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Abstract

A sensitive internal standard method for the analysis of a DNA-adduct ofN,N-dimethylformamide (N4-methylcarbamoylcytosine, NMC-C)
in human urine has been developed. A sample pre-treatment involving an acidic hydrolysis is followed by the sample clean-up performed
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ith solid-phase extraction (SPE) technique using a cation-exchange resin. A two-dimensional liquid chromatography is used to s
arget analyte from the matrix using first a C18 reversed phase column with incorporated hydrophilic moieties and then a C8 bond
hase column for the final separation. Quantification is carried out by positive electrospray ionisation and mass spectrometry dete

ransitions from molecule ions to product ions (169→ 112 and 172→ 115) for the analyte and the labelled internal standard, respec
he detection limit in urine reaches down to 8 ng/L (48 pmol/L). In the general population NMC-C could not be detected. In 10 out o
amples of occupationally to DMF exposed subjects NMC-C could be detected. The concentrations ranged up to 172 ng/L (10
ith a 95th percentile of 121 ng/L (720 pmol/L).
2005 Elsevier B.V. All rights reserved.
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. Introduction

N,N-Dimethylformamide (DMF) is one of the most impor-
ant organic solvents used in industry. Its annual worldwide
roduction was estimated 250 000 metric tonnes in 1989[1].

n 2002 only China had already production capacities of
46 000 metric tonnes and further plants with a total capacity
f 130 000 metric tonnes were under construction[2]. DMF

s primarily used in synthetic fibre industry as solvent. DMF
s hepatotoxic and teratogenic (DFG, Deutsche Forschungs-
emeinschaft, pregnancy group B)[3]. It was suggested to
e associated with cancer incidents in the 1980s[4]. But in
999 the IARC (International Agency for Research on Can-
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cer) classified DMF in group 3[5]: dimethylformamide is no
classifiable as to its carcinogenicity to humans.

Especially in synthetic fibre industry workers are oc
pationally exposed to DMF. Ambient air monitoring is
sufficient to assess individual body burden because DM
not only absorbed inhalatively but also percutaneously. U
now three biomarkers have been measured to assess in
ual exposure of workers: the metaboliteN-methylformamide
(NMF) [6–20], the mercapturic acidN-acetyl-S-(N-methyl-
carbamoyl)cysteine (AMCC) [6,7,9,10,15,18,19,21,2
(both in urine) and theN-methylcarbamoyled-Hb-adduc
[23–26]. Since Hb-adducts are considered surrogate
DNA-adducts the next step is the identification and q
tification of DMF-DNA-adducts in human urine and thus
reveal the potential mutagenetic effects of DMF. The find
of AMCC and especially ofN-methylcarbamoyled-Hb
adducts confirms that methyl isocyanate (MIC) which fo
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the same Hb-adducts is an intermediate in DMF metabolism.
In vitro MIC has been demonstrated to react with DNA-
bases to form N4-methylcarbamoyl-desoxycytidine
(NMC-dC), N6-methylcarbamoyl-desoxyadenosine and
N2-methylcarbymoyl-desoxyguanosine in relative reactivi-
ties of 100:0.7:0.003[27]. After in vitro reactions of MIC
with calf-thymus DNA NMC-dC andN6-methylcarbamoyl-
desoxyadenosine could be isolated[28]. Cytidine was the
most reactive substance and additionally the labelled internal
standard of the adduct was easier to synthesise. Consequently
the focus was on the development of an analytical method to
determine DMF-DNA-adduct NMC-dC.

