10 pg/10�L as de-
cribed previously[15], the signal to noise ratio of ace
ated diaminopyrene isomers was significantly higher
ulting in lower LODs (Fig. 3). The lowest LODs with
C–MS/MS were obtained detecting pentafluorobenzoyl
tandards with APCI. As described above, dissociation o
entafluorobenzoylated precursor ion readily occurs in

erent sources with the lowest dissociation in APCI giv
he lowest LOD.

After analyte derivatization with pentafluorobenzoyl ch
ide in biological matrix, an intensive, but tailing signal w
bserved in the SRM transitions of all analytes. This in
ive and strongly tailing signal coeluted with the analy
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Fig. 2. ESI product ion spectra of 1,6-diaminopyrene: (A) without derivatization; (B) after acetylation; (C) APCI product ion spectrum of 1,6-diaminopyrene
after pentafluorobenzolyation.

which resulted in a decrease in signal to noise ratio as well as
a distortion of the analyte peak shape. The signal could not be
identified by precursor ion scan or Q1 scan experiments and
the elimination was not achieved by further sample clean-up
steps after derivatization. Again, this indicated the lack of
selectivity of the fragment ionm/z167. Therefore, pentaflu-
orobenzoylation was neglected for the analysis of biological
samples.

Electrospray ionization of acetylated diaminopyrene gave
highest sensitivity (Table 3) due to the fact that the analyte
is protonated in the liquid phase during ESI and no transfer
to the gas phase is required as for APCI and APPI. This is
supported by the highest sensitivity for electrospray ioniza-

tion obtained with an acidic buffer (5 mM ammonium ac-
etate, pH 3). In contrast, APCI and APPI were more sensi-
tive using pure water as polar solvent. Because of a more
efficient transfer to the gas phase due to its lower polarity,
acetylated aminonitropyrene was detected with highest sen-
sitivity by APPI. The higher ESI sensitivity of acetylated
diaminopyrenes compared to aminonitropyrene is explained
by the presence of two basic secondary amino groups mak-
ing protonation efficient for diaminopyrene. ESI sensitivity of
aminonitropyrene however, is decreased by the electron with-
drawing capacities of the nitro group. This method resulted
in LODs of 0.1 and 5 pg on column and a precision of 5%
and 7% for diaminopyrene and aminonitropyrene isomers,
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Table 3
Comparison of LODs (pg/10�L on column for S/N = 3), precision and linearity for instrumental analysis of standards

Derivatization ESI APCI APPI GC/MS

None Acetylation PFBCl None Acetylation PFBCl None Acetylation PFBCl PFPA

1,6-DAP
LOD n.d. 0.1 n.d. 5 1 n.d. n.d. 1 n.d.
Precision (%) at (× pg) n.d. 5 30 n.d. n.d. 8 10 n.d. n.d. 4 (n= 6) 10 n.d.
Linearity (R2) n.d. 0.3–1000 (0.997) n.d. n.d. 1–1000 (1.0) n.d. n.d. 1–1000 (0.996) n.d.

1,8-DAP
LOD n.d. 0.1 0.3 n.d. 1 1 n.d. 1 1 <1
Precision (%) at (× pg) n.d. 4 30 3 (n= 4) 30 n.d. 16 10 n.d. n.d. 9 (n= 6) 10 7 (n= 6) 30
Linearity (R2) n.d. 0.3–1000 (0.996) 0.3–100 (0.992) n.d. 1–1000 (1.0) n.d. n.d. 1–1000 (0.997) 1–300 (0.999)

1,3-DAP
LOD n.d. 0.5 1 5 1 0.1 n.d. 1 n.d.
Precision (%) at (× pg) n.d. 5 30 5 (n= 4) 30 n.d. 12 10 n.d. n.d. 8 (n= 6) 10 n.d.
Linearity (R2) n.d. 0.3–1000 (0.996) 1–300 (0.993) n.d. 1–1000 (1.0) n.d. n.d. 1–1000 (0.991) n.d.

1,6-ANP
LOD n.d. 5 n.d. 0.1 1 0.1 0.2 n.d. n.d.
Precision (%) at (× pg) n.d. 10 30 n.d. 4 10 7 100 n.d. 8 n.d. n.d.
Linearity (R2) n.d. 1–1000 (0.979) n.d. 0.1–1000 (0.999) 1–1000 (0.993) n.d. n.d. n.d. n.d.

