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a b s t r a c t

In benzene metabolism, pre-S-phenylmercapturic acid (pre-SPMA) is the precursor to S-
phenylmercapturic acid (SPMA). Urinary pre-SPMA/SPMA ratios are variable. For the determination of
urinary SPMA as a biomarker of exposure to benzene it is essential to completely convert pre-SPMA
eywords:
-Phenylmercapturic acid
re-S-phenylmercapturic acid
C–MS/MS

to SPMA. We developed a procedure for the enrichment and determination of urinary pre-SPMA by
LC–MS/MS which allowed us to trace the conversion of pre-SPMA to SPMA. Complete conversion was
found upon treatment of urine with HCl (37%) at pH 1.1. Previously reported treatment of urine with
concentrated H2SO4 was found to yield SPMA levels higher than after HCl treatment. The origin of that
extra SPMA amount is unknown. In conclusion, our findings suggest that pre-treatment of urine with

.5–1
f SPM
HCl to adjust the pH to 0
applied prior to analysis o

. Introduction

Benzene has been classified as human carcinogen by the Inter-
ational Agency for Research on Cancer (IARC) [1]. Apart from
ccupational exposure at various workplaces (oil refineries, gas
tations, chemical plants), there is ambient exposure to benzene
rom fuels, automotive exhausts and tobacco smoke. For the assess-

ent of human exposure to benzene, various biomarkers have
een applied such as benzene in blood, exhaled air and urine
2–4], urinary phenol [5], trans,trans-muconic acid [6] and S-
henylmercapturic acid (SPMA) [7]. Of those, urinary SPMA turned
ut to be the most sensitive and specific biomarker, in particular
or assessing low benzene exposure.

The metabolic pathway to SPMA comprises oxidation of benzene
o benzene oxide, conjugation of benzene oxide with glutathione
GSH) to 1-(S-glutathionyl)-cyclohexa-3,5-dien-2-ol. The latter
ntermediate is subject to the common process of mercapturic acid

ormation [8], resulting in the formation of pre-SPMA, which is
onverted to SPMA under acidic conditions (Fig. 1).

The discovery of pre-mercapturic acids as intermediate metabo-
ites of aromatic compounds dates back about 130 years. Baumann
9] and Jaffé [10] observed that the mercapturic acid formed from
hlorobenzene was for the most part not present in urine in the

� This paper is part of the special issue ‘Biological Monitoring and Analytical Tox-
cology in Occupational and Environmental medicine’, Michael Bader and Thomas
öen (Guest Editors). .
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is essential for complete conversion of pre-SPMA to SPMA and should be
A in urine.

© 2009 Elsevier B.V. All rights reserved.

free form, but had to be liberated from an unknown precursor
by mineral acids. Almost 80 years later, Boyland and Sims [11]
identified and characterized a precursor of 1-naphthylmercapturic
acid in urine of various species (including man) when dosed
with naphthalene. The authors proposed N-acetyl-S-(1:2-dehydro-
1-hydroxy-2-naphthyl)-l-cysteine as a possible structure of this
precursor. A year later, Knight and Young [12] coined the name
‘pre-mercapturic acids’ for these precursors. They characterized
pre-mercapturic acids of benzene, naphthalene, anthracene and
halogeno-benzenes by paper chromatography and found that the
conversion to the corresponding mercapturic acid was dependent
on pH. Benzylchloride was found to form no pre-mercapturic acid.

Sabourin et al. [13] observed an unknown, major metabolite in
urine of rats exposed to [3H]-benzene. They assumed this metabo-
lite to be pre-SPMA, since it converted to SPMA under acidic
conditions. Inoue et al. [14,15] reported that treatment of urine
with 9.9 N sulphuric acid for 10 min leads to the highest amount of
SPMA measured in urine of workers exposed to benzene. Further-
more, these authors showed that treatment of urine with 17.5 N
acetic acid yielded, on average, only 22% of the amount of SPMA
measured after treatment with 9.9 N sulphuric acid. Paci et al. [16]
reported that in urine at physiological pH, SPMA comprised only
about 10% of total SPMA (= SPMA + pre-SPMA). In urine adjusted to
pH 2, this percentage was 44%. These authors proposed to treat the

urine with concentrated sulphuric acid prior to analysis in order to
completely convert pre-SPMA to SPMA.