Since DNA-adducts are present at ultratrace levels in
human urine, specific and sensitive analytical methods are
crucial for the accurate identification and quantification.
Traditionally 32P-post-labelling and immunoaffinity assays
have been used for determination of DNA-adducts. How-
ever, in the last 10 years especially methods basing on mass
spectrometry and stable-isotope labelled internal standards
have been proven to provide the requested performance with
higher specificity and accuracy[29]. These methods gen-
erally comprise sample clean-up and chromatographic sep-
aration prior to the mass spectrometric detection. Sample
clean-up and analyte enrichment, respectively, are performed
off-line using SPE[30–38], immunoaffinity clean-up[39,40],
liquid/liquid extraction[41] or a combination of these tech-
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Biochemical Institute for Environmental Carcinogens
(Grosshansdorf, Germany). Isotope labelled (2-13C, 1,3-15N)
cytosine was purchased from Promochem (Wesel, Germany).

N4-(N-Methylcarbamoyl)desoxycytosine (NMC-C) and
labelled NMC-C* (2-13C, 1,3-15N) was synthesised in house
from cytosine (isotope labelled cytosine) and methyl iso-
cyanate in adaptation to the synthesis of Tamura et al.[28].
Briefly, 50 mg cytosine was dissolved in 35 mL DMF, 30�L
of MIC were added and the reaction mixture was left at
18◦C for 3 days. Then the solvent was evaporated under
vacuum, the residue was dissolved in methanol and purified
using preparative LC. The products were characterised by
mass spectrometry and1H NMR. Stock solutions of NMC-C
(10 mg/L), isotope labelled NMC-C* (10 mg/L) and NMC-
dC (100 mg/L) were prepared in methanol, dilutions were
made in water. Stock solutions were stored at−18◦C, diluted
solutions at 4◦C.

2.2. Standard preparation

For urinary calibration standards pooled urine was col-
lected. The urine was frozen, thawed and subsequently
filtered through a 45�m nitrocellulose membrane (Mil-
lipore, Beford, USA). This procedure was repeated two
times. Afterwards 20 mL aliquots of the pooled urine were
spiked with a working solution of NMC-dC (20�g/L) yield-
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iques[42–46]. Chromatographic separation is achieved w
iquid chromatography (LC)[32–34,37,42–44,46–48], tan-
em LC[35,36] or gas chromatography (GC)[38–40]. The
ass spectrometric detection either performs multiple r

ion monitoring (MRM)[32–37,42–44,46–48]or selected io
onitoring (SIM)[38–40]. Besides the mass spectrome
ethods, there are few other methods for DNA-adduc
rine using LC with electrochemical detection[30,31]or flu-
rescence detection[41] and capillary electrophoresis w

aser induced fluorescence detection[44,45].
NMC-dC and NMC-C are not suitable for fluorescenc

lectrochemical detection. Furthermore, they could no
nalysed by GC–MS because they were not stable u
erivatisation conditions. Therefore, an analytical me
sing LC–MS/MS was developed. For the first time
ewly developed method made it possible to determine N
in urine samples of DMF-exposed workers.

. Experimental

.1. Chemicals and standards

Acetonitrile (LiChrosolv), methanol (LiChrosolv, HPLC
rade and SupraSolv GC-grade), formic acid (98–10
.a.), hydrochloric acid (25%, p.a.) and ammoniac s

ion (32%, extra pure) were purchased from Merck (Da
tadt, Germany). Water was deionised by a Milli-Q treatm
ystem (Millipore, Bedford, USA).N4-(N-Methylcarba
oyl)desoxycytidine (NMC-dC) was synthesised by
ng seven calibration standards ranging from 0 to 500
0–1761 pmol/L). An aqueous calibration was prepared
ise. Furthermore, two control materials in urine 100 n

352 pmol/L) and 250 ng/L (880 pmol/L) in urine we
repared. Standards and control materials were froz
18◦C until further use. They were processed like all o

amples.

