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Abstract

Urinary S-phenylmercapturic acid (S-PMA) is considered a useful biomarker for the measurement of low levels of benzene
exposure, related to occupational exposure, smoking habits or environmental pollution. S-PMA quantitative analysis requires
highly sensitive and specific techniques and purification procedures, mainly based on liquid—liquid or solid-phase extraction,
which result in time expensive analyses. A method was developed for the quantitative determination of S-PMA in urine by using
a simple, reproducible and easily automatizable HPLC purification followed by LC/ESI-NI&d&ysis. In order to reduce the
cost of the analysis, related to the use of expensive labeled stanpdndsno-S-phenylmercapturic acig-Br-S-PMA) was
synthesized, characterized and used as internal standard.

The feasibility and efficacy of the proposed method were examined by constructing calibration curves in the range from 6.2 to
200p.g/l and data were analyzed in terms of linearity and statistical parameters. The detection limit, related to the purification of
1 mlurine sample is pug/l. The method was applied to the analysis of 12 urine samples from smoker subjects non-occupationally
exposed to benzene. S-PMA urinary levels ranged from 13.6 to g800suggesting a high influence of life style in the S-PMA
excretion. The proposed analytical method is suitable for the biological monitoring of both smoker and non-smoker workers,
occupationally exposed to benzene. By processing at least 2 ml of urine samples, the method appears to be also useful for the
evaluation of benzene uptake due to the environmental pollution.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Benzene is a common industrial chemical, a com-
"+ Corresponding author. Tekt 39-081-746-3470: ponent of tobe_lcc_o smoke and of ga_soline, a constitue_nt
fax: +39-081-546-9185. of engine emissions and combustion. Data from epi-
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humans[1]: exposure to benzene is associated with liquid—liquid extraction or solid-phase extraction, was

the development of acute non-lymphocytic leukemia always required1,22,23]

[2—-4], aplastic anemig§5], chromosomal aberrations This work reports a method for the quantitative

[6—9] and a progressive degeneration of the bone mar- determination of urinary S-PMA by using an HPLC

row [1]. The American Conference of Governmental purification procedure before the LC/ESI-NI/MIS

Industrial Hygenists (ACGIH) classifies benzene in analysis. Moreover, an internal standard structurally

group Al (carcinogen to human) and defines a thresh- related to S-PMAp-bromo-S-phenylmercapturic acid

old limit value-time weighted average (TLV-TWA) of  (p-Br-S-PMA), was synthesized and characterized.

0.5 ppm[10]. Owing to its volatility and lipophilicity, The use ofp-Br-S-PMA as internal standard, which

benzene is rapidly absorbed via inhalation or dermal can be easily synthesized in high amounts, reduces

contact. Following inhalation exposure, a fraction of the cost of the analysis, avoiding expensive labeled

benzene (about 12%) is exhaled from the human lungs internal standards.

and only 0.1% is excreted unchanged in the urine, The feasibility and efficacy of the proposed method

the remaining fraction is metabolized and excreted have been examined and data were analyzed in terms

through uring[11]. of linearity, sensitivity and statistical parameters. In
Benzene urinary metabolites have long been stud- order to verify the actual applicability of the pro-

ied, since they are considered useful biomarkers for posed method to real samples, urine from smoker sub-

assessing the occupational and environmental expo-jects, non-occupationally exposed to benzene, were

sure to benzen¢l2-17] There are three different analyzed.

metabolic pathways, which end in excretion of dif-

ferent phenolstranstransmuconic acid {fanstrans

2,4-hexadienedioic acid) and S-phenylmercapturic 2. Experimental

acid (S-PMA), formed from reaction of benzene

epoxide with glutathione. Unlike the first two, uri- 2.1. Materials

nary S-PMA is considered a sensitive and specific

biomarker for the evaluation of low levels of benzene  S-PMA was kindly supplied from Dr. Luciano

exposure. In presence of low levels of benzene in air, Maestri (Fondazione Maugeri, Pavia, Italg)Bromo-

the measurement of phenols in urine does not allow thiophenol and 2-acetamidoacrylic acid were pur-

the estimation of individual riskl18], since they are  chased from Sigma-Aldrich (Milwaukee, WI, USA).