Recently, Henderson et al. [17] reported a negative ion mass
spectrum of a mixture of benzene oxide and N-acety-l-cysteine.
At alkaline pH, the masses m/z 256 and 238, corresponding to

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:gerhard.scherer@abf-lab.com
dx.doi.org/10.1016/j.jchromb.2009.08.043
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Table 1
Retention times and MRM-parameters for the selected parent and daughter ion
combinations of the analytes and the internal standard.

Analyte RT (min) Parent ion
(Q1)

Daughter
ion (Q3)

DP EP CE CXP

SPMA 1.85 238 109 −40.0 −10.0 −16.0 −11.0
[D5]-SPMA 1.85 243 114 −40.0 −10.0 −18.0 −13.0
Fig. 1. Transformation of pre-SPMA to SPMA by acidic hydrolysis [4].

-1 mass of pre-SPMA and SPMA, respectively, were observ-
ble.

The aim of our investigation was to further characterize uri-
ary pre-SPMA by applying modern analytical technology such as
ydrophilic interaction chromatography (HILIC) and tandem mass
pectrometry (MS/MS). Furthermore, we wanted to identify milder
onditions for the complete conversion of pre-SPMA to SPMA prior
o the analytical clean-up and determination.

. Experimental

.1. Chemicals

SPMA (98% purity) was purchased from TCI (Tokyo, Japan).
5-SPMA (98% chemical purity) was obtained from Chemotrade

Leipzig, Germany). Acetonitrile, methanol (both of HPLC-grade)
nd ethyl acetate (99%) were purchased from Promochem (Wesel,
ermany). Ammonium acetate, sulphuric acid (95–97%), formic
cid (98%), sodium hydroxide (50–52% in water) and ammo-
ium hydroxide (>25% in water) were obtained from Fluka (Basel,
witzerland). Hydrochloric acid (37%) was purchased from Riedel
e Häen (Seelze, Germany). Acetic acid (99.8%) was obtained from
ldrich (Steinheim, Germany). De-ionized water was supplied by a

aboratory desalting device (Seralpur Pro 90C, Seral, Munich, Ger-
any).

.2. Enrichment of pre-SPMA from urine

Frozen urine samples from smokers were thawed at room tem-
erature. To 5 ml urine sample, 20 �l of the internal standard (IS,
5-SPMA) dissolved in methanol (1 �g/ml) was added. The sample
as frozen and lyophilized (about 10 h) in a SpeedVac evaporator.

he residue was dissolved in 1 ml methanol, after which 3 ml of
cetonitrile was added. Solid phase extraction (SPE) was performed
ith SeQuant (Marl, Germany) ZIC® HILIC 500 mg cartridges using
VacMaster® (Biotage, Uppsala, Sweden) SPE work-station. The

artridges were pre-conditioned with 4 ml water and 4 ml acetoni-
rile. After applying the sample, the cartridge was washed with
ml acetonitrile and eluted subsequently with 4 ml each of 95%,
0% and 85% acetonitrile in water. The eluates were evaporated to
ryness under vacuum at room temperature and the residue was
e-dissolved in 200 �l methanol.

.3. LC–MS/MS analysis of urinary pre-SPMA

Ten (10) �l of the extract was injected into an LC–MS/MS system
onsisting of a Series 1200 HPLC device (Agilent Technology, Wald-
ronn, Germany) coupled to an API 5000TM MS/MS system (Applied
iosystems, Darmstadt, Germany). For separation, an Atlantis®

ILIC Silica 3 �m column (Waters, Eschborn, Germany) was used.
hromatography was performed with 10% 5 mM aqueous ammo-
ium acetate and 90% 5 mM ammonium acetate in acetonitrile with