.3. Sample preparation

Urine samples were thawed. To a 20 mL aliquote
he urine sample 20�L of an internal standard solutio
labelled NMC-C 300 ng/L, 1754 pmol/L) was added.
cidic hydrolysis the urine samples were adjusted to p
ith 25% HCl. The samples were then incubated at 70◦C for
h and left for cooling afterwards. For sample clean-up s
hase extraction was performed using Waters Oasis M
xtraction cartridges (6 mL, 150 mg, Waters, Massachu
reland). The sulfonyl moieties of these cation exchange
ridges can retain NMC-C as it is positively charged at
. The cartridges were washed using acetonitrile, meth
ater (8 mL each) and equilibrated with 8 mL 0.1 M H
he hydrolysed cooled down samples were passed thr

he cartridges followed by 3 mL of 0.1 M HCl. Then t
artridges were dried applying vacuum. After washing w
mL methanol for further reduction of the urinary matrix
artridges were dried again. Finally, the analyte was e
ith 3 mL ammoniac methanol solution prepared from 98
f methanol and 2 mL of 32% ammonia. During all st

he solutions trickled slowly. The eluate was evaporate
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Fig. 1. Two-dimensional HPLC system with 10 port valve (also possible with six port valve), gradient pump eluent: 0.02% HCOOH/MeOH, 90/10, v/v; isocratic
pump 0.02% HCOOH/MeOH, 70/30, v/v.

dryness under a gentle stream of N2 and the residue was
redissolved in 200�L water.

2.4. Liquid chromatography

The HPLC system consisted of a Hewlett-Packard HP
1100 Series HPLC apparatus (auto sampler, quaternary
pump, vacuum degasser) and an additional isocratic Merck-
Hitachi L6000A pump from Merck (Darmstadt, Germany).
Two analytical columns were used: column 1 was a silica
based C18 column with polar endcapping Synergi Hydro-
RP 80A, 250 mm× 4.6 mm, 4�m particle size (Phenomenex,
Aschaffenburg, Germany) and column 2 was a silica based
C8 column LiChrospher 60 RP-Select B 250 mm× 4.6 mm,
5�m particle size (Merck, Darmstadt, Germany). An illus-
tration of the chromatographic system is given inFig. 1
and the details of chromatographic procedure are presented

in Table 1. Sample injection, chromatographic separation,
cleanup and regeneration on column 1 were performed with
the quaternary pump. The isocratic pump was used for the
chromatographic separation on column 2 and to keep a
constant flow of mobile phase going into the mass spec-
trometer. The injection volume was 50�L. On column 1
a pre-separation of matrix and analyte was achieved using
0.02% formic acid and methanol (90/10, v/v) at a flow rate
of 0.5 mL/min while on column 2 the isocratic pump deliv-
ered an eluent consisting of 0.02% formic acid and methanol
(70/30, v/v) at a flow rate 0.3 mL/min. To transfer the analyte
fraction (15.8–19.2 min) from column 1 onto column 2 a 10
port valve on the API 2000 Sciex MS/MS (PE Biosystems,
Langen, Germany) switched from position B into position
A. In position A, the eluent of the quaternary pump goes
via columns 1 and 2 into the waste while the isocratic pump
delivers the eluent directly into the mass spectrometer. After

Table 1
Analytical procedure for HPLC system, valve position, eluent composition on column 1, events on column 1 and 2
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the transfer of the analyte zone the valve switched back
and the final separation was achieved on column 2. Mean-
while column 1 was rinsed applying 100% methanol and then
reconditioned with the initial eluent. All steps are controlled
by Analyst 1.1 Software from Perkin-Elmer except the iso-
cratic pump.