not specific and they may also be formed endoge- HPLC grade solvents were from Carlo Erba (Milan,

nously from metabolism of various aromatic amino lItaly). A RP Nova-PaR C18 (20 mmx 3.9 mm, 4um,

acids[1]. transtrans-Muconic acid is a fairly good 6 nm) column, equipped with its Sentry Guard Holder

indicator of benzene exposure at low concentration (Waters, Milford, MA, USA) was used for the com-

(0.1-1 ppm). However, urinary muconic acid may not plete characterization of S-PMA anglBr-S-PMA

be specific to benzene exposure, since it is also aand for the subsequent quantitative determination of

minor metabolite of sorbic acid (a widely used food S-PMA. LC/ESI-NI/MS-SRM analyses were carried

preservative) in mic€l9] and human$20]. In 1995, out using a Perkin-Elmer 200 series HPLC modu-

ACGIH proposed S-PMA as biomarker for benzene. lar system (Norwalk, CT, USA) and an API 2000

The actually accepted biological exposure index (BEI) (Applied Biosystems, Foster City, CA, USA) triple

value is 25.g S-PMA/g creatinind10]. The conver- guadruple mass spectrometer, equipped with a turbo

sion rate of benzene to mercapturic acid in humans ion spray source.

is lower than 1%[21], so quantitative analysis of

this metabolite requires highly sensitive and specific 2.2. Synthesis of p-Br-S-PMA internal standard

techniques. Liquid chromatography/negative elec-

trospray ionization/tandem mass spectrometry with  p-Br-S-PMA was synthesized fromp-bromo-

selected reaction monitoring (LC/ESI-NI/MSRM) thiophenol and 2-acetamidoacrylic acid by a Michael

has been widely used in the determination of mercap- reaction [24]. In brief, p-bromo-thiophenol (1.6g;

turic acids, however a purification procedure, such as 8.5mmol) and 2-acetamidoacrylic acid (1.0g;
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7.7mmol) were added to 20ml of dioxane, then via HPLC by using a Nova-P&kcolumn equipped
0.2ml of piperidine were added. The suspension was with its Sentry Guard Holder. A linear gradient from
flushed with N, heated for 3h in dark conditions  100% A (aqueous solution of formic acid 0.1 M, pH 2)
and with reagents reflux. The residue was dried and to 100% B (methanolic solution of formic acid 0.1 M)
partitioned between ether and a sodium bicarbonate gyver 10 min and an isocratic elution at 100% B for
solution. The aqueous layer was neutralized, extracted 3 min were employed in the elution program. Both A
with ether and acidified with HCI to pH 2, obtaining  and B solutions were prepared by adding pure formic
crude p-Br-S-PMA. The acid was crystallized from  g¢id to bidistilled water or methanol.

aqueous methanol and characterized by nuclear mag-  Aliquots of 500ul of urine samplesgpikedurine
netic resonance (data not shown) and mass spectrom-r authentic samples) were loaded into the HPLC/UV
etry. Data showed the purity of the synthesized acid, system, setting a flow of 1 mli/min and a wavelength
which was used as internal standard in all quantitative of 225 nm. Fractions between 5.6 and 6 min (S-PMA)

determinations of S-PMA.
2.3. Solutions and validation samples

Solid S-PMA andp-Br-S-PMA were dissolved in
methanol obtaining 1000 mg/I stock solutions, which
were progressively diluted (1:10) in order to obtain
four working solutions at concentrations of 100 and
10 mg/l of S-PMA omp-Br-S-PMA. 100 mg/l solutions
were used for the mass spectrometric characterization;
the others were used for the preparation of urine sam-
ples used for the construction of calibration curves.