◦
flow rate of 0.4 ml/min at 40 C.
The MS/MS system was run in the atmospheric pressure chem-

cal ionization (APCI) negative mode. Analyst® Software 1.4.2 was
sed for instrument control and data acquisition. The operation
arameters in the multiple reaction monitoring (MRM) mode were
pre-SPMA 2.44 256 109 −40.0 −10.0 −16.0 −11.0

DP: declustering potential; EP: entrance potential; CE: collision energy; CXP: colli-
sion exit potential. All potentials given in voltage (V).

as follows: resolution of Q1 was set to “high”, resolution of Q3 was
set to “unit”, settling time 0 ms, MR pause 5 ms, dwell time 150 ms.
Analyte specific parameters are shown in Table 1.

2.4. Urine samples and analysis of urinary SPMA

We investigated spot urine samples from 6 non-smokers (labo-
ratory workers), 6 smokers, and 17 chemical plant workers exposed
to benzene (post-shift urine collection).

Urine samples were analysed for SPMA with an SPE-based
LC–MS/MS (description, see below) and a column-switching-based
LC–MS/MS method [18] under various urine pre-treatment condi-
tions (untreated, pH 2/pH 0.5/pH −0.6).

In the SPE-based method, to 4 ml urine, 20 ng D5-SPMA was
added. In Version 1 of the method, 1 ml 9 M sulphuric acid was
added [16], resulting in a measurable pH of −0.6. The mixture was
shaken for 10 min at room temperature before 750 �l NaOH (50%)
was added, resulting in a pH of 1.5–2. In Version 2 of the method,
150 �l hydrochloric acid (37%) was added, resulting in a pH of 0.5.
The mixture was vortexed and centrifuged (2000 × g, 10 min, 10 ◦C).
The further sample clean-up procedure was identical for both ver-
sions. The hydrolyzed mixture was applied to an anion exchange
cartridge (Oasis® MAX 60 mg, Waters, Eschborn, Germany), pre-
conditioned with 3 ml methanol and 3 ml diluted hydrochloric
acid (pH 2.0). The cartridge was washed with diluted hydrochloric
acid (pH 2.0), 3 ml 5% ammonium hydroxide and 3 ml methanol.
After drying, the cartridge was eluted with 3 ml 5% formic acid
in ethyl acetate. The eluate was evaporated to dryness and re-
dissolved in 500 �l methanol/HCl, pH 2 (1:1, v/v). Ten (10) �l of
the extract was injected into the LC–MS/MS system, equipped with
a Luna® C18(2) column (2.5 �m, 100 mm × 2 mm, Phenomenex,
Aschaffenburg, Germany). Gradient chromatography was with a
flow rate of 0.32 ml/min at 50 ◦C using 0.1% aqueous ammonium
acetate, pH 4.3 (A) and methanol with 0.1% acetic acid (B) mixed
as follows: 0–1 min: 20% B, 1–4 min: 20–95% B, 4–6 min: 95%
B, 6–6.1 min: 95–20% B, 6.1–9 min: 20% B. Negative atmospheric
pressure chemical ionization (APCI) was applied with the MS/MS
system run in the multiple reaction monitoring (MRM) mode. The
retention time for SPMA and D5-SPMA was 5.63 min. Quantifier
(qualifier) mass transitions were m/z 238 → 109 (240 → 111) and
m/z 243 → 114 (245 → 116) for SPMA and D5-SPMA, respectively.
Precision, accuracy and recovery were determined at three levels
(0.2, 25, 50 ng/ml). Intra-day (N = 5) and inter-day (6 days) precision
of the method was <10%. The accuracy (N = 5) and recovery (N = 5)
ranged from 100.2% to 100.6% and 97.6% to 100.0%, respectively.
The limit of detection (LOD) was determined with the signal/noise
(S/N) method and was found to be 0.03 ng/ml at S/N = 3. The limit
of quantification (LOQ) was found to be 0.09 ng/ml at S/N = 9.