2.5. Mass spectrometry

A Sciex API 2000 LC/MS/MS system equipped with a
turbo ion spray interface was used for MS/MS detection in
multiple reaction monitoring (MRM) mode. The ion source
conditions were an ion spray voltage of 5500 V (positive
mode) and a temperature of 450◦C. Nitrogen was used as
nebuliser gas, auxiliary gas and curtain gas with 65, 40
and 50 psi, respectively. The collision gas (nitrogen) for the
MS/MS mode at quadrupole 2 was set at 4 (instrument units).
Resolution was set at “unit” for Q1 and at “low” for Q3. Set-
tling time and pause between mass ranges were both 5 ms.
Scan time for each transition was 150 ms. The transition
for NMC-C and the internal standard (NMC-C* ) werem/z
169→ 112 and 172→ 115, respectively. The molecule ion
and the main fragment ions of NMC-C are shown inFig. 2.
Declustering (DP), focusing (FP), entrance (EP) potential
were set at 21 V, 330 V and−8 V, respectively. Collision
e
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100 ng/L (352 pmol/L) and 250 ng/L (880 pmol/L) were anal-
ysed for within-series imprecision eight times in a row and for
between-day imprecision on eight different days. To investi-
gate the robustness of the method in dependence of different
matrices 10 individual urines (creatinine content from 0.28 to
2.22 g/L) were analysed unspiked and spiked with 100 ng/L
(352 pmol/L) each.

2.7. Recovery and sensitivity studies

To estimate the losses in sample preparation and the effect
of quenching in ESI a comparison of processed standards and
non-processed standard was carried out. Therefore, an aque-
ous standard containing 30�g/L IS NMC-C* was prepared
and analysed without sample preparation. This aqueous stan-
dard, a processed aqueous and a processed urine standard
were measured according to 1.4 and 1.5 with ESI ionisa-
tion, but also with APCI ionisation. The APCI measurement
was carried out according to the ESI measurement except for
the ion source and the isocratic eluent consisting of 20 mM
ammonium formiate, pH 4 and MeOH (70/30, v/v).

2.8. Confirmation of analyte structure

For structural confirmation of the analyte fractions were
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Continuous flow injections of standard solutions for

nalytes had been performed to establish the MS–MS
ting conditions with the syringe pump system of the
000.

.6. Validation and calibration

Standards and control materials were processe
escribed in Section2.3. For calibration the quotient

he peak areas of NMC-C and NMC-C* was plotted as
unction of the concentrations. The linear calibration cu
howed correlation coefficients better than 0.99 over
oncentration range from 0 to 1761 pmol/L. All calcu
ions were performed by Analyst 1.1 Software. Precision
ccuracy was investigated. Two control materials in u

ig. 2. Molecular structures to the masses chosen for MS/MS detec
69: protonatedN4-methylcarbamoylcytosine (M= 168 g/mol); 112: proto
ated cytosine (M= 111 g/mol); and 95: cytosine–NH3.
ollected and analysed with another two-dimensional c
atographic separation with MS/MS detection using o

tationary phases. Three samples of exposed workers
ad revealed a NMC-C content were chosen. Each sa
as injected three times and the fractions of the an

29–30.5 min) were collected in a HPLC-vial. The fracti
ere evaporated to dryness under a gentle stream of
en and reconstituted in 200�L H2O. Fifty microlitres of

he solution were injected onto another LC–MS/MS s
em. The same apparatus as described above was em
ut the chromatographic conditions and stationary ph
ere changed. The first analytical column was a R
onded silica column with trimethylsilyl endcapping Syne
ax-RP 80A, 150 mm× 4.6 mm, 4�m particle size (Phe
omenex, Aschaffenburg, Germany) and the second w
ilica-based phenyl-hexyl phase column Luna Phenyl-H
50 mm× 4.6 mm, 3�m particle size (Phenomenex, Asch

enburg, Germany). On the first column, 0.02% formic a
nd methanol (90/10, v/v) at a flow rate of 0.4 mL/min w
sed as eluent and, on the second column, 0.02% fo
cid and methanol (70/30, v/v) at a flow rate 0.3 mL/m
he analyte fraction (11–12.6 min) was transferred f

he first column onto the second. Mass spectrometry d
ion was performed as described above, but additio
ualifier transitions were monitored. These transition w
/z 169→ 95 and 172→ 98 for NMC-C and the interna
tandard (NMC-C* ) respectively. Declustering (DP), focu

ng (FP) and entrance (EP) potential were set at 3
60 V and−9.5 V, respectively. Collision energy (CE) w
7 V.
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2.9. Study subjects