S-PMA solution of 10mg/l £10,000ug/l) was
added to urine from non-smokers and non-occu-
pationally exposed volunteers, obtaining a urinary
S-PMA concentration of 20@g/l. This urinary solu-
tion was progressively diluted (1:2) with urine of the
same volunteers, in order to have spikedurine sam-
ples at decreasing S-PMA concentrations (200, 100,
50, 25, 12.5 and 6.2g/l). Each sample was added
with 10 mg/l methanolic solution op-Br-S-PMA,
in order to have a constant urinary internal standard
concentration of 100Qag/l. pH was adjusted to 2
with formic acid; the urine samples were centrifuged
(4000 rpm for 15min) and kept at20°C until the
HPLC purification step.

Urinary quality control samples were indepen-
dently prepared at four levels of concentration (10,
30, 65 and 15Q.g S-PMA/g urine), each containing
the same quantity of the internal standard (1Q@0
p-Br-S-PMA/I urine).

2.4. HPLC/UV purification and LC/ESI-NI/MSSRM
analysis

The purification and the concentration of S-PMA
andp-Br-S-PMA from urine samples were performed

and in the range 6.8—7.2 mip-Br-S-PMA) were col-
lected. The procedure was repeated twice; fractions
were gathered and dried under a nitrogen stream.
The LC/ESI-NI/MS-SRM analysis was performed
by dissolving the residue with 1QQ of bidistilled
water. A 20ul aliquot was injected in the Rheo-
dyne valve and a 200/min flow was used. The
same chromatographic conditions (buffers and elu-
tion program) were used and the Nova-Paiolumn
was directly connected to the turbo ion spray source
with a heated capillary temperature of 3%D The
mass spectrometer operated in the negative ion mode
(ESI-NI); the spray voltage was5.5kV. Data were
acquired and processed using the Analyst program
(version 1.2, Applied Biosystems). Data from S-PMA
andp-Br-S-PMA were first acquired in MSmode, in
order to register signals corresponding to ions
[M—H]~ of both mercapturic acids; these signals
were subsequently used as precursor ions fo? MS
experiments. A M&SRM analysis was used for the
gquantitative determination of S-PMA: the ion iz
237.8 (precursor ion) was isolated in the first quadru-
ple and fragmentation was induced by collision acti-
vated dissociation (Nas collision gas). Fragment ion
atm/z 109.1 was acquiregh-Br-S-PMA was detected
by using the signal atvz 315.9 as precursor ion and
the ion atm/z 186.8 as product ion.

3. Resaults

3.1. LC/ESI-NI/MS characterization of S-PMA and
p-Br-S-PMA

HLPC separation of mercapturic acids was opti-
mized in order to obtain well resolved peaks and a
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complete elution of both acids within few minutes. The
above described HPLC method allows an excellent
separation of S-PMA ang-Br-S-PMA despite their
structural analogies. In particular, a RT of 11.3min
was obtained for S-PMA, whilp-Br-S-PMA elutes at
12.5min.

Fig. 1 shows the LC/ESI-NI/MSfull scan mass
spectra of S-PMA (panel a) aneBr-S-PMA (panel
b). The full scan mass spectrum of S-PMA shows
a [M—H]~ ion, at m/z 237.8, which represents the
base peak, and a signal mtz 109.1, which derives
from ion at m/z 237.8 after the loss of COand
CH,=CH-NHCOCH;, in agreement with literature
data [1]. Such fragmentation hypothesis was con-
firmed by the M$ analysis: ion atnz 237.8 was
isolated and further fragmented, obtaining a fragment
ion atm/z 109.1 (data not shown).

Thefull scanmass spectrum gi-Br-S-PMA shows
two [M—H]~ ions, atm/z 315.9 and 317.9, with a
relative intensity of 1:1Kig. 1, panel b). These sig-
nals reflect the natural isotopic bromide abundance; in
fact the ion atn/z 315.9 derives fronp-"°Br-S-PMA,
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while ion atm/z 317.9 corresponds {@81Br-S-PMA.