1,8-ANP
LOD 5 5 1 0.3 1 n.d. 0.3 1 <1
Precision (%) at (× pg) 8 20 7 30 2 (n= 4) 30 7 10 5 100 n.d. 11 (n= 6) 10 4 (n= 6) 30

1–300 (0.998) 0.3–1000 (0.999) 1–1000 (0.992) n.d. 0.3–300 (0.993) 3–300 (0.998)
Linearity (R2) 5–100 (0.997) 1–1000 (0.969)
–
1
9
0

187

1-AP
LOD 5 (2.1) 1 n.d. 1 0.3 0.1 n.d. 1 n.d. <1
Precision (%) at (× pg) 12 20 5 30 n.d. 11 10 7 10 n.d. n.d. 7 (n= 6) 10 n.d.
Linearity (R2) 5–100 (0.996) 1–1000 (0.995) n.d. 1–1000 (0.999) 0.3–1000 (1.0) n.d. n.d. 1–300 (0.997) n.d.

d9-1-AP
LOD n.d. n.d. 0.3 1 1 n.d. n.d. 1 0.3
Precision (%) at (× pg) n.d. n.d. 3 (n= 4) 30 12 10 10 10 n.d. n.d. 6 (n= 6) 10 2 (n= 6) 30
Linearity (R2) n.d. n.d. 0.3–300 (0.997) 3–1000 (0.999) 1–1000 (1.0) n.d. n.d. 1–300 (0.997) 0.3–1000 (0.990)

If not specifically indicated, precision was determined by 20 consecutive injections of the same sample. Linearity was determined in duplicate. For each source and analyte, optimized conditions were used as
described. DAP: diaminopyrene, ANP: aminonitropyrene, 1-AP: 1-aminopyrene, n.d.: not determined.
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Fig. 3. Comparison of LC–MS/MS chromatograms with ESI for acetylated
or non-acetylated diaminopyrene isomers (gradient elution with ammonium
bicarbonate (5 mM, pH 10.5) and acetonitrile on a Waters XTerra® MS C18

column 50 mm× 2.1 mm, 2.5�m); (A) 10 pg and (B) 50 pg of each isomer
were injected directly or after dervatization.

respectively, and was used for the determination for urinary
levels ofN-acetylated diaminopyrene isomers and the levels
of hemoglobin adducts in rats treated with dinitropyrene.

GC–NCI-MS analysis of pentafluoropropionylated stan-
dards resulted in low LODs (below 2 pg on column) and
was more sensitive than LC–MS/MS determination with ESI
for the analytes of concern (Table 3). Since negative chem-
ical ionization is a specific ionization and detection tech-
nique for electrophoric compounds in comparison to elec-
tron impact ionization, low noise levels and high sensitiv-
ity can be achieved[27]. Sample preparation is comparable
to the LC–MS/MS method used, since sample clean-up as
well as derivatization are necessary for the measurement of
diaminopyrene in biological fluids. However, a direct and
sensitive measurement of acetylated amines without further
derivatization is not possible by GC–NCI-MS. The limit of
detection in spiked hemoglobin was lower than that of the
LC–MS/MS method (40 pg/200 mg versus 300 pg/200 mg
hemoglobin) for diaminopyrene isomers. However, at con-
centrations close to the LOD, many peaks were present in
single ion monitoring chromatograms in biological sam-
ples (data not shown). Consequently, compound identifica-
tion relied exclusively on retention times, but for basic com-
pounds priming effects of the GC column may result in ir-
reproducible retention times[23]. Therefore, identification
o ure-

ments could not be unequivocally achieved at low concentra-
tions.