Two groups of persons were investigated. One comprised
male workers occupationally exposed to DMF (n= 32). The
employees worked in polyacrylic fibre industry and carried
out different working tasks (fibre spinning, fibre crimping,
etc.). All of them had been employed longer than one year.
Urine samples were collected in 1997 and stored at−18◦C.
The control collective (n= 24; 11 male, 13 female) was taken
out of the general population without any history of occupa-
tional exposure to DMF. The urine samples were collected in
2002 and stored at−18◦C. Urinary creatinine concentrations
were determined according to Larsen[49].

3. Results and discussion

3.1. General considerations

DNA-adducts of DMF had never been measured before.
The DNA-adducts already measured by modern methods in
the last decade were either DNA-adducts originating from
oxidative stress (oxidised products like 8-OH-dG[30–33]and
8-oxo-dA[34,47], etheno-DNA-adducts[35–38]), alkylating
agents in cigarette smoke[39,40], PAH [43–45], or aflatoxin
[41,42,46]. All these DNA-adducts were found to be present
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1 NMC-C should be quantitatively in ionic form due to
the partial protonation of the amino groups. Thus, the pos-
itively charged molecule of NMC-C can be quantitatively
retained by a divinylbenzene–N-vinylpyrrolidone copolymer
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the end of the SPE procedure the analyte was eluted from
the resin. The eluate was evaporated to dryness in recon-
stituted in 200�L resulting in an enrichment factor 100
(20 mL→ 200�L).

3.3. LC–MS

Two-dimensional LC was employed to achieve a sufficient
separation between matrix components and analyte. Com-
bining two different columns, Synergi Hydro-RP column
and LiChrospher RP-Select the chromatographic separation
can be improved. Synergy Hydro-RP has a polar endcapping
which enables retention of polar compounds like NMC-C via
polar interactions, hydrogen bonding or electrostatic interac-
tions. LiChrospher RP-Select is a silica based C8 column. By
optimising the chromatographic parameters it was possible
to separate matrix components interfering with the quantifier
transitionsm/z 169→ 112 and 172→ 115 for NMC-C and
the internal standard NMC-C* . Whereas, the transitionsm/z
169→ 95 and 172→ 98 which were intended to be used as
confirmative qualifiers were hardly intensive in the inves-
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n which concentrations NMC-dC or NMC-C would occ
egarding this aspect NMC-dC was hydrolysed to NM

n order to attain a lower detection limit by determining
um of both parameters.

.2. Sample preparation

For the hydrolysis of NMC-dC to NMC-C different po
ibilities including different acids, buffers and enzymes w
ested. Hydrolysis with enzymes (which required buffer
ems), buffers and weak acids showed decreased reco
ompared to HCl hydrolysis, especially regarding the co
ation with the subsequent analyte enrichment. Thus, hy
sis with HCl was proven to be the most appropriate de
he partial hydrolysis of the methylcarbamoyl group, wh
mounted ca. 20% for both NMC-dC and NMC-C under
ptimised conditions.

Many novel HPLC techniques for biological fluids an
sis employ on-line enrichment of analytes using restri
ccess materials (RAM)[50]. NMC-C could not be retaine
n the tested RAM-phases (C4, C8, C18). Therefore, a

aborious off-line enrichment was required and a SPE me
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ials only materials with polar groups could retain NMC
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bove column combination was preferred to the one us

he analyte confirmation due to a lower level of interferen
ven though a longer transfer time of about 3.4 min ha
e accepted. APCI was tested first as ionisation source

t provided less sensitivity compared to ESI and the n
as higher and more uneven so that integration of peak
ifficult.
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he compound-specific mass spectrometer parameters
ptimised for each compound automatically by the Qu

ative Optimisation Wizard of the Sciex AnalystTM software
he source specific parameters were optimised manual

he LC conditions used during analysis depending on
ate and eluent composition.