A MS? analysis was also performed on both isotopic
ions (data not shown). The fragmentation pattern of
p-Br-S-PMA was similar to S-PMA one: ions at/z
315.9 and 317.9 give rise to ions @&z 186.8 and
188.8, respectively.

3.2. Quantitative analysis of S-PMA

Quantitative determination of S-PMA, using
p-Br-S-PMA as internal standard, was performed by
the LC/ESI-NI/MS-SRM analysis of urinary sam-
ples. The ion suppression effect was studied by com-
paring the peak areas from purified urinary samples
with those from methanolic solutions containing the
corresponding amount of pure S-PMA. Three con-
centration levels were investigated (100, 50,23
S-PMA) and purified urinary samples showed an
average decrease in the peak areas of 40%. Such
decrement is attributable both to extraction losses and
to ion suppression effects, so we can state that signal
decreases through ion suppression is less than 40%.

- 0
_ 100
Qe o
é +CH5‘(|:H 2378
E 109.1 ———- HN-C-CH,
= 109.1 0
2
= 0 |l I I T T I I I T T T 1 1 I I
(a) 110 120 130 140 150 160 170 180 180 200 210 220 20 M/T
317.9
B 0 T~
1m0 il
g ] Os C-OH 3159
g TCHzCH T
2 186.8 ———J HN-C-CH,
2 186.8 0
P 188.8 188.8
£
z L ll T ) 1 T 1 1 1 ) 1 ] LD l I
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Fig. 1. ESI-NI/MS analysis of a 100 mg/l methanolic solutiémi scan mass spectra of S-PMA (panel a) andpBr-S-PMA (panel b).
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Table 1 tween S-PMA and the internal standard. They showed
Calibration curve equations and coefficients of determination of good linearity in the range 6.2—2Q@/l. Calibration

four different calibrati - ,
our differen Ca'b_ra lon curves - curves constructed in two subsequent days gave rise
Time of Calibration curve Coefficient of to comparable results, both in curves equation and co-

analysis equation determination ) efficients of determination, while data obtained within
;tdd;;'y )); B 8'81(1& 1 8'1%2 g'ggg the span of a month were slightly different in the curve
24th day y = 0.0066 + 0.0479 0.997 equations and analogous in the coefficiefb{e 1.

25th day y = 0.007X + 0.0515 0.996 For the estimation of the percentage inaccuracy
(%Diff), intra- and inter-assay precision, QC samples
at four concentration levels were analyzed each in
quadruplicate on each of four different days. One-way
o o ) ~ ANOVA was used to calculate intra- and inter-assay
The detection limit, meaSL_lred in signal-to-noise ratio precision (as percentage coefficients of variation,
scale, was p.g S-PMA/I urine (S/N= 3/1). CV%). The results are given ifable 2

Four different urine samples, from non-smoker and
non-occupationally exposed subjects, wespiked 3.3, Analysis of smokers’ urine samples
with the internal standard and two aliquots (00
each) were purified and concentrated via HPLC and  Urine from smoker volunteers, non-occupationally
then analyzed by LC/ESI-NI/MSSRM as previously — exposed to benzene, were collected. Information re-
described. In all cases S-PMA was not detectable garding smoking habits and occupation were recorded.
(data not shown). These urine samples were used forSubjects 1-3, besides being hard smokers, were ex-
the preparation of four independent urine pools at posed to city traffic 8 h per day, since they were taxi
known S-PMA concentrations for the construction of drivers. In these cases, we found high levels of S-PMA
calibration curves. exceeding the highest point of the calibration curve