3.4. Application to biological samples

Since the formation of aminonitro- or diaminopyrene from
dinitropyrene in vivo has not been directly demonstrated, a
proof of concept experiment with rats was performed. Urine
and blood samples were analyzed with the most specific
and sensitive LC–MS/MS method based on ESI after acety-
lation after treatment of rats with dinitropyrene (3.5 and

Fig. 4. Urine (0–12 h) of a control rat (A) and a rat treated with a mixture
of dinitropyrene isomers by gavage (B) as well as a standard injection of
N,N′-diacetyl-diaminopyrene isomers (C). The LC–MS/MS chromatogram
with ESI (B) showsN,N′-diacetyl-diaminopyrene isomers orN-acetyl-
diaminopyrene isomers (gradient elution with ammoniumacetate (5 mM, pH
3) and acetonitrile on a Waters AtlantisTM C18 column 100 mm× 2.1 mm,
5�m).
f dinitropyrene derived metabolites upon GC–MS meas
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Fig. 5. LC–MS/MS chromatogram with ESI for acetylated diaminopy-
renes released from hemoglobin of a control rat (A), of a rat dosed with
20 mg/kg b.w. dinitropyrene (B), and for aN,N′-diacetyl-diaminopyrene
standard (C).

20 mg/kg b.w., respectively). In urine samples, mono- and
bis-N-acetylated diaminopyrenes could be detected without
derivatization (Fig. 4). This clearly shows that a reductive
metabolism of dinitropyrene followed by acetylation occurs
after treatment of rats with dinitropyrene by gavage. After
acetylation, diaminopyrene released from hemoglobin after
a single oral administration of dinitropyrene could also be
determined with this method (Fig. 5).

The detection of acetylated diaminopyrene in urine sam-
ples was achieved with only one sample preparation step of
ultracentrifugation. Compared to rats which are poor acetyla-
tors humans are good acetylators. Therefore, the detection of
acetylated diaminopyrene in urine samples of humans highly
exposed to diesel engine emissions, i.e. tunnel workers or
miners after a specific sample enrichment procedure may be

possible. In addition, the hemoglobin adducts formed in rats
after a single dose without a possible accumulation indicates
that the method should be useful for human biomonitoring.
Since human hemoglobin has a biological half life of 60
days and no repair mechanisms are known for hemoglobin
adducts, continuous exposure results in an accumulation of
hemoglobin adducts. In combination with high exposure to
diesel engine emissions and a sample enrichment procedure,
the detection in humans may also be possible for a more
realistic dinitropyrene dose compared to 20 mg/kg b.w. As
an exposure assessment for dinitropyrene is not available at
present, it is not possible to calculate a LOD necessary for
the detection of diaminopyrene in humans. On the other hand,
the data clearly demonstrate that the analytical method is ap-
plicable to mechanistic studies in animal models and in vitro
studies.

4. Conclusion

The method presented here combines the following posi-
tive effects: (I) Acetylation improved peak shapes and repro-
ducibility in LC of diaminopyrenes resulting in high signal
to noise ratios. In spite of the use of several different LC col-
umn materials, non-derivatized diaminopyrene isomers show
u (II)
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ompeting ionization mechanisms in ESI result in [M•]+

esides [M + H]+ precursor ions for diaminopyrene. On
ne characteristic fragmentation pathway for diaminopy
ccurred with high efficiency. Acetylation resulted in o
ne ionization mechanism, yielding one, efficiently ge
ted, precursor ion. (III) Compared to the fragmentatio
on-derivatized primary amines or pentafluorobenzoyl
mines, acetylation allows for unequivocal analyte iden
ation in biological matrix by specific retention times and
se of two specific transitions which can be used as quan
nd qualifier and are distinguishable from an unspecific
f water. Therefore, acetylation resulted in increased s

ivity and selectivity above all in biological matrix.
In the present work, acetylated diaminopyrenes in urin

ell as hemoglobin conjugates of dinitropyrene metabo
ave been detected in vivo after exposure of rats to dinitr
enes for the first time. In addition, the presented me
an be applied for toxicokinetic studies. The LC–MS/
ethod of these compounds may be also applicab
uman biomonitoring. However, for the generation of
ust quantitative data optimization steps for sample pr
ation/enrichment are required.

In general, the derivatization method combined w
C coupled to ESI-MS/MS is applicable to other arom
mines measured, i.e. in human biomonitoring as show
-aminopyrene. For aminonitropyrene, however, no de

ization is necessary, due to sufficient chromatographic
avior, unequivocal fragmentation patterns and high d

ion sensitivity using APCI or APPI. The discrepancy
ween diaminopyrene and aminonitropyrene isomers sh
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that de novo testing for sensitivity enhancement with or with-
out derivatization and for the optimum source is required for
each substance.
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