.4. Calibration graphs

Urinary and aqueous standards were used for ca
ion. Without relating to the internal standard the slop
he urinary calibration curve was about half of the aq
us calibration curve. This was probably due to the decr
f sensitivity in urinary matrix by quenching effects fro
oeluting substances. Since the internal standard was i
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K. Hennebrüder, J. Angerer / J. Chromatogr. B 822 (2005) 124–132 129

Table 2
Imprecision and accuracy of the determination NMC-C in human urine

Range (mean) (ng/L) Imprecision (%) Accuracy relative recovery (%)

Intra-dayn= 8
Q1low (61.4 ng/L) 60–68 (63) 5 98–111 (103)
Q2high (153.2 ng/L) 153–164 (159) 2 98–105 (104)

Inter-dayn= 8
Q1low (61.4 ng/L) 57–66 (62) 5 93–107 (100)
Q2high (153.2 ng/L) 150–167 (157) 4 98–109 (102)

Inter individualn= 10, robustness in dependence of matrices (creatinine 0.5–2.22 g/L)
C (61.4 ng/L) 47–68 (60) 9 77–111 (98)

0–1761 pmol/L NMC-dC) was adapted to preliminary half
quantitative measurements of samples of exposed workers.
Furthermore, it was in good agreement with the concentration
ranges of other DNA-adducts measured (e.g. etheno-adducts)
[35,37,38,51]. For routine measurements the urine calibration
was used.

3.5. Reliability of the method

3.5.1. Precision and accuracy
Precision and accuracy were checked with special recov-

ery experiments. To assess within-series and between-day
imprecision the two control materials in urine were measured
one day in a row and on eight different days. Commonly the
control materials (Q1low, Q2high) have concentrations about
10 times and 100 times higher than the limit of detection. In
this case these concentrations would not have been appropri-
ate because they would have been much higher than expected
concentrations in native samples. Therefore, concentrations
of 100 ng/L (352 pmol/L) and 250 ng/L (880 pmol/L) NMC-
dC were chosen for Q1low and Q2high, respectively. For
Q1low, the within-series and between-day imprecision were
both 5%, for Q2high they were 2% and 4%. The robustness
of the method in dependence of different urine matrices was
assessed by relative recovery experiments in 10 urine spec-
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the non-processed aqueous standard (for details seeTable 3).
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.6. Detection limit and quantification limit

The limit of detection (LOD = 3× S/N) was estimate
sing the lowest urine standard and amounted 8
48 pmol/L) NMC-C. It can be 10 fold higher in other uri
5%. In ESI the peak area of IS NMC-Cdecreases to 70
n the processed aqueous sample and to 36% in the proc
rine sample compared to the non-processed standard.
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rea 172/115 (cps) APCI ESI

2O standard 159000 (100%) 333000 (100%

rocessed samples
H2O standard 121000 (76%) 234000 (70%
Urine standard 120000 (75%) 121000 (36%
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Fig. 3. Chromatogram of a processed urine sample after the first set of two analytical columns (a), after the second set of two analytical columns (b), enlargement
of the peak after the second set of columns (c), transitions used for the confirmation of the structure: NMC-C 169→ 112 and 95; IS NMC-C* 172→ 115 and
98.

3.8. Confirmation of analyte structure

The analyte NMC-C was identified by its retention time
and one transition (169→ 112) on the two-dimensional LC
system with MS/MS detection. For further confirmation of
the analyte fractions of three positive samples from exposed
workers were collected after the first LC/LC separation and
then reanalysed on a second LC/LC–MS/MS system. Three
fractions were collected, united and reconstituted in 200�L
water to improve sensitivity. The columns for the second
system were chosen in order to vary the active surfaces
and to have four different separation mechanisms. The first
set of columns consisted of a hydrophilic C18 and a C8
column (see Section3.3); the second set of a silica based
C12 column and a column with phenyl-hexyl functionali-
ties. The phenyl-hexyl column is known to increase reten-
tion of polar, aromatic compounds due to�-interactions as
well as reversals in analyte elution order compared to tradi-
tional RP columns. As expected these additional LC columns
improved the separation of analyte and matrix components
and thereby reduced quenching and raised the signal inten-
sity. Consequently it was possible to monitor the transitions
m/z 169→ 95 and 172→ 98 (for NMC-C and IS, respec-
tively), which could not be measured before because of