Intra- and inter-day precision was evaluated by an- concentration range. Other subjects were male nurses
alyzing both calibration urine solutions and quality or administrative staffs. For these subjects calcu-
control samples. Samples from a single pool were an- lated urinary S-PMA concentration varied from 13.6
alyzed in the same day, while different pools were to 56ug/l. Fig. 2 reports the LC/ESI-NI/M3-SRM
analyzed in different and not subsequent days. In the chromatographic profile of real sample 1 (panel a),
same day, together with calibration urine solutions, 16 real sample 12 (panel b) and of a urinary 20l
independent quality control samples at four different sample (panel c). All chromatograms refer to 1 ml of
levels of nominal concentrations of S-PMA were an- urine purified by the above described procedure.
alyzed. S-PMA concentrations were corrected for the crea-

Calibration curves were constructed by reporting tinine level, obtaining values in the range 18.343p
S-PMA concentrations ispikedcalibration samples ~ S-PMA/g creatinine. Results are schematized in
on thex-axis and on thg-axis the peak area ratio be- Table 3

Each calibration curve equation was obtained from quadruplicate
analysis at each of six concentration levels of S-PMA in urine.

Table 2
Inaccuracy, intra- and inter-assay precision data of the LC/ESI-N}/BRM assay for the determination of S-PMA in urine=£ 16; 4
days with 4 replicates each at each level)

Nominal Mean calculated Inaccuracy Intra-assay precision Inter-assay precision
concentration {g/l) concentration i{g/l) %Diff& CV% CV%

150 150.4 0.3 0.7 0.7

65 65.2 0.3 1.2 15

30 30.1 0.3 2.6 2.7

10 10.1 11 7.0 6.8

2 9Diff = [(mean calculated concentratiennominal concentrationfnominal concentrationk 100.
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Table 3 bility: S-BMA is the toluene mercapturic acid, so in
S-PMA levels in urine samples of smoker subjects case of co-exposure to benzene and toluene the use
Sample Cigarettes  [S-PMA] [S-PMA] of this molecule as internal standard is not acceptable
per day (g S-PMAII (g S-PMA/g since results will be altered. In this paper, an internal
creatinine) creatinine) standardp-Br-S-PMA, structurally related to S-PMA,

1 40 >200 - was synthesized and characterized. The preparation
g 28 Z;gg _ was .simplle, rapid and quanti.tativpL.Br-S—PMA was

4 40 1934 0.4 1834 0.4 obtained in large amounts with a non-expensive pro-
5 40-30 43.6+ 05 2734 05 cedure. In this way, additional costs involved by the
6 40-30 37.1+ 0.8 28.6+ 0.8 regular use of synthetic labeled molecules as internal
7 40-30 56.0+ 0.4 35.0+ 0.4 standard are avoided. MoreovgrBr-S-PMA could

8 35 432+ 1.0 22,14 1.0 be applicable as internal standard also in case of si-
9 30 27.5+ 0.8 29.9+ 0.8 o ;

10 20 151+ 0.7 33.74 0.7 multaneous determination of different classes of mer-
11 20-15 143+ 0.9 29.5+ 0.9 capturic acids.