The column-switching method was performed either in its orig-

inal version by adding 20 �l formic acid (100%) to 1 ml urine [18]
leading to a pH of 2 or by adding 40 �l HCl (37%) to 1 ml urine, lead-
ing to a pH of 0.5. In the latter case, the pH was adjusted to pH 2.5–5
by adding 25 �l NaOH (50%) prior to injection into the LC–MS/MS
system.
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F n a HILIC cartridge and elution with 95% acetonitrile. Chromatograms are mass transition
t /z 238 → 109, retention time: 1.85 min, middle) and pre-SPMA (m/z 256 → 109, retention
t al, right hand side chromatograms under acidic (pH ∼1) conditions.
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ig. 2. Chromatograms of a urine extract from a regular smoker obtained after SPE o
races of D5-SPMA (IS, m/z 243 → 114, retention time: 1.85/1.93 min, top), SPMA (m
ime: 2.44 min, bottom). Left hand side chromatograms were obtained under neutr

. Results and discussion

.1. Enrichment and characterization of urinary pre-SPMA

SPE on HILIC cartridges with subsequent LC–MS/MS analysis
sing a HILIC analytical column showed the best results for simul-
aneous SPMA and pre-SPMA determinations. Other SPE materials
uch as hydrophilic–lipophilic-balanced (HLB), mixed-mode anion
xchange, C18 and hydrophobic silica (Sep-pak® C18) materials
ere of limited use for urinary pre-SPMA enrichment. Pre-SPMA
as enriched in the HILIC eluate with 5% water/95% acetonitrile.

For MS/MS detection of D5-SPMA, SPMA and presumed pre-
PMA in the APCI negative mode, the mass transitions m/z
43 → 114, 238 → 109 and 256 → 109, respectively, were used
Fig. 2). Retention times of SPMA (1.85 min) and pre-SPMA
2.44 min) are in agreement with the assumption that pre-SPMA
s a more polar compound than SPMA and, therefore, elutes later
rom the hydrophilic column. It is interesting to note that in the
PMA chromatogram, a peak at the assumed pre-SPMA retention
ime (2.44 min) appears, which is in agreement with the fact that
re-SPMA is easily dehydrated to SPMA in the ion source (Fig. 2,

eft hand side).
Under acidic conditions (pH 0.5), the presumed pre-SPMA peaks

t 2.44/2.45 min disappeared, whereas the area of the SPMA peak
1.93 min) increased (Fig. 2, right hand side).

These observations are in accordance with the assumption that
he peak at 2.44 min is the acid labile pre-SPMA. This assumption is
urther supported by the report of Henderson et al. [17], who found

asses of m/z 256 and 238 in the negative ion mass spectrum of
n incubation mixture of benzene oxide and N-acetyl-l-cysteine,
orresponding to M-1 ions of pre-SPMA and SPMA, respectively.
roduct fragmentation of both signals showed daughter ions of m/z
09, corresponding to C6H5S (thiophenolate ion). Acidification of
he reaction mixture showed only signals for SPMA but not for pre-
PMA [17].
.2. Dependency of the pre-SPMA to SPMA conversion on pH

Aliquots of the presumptive pre-SPMA enriched fractions from
he HILIC SPE were evaporated as described in Section 2.2 and
Fig. 3. pH-Dependent conversion of pre-SPMA to SPMA. Experiments were done
with aliquots of the HILIC SPE eluate with 5% water/95% acetonitrile. Peak area ratios
of pre-SPMA/D5-SPMA and SPMA/D5-SPMA were plotted against the adjusted pH
value in the aliquots.

adjusted to different pH values by adding various amounts of HCl
(37%), starting with pH 3.5 and decreasing in intervals of 0.2–0.3
down to pH 0. Fig. 3 shows the relative amounts of the supposed
pre-SPMA and SPMA (expressed as peak area ratio to D5-SPMA)
in relation of the pH value of the aliquot. Amounts of assumed
pre-SPMA decreased, whereas amounts of SPMA simultaneously
increased with decreasing pH. At pH 1.1, presumed pre-SPMA was
no longer detectable. Although the limit of detection for the pre-
SPMA determination is not known, it is appropriate to assume that
at pH 1 (or slightly below), the conversion of pre-SPMA to SPMA is
complete.