low signal intensity and interferences. In all of the three
tested positive samples the analyte NMC-C could be con-
firmed by the identical retention time using two different
sets of columns and the two transitionsm/z 169→ 112
and 169→ 95 (for the IS NMC-C* : m/z 172→ 115
and 172→ 98). A representative example is presented in
Fig. 3.

3.9. Results of biological monitoring

Ten from the 32 urine samples of DMF-exposed work-
ers contained NMC-C. As expected none of the 24 samples
from the control collective out of the general population con-
tained NMC-C. The results of DMF-exposed workers are
comprised inTable 4. A chromatogram of a sample from a
DMF-exposed worker containing 111 ng/L NMC-C is pre-
sented inFig. 4. In one sample of a DMF-exposed worker the
quantifier transition 169→ 112 was interfered, but in all other
samples a clear separation of matrix components has been
achieved. The content of NMC-C in urine of DMF-exposed
workers ranged from 0 to 172 ng/L (0–1023 pmol/L). Mean
was 25 ng/L (149 pmol/L). NMC-C was measured for the first
time in human urine, so no comparisons can be made. Gener-
ally judged, the concentration of NMC-C in human urine lay
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Fig. 4. Complete chromatogram of the processed urine sample A15 obtained with the presented method, transitions: NMC-C 169→ 112, IS NMC-C* 172→ 115,
concentration of NMC-C 111 ng/L.

Table 4
Results of biomonitoring of NMC-C in urine samples of workers occupa-
tionally exposed to DMF

All samplesn= 31 Concentration NMC

ng/L pmol/L

Mean 25 151
Range <LOD – 172 <LOD – 1023
Median <LOD <LOD

Positive samplesn= 10
A1 84 500
A2 49 291
A3 32 190
A4 39 232
A5 111 660
A6 31 184
A7 172 1023
A8 39 232
A9 102 607
A10 130 773

in the same order of magnitude of other DNA-adducts found
in urine until now.
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Baglioni, V. Stŕansḱy, R. Kicová, H. Nohova, Proceedings of the
Sixth International Symposium on Biological Monitoring in Occupa-
tional and Environmental Health, 6–8 September 2004, Heidelberg,
Germany, 2004.

[27] A. Segal, J.J. Solomon, F.J. Li, Chem. Biol. Interact. 69 (1989)
359.

[
[ ed.

[ son,

[ r. J.

[ ) 311.

[33] C.W. Hu, M.T. Wu, M.R. Chao, C.H. Pan, C.J. Wang, J.A. Swenberg,
K.Y. Wu, Rapid Commun. Mass Spectrom. 18 (2004) 505.

[34] J.L. Ravanat, B. Duretz, A. Guiller, T. Douki, J. Cadet, J. Chro-
matogr. B: Biomed. Sci. Appl. 715 (1998) 349.

[35] L.M. Gonzalez-Reche, H.M. Koch, T. Weiss, J. Muller, H. Drexler,
J. Angerer, Toxicol. Lett. 134 (2002) 71.

[36] P.R. Hillestrom, A.M. Hoberg, A. Weimann, H.E. Poulsen, Free
Radic. Biol. Med. 36 (2004) 1383.

[37] H.J. Chen, C.M. Chang, Chem. Res. Toxicol. 17 (2004) 963.
[38] H.J. Chen, T.C. Lin, C.L. Hong, L.C. Chiang, Chem. Res. Toxicol.