12 15 13.6+ 0.6 31.3+ 0.6 The mass spectrometric analysis showed best results

in negative ionization mode, firstly because S-PMA
and p-Br-S-PMA give rise to few signals in the MS
4, Discussion full scanmass spectra. Among these, thefM] ~ ion
was the most abundant, thus avoiding the loss of sig-
Urinary S-PMA is a sensitive and specific biomarker nal when operating in MSSRM mode, because al-
of exposure to benzene. Once absorbed, benzene isnost the total ion current generated from the analyte
transformed into benzene oxide by the cytochrome is selected for the MSexperiment. Secondly, in neg-
P450 2E1 (CYP 2E1) system. ative ionization mode the chemical noise is generally
Main sources of benzene exposure can be at- reduced. Both this features contributes to the reaching
tributed to occupational exposure (chemical synthesis of sensitivity levels suitable for achieving the aim of
industries, petroleum processing, fuel preparation and this work, i.e. the quantification of mercapturic acids.
distribution) as well as to smoking habits and environ-  The feasibility and efficacy of the proposed as-
mental pollution due to motor vehicle emissions. Ow- say have been examined by constructing calibration
ing to benzene carcinogenic properties, the biological curves. Linear plots in the explored range were ob-
monitoring of subjects exposed to this toxic has be- tained with high correlation coefficients. The reliabil-
come of particular relevance. This work was focused ity of the proposed method was also tested by perform-
on the development of an analytical method for the ing quality control analyses on urine sampgsked
determination of urinary S-PMA as biomarker of ben- with known amount of S-PMA. The detection limit, re-
zene exposure. The procedure is based on an HPLClated to the purification of 1 ml urine sample, ip.§/l.
purification followed by a LC/ESI-NI/M&SRM Calibration curves were constructed by using urine
analysis. The purification of S-PMA from urinary ma-  from four non-smoker volunteers, non-occupationally
trix can be carried out by liquid-liquid or solid-phase exposed to benzene. The purification and subsequent
extraction. Here we used a simple, reproducible and, analysis of 1 ml aliquot of such samples did not show
above all, automatizable extraction procedure via the presence of signals attributable to S-PMA, as
HPLC, before the mass spectrometric analysis. expected considering literature data for non-smoker
The use of mass spectrometry as detection systemand non-occupationally exposed subjects (1446
requires an appropriate internal standard. Literature S-PMA/I urine[23]). For this reason, we used urine
reports are based on the use of labeled internal stan-from these subjects in the preparation of urinary
dards, such as'{Cg]S-PMA [1], or on mercapturic ~ S-PMA solutions. At the same time the proposed
acids deriving from other electrophilic agents, such as procedure does not allow the evaluation of S-PMA
S-benzylmercapturic acid (S-BMAR2,25,26] The levels in the general, non-smoking, population un-
use of S-BMA as internal standard does not allow less at least 2 ml aliquot of the urine sample is pu-
the development of a method with a general applica- rified. The proposed procedure is, on the contrary,
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suitable for the biological monitoring of smoker

subjects and of workers occupationally exposed to
benzene (both non-smokers and smokers). In this

case, literature dat@23,26—29]vary in a wide range
(non-smokers, 8-1118y S-PMA/I urine [23] and
smokers, 0.31-1126g S-PMA/g creatining26]) and
are comparable with the S-PMA levels here found in

the analyses of authentic samples from smokers, oc-

M. Pieri et al. / J. Chromatogr. B 795 (2003) 347-354

for 2001, American Conference of Governmental Industrial
Hygienists, Cincinnati, OH, 2001.

[11] R.C. Baselt, Benzene in Biological Monitoring Methods for
Industrial Chemicals, Biomedical Publications, Davis, 1980,
p. 37.

[12] E. Nelson, Crit. Rev. Toxicol. 22 (1992) 371.

[13] S. Ghittori, M. Imbriani, in: L. Ambrosi, L. Soleo, S.
Ghittori, L. Maestri, M. Imbriani (Eds.), Mercapturic Acids
as Biomarker of Exposure to Industrial Chemicals, vol. 2,
PI-ME Press, Pavia, Italy, 2001, p. 85.

cupationally and non-occupationally exposed subjects [14] C. Weisel, R. Yu, A. Roy, P. Georgopoulos, Environ. Health

(from 18.3 to >20Q.g S-PMA/I urine).
The obtained results, in sensitivity, specificity and

accuracy, show the actual applicability of the proposed
method in the biomonitoring of smoker subjects and/or

occupationally exposed to benzene.

References

[1] A.A. Melikian, M. Meng, R. O’Connor, P. Hu, S.T.
Thompson, Health Effect Institute, Research Report Number
87, 1999.

[2] M.G. Ott, J.C. Townsend, W.A. Fishbeck, R.A. Langner, Arch.
Environ. Health 33 (1978) 3.

[38] R.A. Rinsky, A.B. Smith, R. Hornung, T.G. Fillon, R.J.
Young, A.H. Okun, P.J. Landrigan, N. Engl. J. Med. 316
(1987) 1044.