3.3. Determination of urinary SPMA under various pH conditions

In order to study the influence of pH adjustment of urine
samples prior to the analytical determination, two sets of urine

samples were analysed for SPMA under various pH conditions
with two different LC–MS/MS methods. A set of 17 urine sam-
ples from occupationally exposed workers was analysed with the
column-switching method by Schettgen et al. [18] under four
different pH conditions: Untreated, formic acid added (pH 2.0),
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Fig. 4. Results of SPMA analysis in urine samples, applying different pre-treatment
conditions. The urine samples were post-shift collected by benzene exposed workers
of a chemical plant. Samples were ordered according to increasing SPMA concen-
trations measured with HCl pre-treatment.
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ig. 5. Results of SPMA analysis in urine samples, applying different pre-treatment
onditions. The spot urine samples were collected by six non-smokers (sample
o. 1–6) and six smokers (sample no. 7–12). Samples were ordered according to

ncreasing SPMA concentrations measured with HCl pre-treatment.

Cl (37%, 10 �l/ml) added (pH ∼1), sulphuric acid added accord-
ng to Paci et al. [16] (pH −0.6). Fig. 4 shows the results of
he SPMA determinations under these conditions. Samples were
rdered with increasing SPMA levels obtained with HCl pre-
reatment. Relative to the pre-treatment with HCl (100%), SPMA
evels of untreated, formic acid and sulphuric acid treated urine
amples amounted to (mean ± standard deviation) 14.1 ± 11.3%,
6.7 ± 36.5% and 197.7 ± 184.5%, respectively. These results are in
greement with those reported by Paci et al. [16].

A second set of urine samples derived from occupationally unex-
osed subjects (six non-smokers, six smokers) were analysed under
hree different pre-treatment conditions: Addition of formic acid

pH 2), addition of HCl (37%, 150 �l/4 ml, pH 0.5) and sulphuric
cid (pH −0.6) [16]. Samples treated with formic acid were anal-
sed with the column-switching method [18], samples treated
ith HCl and sulphuric acid were analysed with the SPE-based
ethod. Fig. 5 shows that SPMA again increased with decreasing

[

[

878 (2010) 2502–2505 2505

pre-treatment pH. Relative to the pre-treatment with HCl (100%),
SPMA levels of formic acid and sulphuric acid treated urine sam-
ples amounted to (mean ± standard deviation) 98.5 ± 70.2% and
125.4 ± 22.4%, respectively.

It is important to note that the ratio between the SPMA concen-
trations determined under the various pre-treatment conditions
was variable, indicating that the ratio between pre-SPMA and SPMA
varies from sample to sample. Furthermore, the results obtained
show that the pre-treatment with concentrated sulphuric acid (pH
−0.6) released SPMA in excess to HCl treatment (pH 0.5–1). Since
our data suggest that conversion of pre-SPMA to SPMA is complete
at pH ∼1 (Fig. 3), we assume that the excess SPMA released by sul-
phuric acid originated from other, as yet unknown sources and side
reactions. Definitive answers, however, are subject to experiments
with isolated pure pre-SPMA.

4. Conclusions

Pre-SPMA was extracted from human urine by means of HILIC-
based SPE. Its chromatographic and tandem mass spectrometric
properties were in agreement with expectations and data reported
in the literature [17]. Conversion of pre-SPMA to SPMA increased
with decreasing pH and was complete at pH ∼1. Determination
of SPMA in urine using various pre-treatment pH levels revealed
that the pre-SPMA/SPMA ratio is variable. Our results suggest that
adjustment of urinary pH to 0.5–1 (by addition of HCl) prior to
analysis is the most advisable condition for complete conversion
of pre-SPMA to SPMA. This would confirm the sample treatment
instructions (‘add 1 ml concentrated HCl to 100 ml urine’) in the
recommended SPMA method of the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) [19].
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