14 (2001) 1612.
[39] V. Prevost, D.E. Shuker, Chem. Res. Toxicol. 9 (1996) 439.
[40] V. Prevost, D.E. Shuker, M.D. Friesen, G. Eberle, M.F. Rajewsky,

H. Bartsch, Carcinogenesis 14 (1993) 199.
[41] M.W. Yu, Y.C. Chiang, J.P. Lien, C.J. Chen, Carcinogenesis 18

(1997) 1189.
[42] P.A. Egner, J.B. Wang, Y.R. Zhu, B.C. Zhang, Y. Wu, Q.N. Zhang,

G.S. Qian, S.Y. Kuang, S.J. Gange, L.P. Jacobson, K.J. Helzlsouer,
G.S. Bailey, J.D. Groopman, T.W. Kensler, Proc. Natl. Acad. Sci.
U.S.A. 98 (2001) 14601.

[43] S. Bhattacharya, D.C. Barbacci, M. Shen, J.N. Liu, G.P. Casale,
Chem. Res. Toxicol. 16 (2003) 479.

[44] G.P. Casale, M. Singhal, S. Bhattacharya, R. RamaNathan, K.P.
Roberts, D.C. Barbacci, J. Zhao, R. Jankowiak, M.L. Gross, E.L.
Cavalieri, G.J. Small, S.I. Rennard, J.L. Mumford, M. Shen, Chem.
Res. Toxicol. 14 (2001) 192.

[45] K.P. Roberts, C.H. Lin, M. Singhal, G.P. Casale, G.J. Small, R.
Jankowiak, Electrophoresis 21 (2000) 799.

[46] M. Walton, P. Egner, P.F. Scholl, J. Walker, T.W. Kensler, J.D. Groop-
man, Chem. Res. Toxicol. 14 (2001) 919.

[47] A. Weimann, D. Belling, H.E. Poulsen, Free Radic. Biol. Med. 30

[ 02)

[
[ ech-

[ ung,
28] N. Tamura, K. Aoki, M.S. Lee, Mutat. Res. 283 (1992) 97.
29] H. Koc, J.A. Swenberg, J. Chromatogr. B: Anal. Technol. Biom

Life Sci. 778 (2002) 323.
30] M. Kristenson, Z. Kucinskiene, L. Schafer-Elinder, P. Leander

C. Tagesson, Nutrition 19 (2003) 11.
31] C. Tagesson, M. Kallberg, C. Klintenberg, H. Starkhammar, Eu

Cancer 31A (1995) 934.
32] T. Renner, T. Fechner, G. Scherer, J. Chromatogr. B 738 (2000
(2001) 757.
48] A. Weimann, D. Belling, H.E. Poulsen, Nucleic Acids Res. 30 (20

E7.
49] K. Larsen, Clin. Chim. Acta 41 (1972) 209.
50] S. Souverain, S. Rudaz, J.L. Veuthey, J. Chromatogr. B: Anal. T

nol. Biomed. Life Sci. 801 (2004) 141.
51] H.J. Chen, L.C. Chiang, M.C. Tseng, L.L. Zhang, J. Ni, F.L. Ch

Chem. Res. Toxicol. 12 (1999) 1119.


	Determination of DMF modified DNA base N4-methylcarbamoylcytosine in human urine using off-line sample clean-up, two-dimensional LC and ESI-MS/MS detection
	Introduction
	Experimental
	Chemicals and standards
	Standard preparation
	Sample preparation
	Liquid chromatography
	Mass spectrometry
	Validation and calibration
	Recovery and sensitivity studies
	Confirmation of analyte structure
	Study subjects

	Results and discussion
	General considerations
	Sample preparation
	LC-MS
	Calibration graphs
	Reliability of the method
	Precision and accuracy

	Detection limit and quantification limit
	Recovery and sensitivity studies
	Confirmation of analyte structure
	Results of biological monitoring

	Acknowledgements
	References