[4] M. Aksoy, Environ. Health Perspect. 82 (1989) 193.

[5] K.S. Crump, J. Toxicol. Environ. Health 42 (1994) 219.

[6] M. Hite, M. Pecharo, I. Smith, S. Thornton, Mutat. Res. 77
(1980) 149.

[7] R.R. Tice, D.L. Costa, R.T. Drew, Proc. Natl. Acad. Sci.
U.S.A 77 (1996) 2148.

[8] S. Pirozzi-Chatterjee, R. Snyder, in: E. Arine, J.B.
Schenkman, E. Hodgson (Eds.), Molecular Aspects of
Monooxygenases and Bioactivation of Toxic Compounds,
Plenum Press, New York, NY, 1991, p. 387.

[9] A. Forni, Environ. Health Perspect. 104 (Suppl. 6) (1996)
1309.

[10] American Conference of Governmental Industrial Hygienists.
Threshold Limit Values and Biological Exposure Indeces

Perspect. 104 (1996) 1141.

[15] P.C. Liao, C.M. Li, L.C. Lin, C.W. Hung, T.S. Shih, J. Anal.
Toxicol. 26 (2002) 205.

[16] L. Maestri, I.J. Mestad, G. Pezzagno, G. Ital, Med. Lav. Erg.
21 (1999) 323.

[17] K. Pekari, Biological Monitoring of Benzene, Toluene and
Styrene, Academic Dissertation, Natural and Environmental
Sciences, vol. 16, University Publication C. Kuopio,
1994.

[18] L. Drummond, R. Luck, A.S. Afacan, H.K. Wilson, Br. J.
Ind. Med. 45 (1988) 256.

[19] G. Westt0, Acta Chem. Scand. 18 (1964) 1373.

[20] P. Ducos, R. Gaudin, A. Robert, J.M. Francin, C. Maire, Int.
Arch. Occup. Environ. Health 62 (1990) 529.

[21] P. Stommel, G. Mullen, W. Stuker, C. Verkoyen, S. Schobel,
K. Norpoth, Carcinogenesis 10 (1989) 279.

[22] N.J. van Sittert, P.J. Boogaard, G.D.J. Beulink, Br. J. Ind.
Med. 50 (1993) 460.

[23] M. Buratti, G. Brambilla, S. Fustinoni, O. Pellegrino, S.
Pulviremiti, A. Colombi, J. Chromatogr. B 751 (2001) 305.

[24] R.P. Hanzlik, P.E. Weller, J. Desai, J. Zheng, L.R. Hall, D.E.
Slaughter, J. Org. Chem. 55 (1990) 2736.

[25] H. Kivisto, K. Pekari, J. Svinhufvud, T. Veidebaum, M. Sorsa,
A. Aitio, Sci. Total Environ. 199 (1997) 49.

[26] M. Fang, M. Shin, K. Park, Y. Kim, J. Lee, M. Cho, Scand.
J. Work Environ. Health 26 (2000) 62.

[27] L. Maestri, S. Ghittori, E. Grignani, M.L. Fiorentino, M.
Imbriani, Med. Lav. 84 (1993) 55.

[28] N.J. van Sittert, P.J. Boogaard, G.D.J. Beulink, Br. J. Ind.
Med. 50 (1993) 460.

[29] P.J. Boogaard, N.J. van Sittert, Occup. Environ. Med. 52
(1995) 611.



	Determination of urinary S-phenylmercapturic acid by liquid chromatography-tandem mass spectrometry
	Introduction
	Experimental
	Materials
	Synthesis of p-Br-S-PMA internal standard
	Solutions and validation samples
	HPLC/UV purification and LC/ESI-NI/MS2-SRM analysis

	Results
	LC/ESI-NI/MS characterization of S-PMA and p-Br-S-PMA
	Quantitative analysis of S-PMA
	Analysis of smokers' urine samples

	Discussion
	References


