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Abstract Mercapturic acids (MAs) are metabolic end prod-
ucts formed from conjugates between glutathione and electro-
philic compounds. MAs are, therefore, suitable biomarkers of
exposure to toxicants, which are either electrophiles by them-
selves or metabolized to electrophilic intermediates. We de-
veloped and validated two LC-MS/MS methods which allow
the complementary, rapid, and sensitive determination ofMAs
derived from acrolein, acrylamide, acrylonitrile, benzene, 1,3-
butadiene, crotonaldehyde, N,N-dimethylformamide, ethyl-
ene, ethylene oxide, vinyl chloride, propylene oxide, styrene,
toluene as well as methylating and ethylating agents. Since
separate determinations of single or small groups of MAs
are time-consuming and expensive, we multiplexed several
individual methods into two LC-MS/MS methods covering
18 individual mercapturic acids. Method validation according
to FDA guidelines showed excellent results in terms of robust-
ness, accuracy, and sensitivity of the methods. Moreover, the
use of a minimal, simple, and straightforward sample cleanup
procedure further accelerated the analytical workflow, which
allows a time- and cost-efficient analysis of up to 18 MAs
derived from various toxicants in environmental levels. The
methods were applied to urine samples derived from a strictly
diet-controlled clinical study, including 25 smoking and 25
non-smoking subjects. Significant increase in the urine con-
centrations in smokers as compared to non-smokers (p<0.01;
Student t test) was observed for 13 individualMAs.Moreover,
a dose dependence was obtained for the majority of the
analytes. In conclusion, the newly developed assays represent

a powerful tool for the fast and reliable quantification of 18
MAs in clinical studies. A first method application suggests
several suitable biomarkers for nine relevant toxicants in to-
bacco smoke.
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Introduction

Volatile organic compounds (VOCs) are numerous, varied,
and ubiquitous, including both human-made and naturally oc-
curring chemical compounds. Amongst these are several high-
ly toxic and in part carcinogenic chemicals, including acryl-
amide, benzene, 1,3-butadiene, and crotonaldehyde. The ab-
sorption into the human body mainly occurs via the lung or
skin. Tobacco smoke has been described as the major non-
occupational source of exposure to many VOCs [1]. Such
VOCs can be determined either by directly measuring main-
stream and environmental tobacco smoke (ETS) which, how-
ever, does not reflect the actual absorbed dose or by exposure
assessment of appropriate biomarkers in different biofluids.
VOCs are mainly determined in blood either directly as parent
compounds [2–4] and DNA/protein adducts [5, 6], or suitable
metabolites are determined in urine [7–10].

Most VOCs exhibit their toxic potential due to an initial
bioactivation step resulting in reactive metabolites which
readily form adducts with, inter alia, DNA, hemoglobin, or
other proteins. On the other hand, these electrophilic interme-
diates usually conjugate with glutathione (GSH) in a well-
characterized detoxification pathway, also known as
mercapturic acid (MA) pathway [11]. Mercapturic acids
(MAs), N-acetyl-L-cysteine-S-conjugates, represent the
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metabolic end products from GSH conjugation and may serve
as biomarkers of exposure (BoE) for various VOCs.

MAs are frequently analyzed in exposure assessment of
various toxicants for several reasons. Firstly, as MAs are pre-
dominantly excreted in urine [12], samples can be obtained
non-invasively in sufficient amounts. Furthermore, the short
elimination half-lives of MAs allow the determination of re-
cent exposures. Besides, the short half-lives allow repeated
sampling and the correlation between the internal dose and a
specific environmental impact [13].

Several LC-MS/MS methods have been reported in the
past for the analysis of MAs resulting from exposure to toxi-
cants from various sources [8, 11, 14, 15], including tobacco
smoke [1, 7]. However, the vast majority of methods comprise
only single analytes and small sets of MAs [7–10, 12, 16–26].
Recently, Alwis et al. published a method covering 16 MAs
relevant for assessing the exposure to a total of 28 VOCs [27].
However, in order to quantify several MAs resulting from
environmental (background) exposure, there is a need for sen-
sitive methods.

Our goal was to develop a robust and quantitative method-
ology which allows for a complementary, rapid, and sensitive
determination of multiple MAs resulting from different major
toxicants, for example those identified as harmful or potential-
ly harmful (HPHC) in tobacco smoke by the FDA [28]. The
toxicants covered by our methodology are acrolein, acrylam-
ide, acrylonitrile, benzene, 1,3-butadiene, crotonaldehyde, N,
N-dimethylformamide, ethylene oxide, propylene oxide, sty-
rene, toluene, vinyl chloride, and (m)ethylating agents. It
emerged that two multiplex-LC-MS/MS methods for the si-
multaneous determination of 18 MAs in human urine were
required. Both methods were applied to urine samples from
a confined, diet-controlled clinical study to evaluate the suit-
ability of the MAs as BoE to environmental and tobacco
smoke toxicants.

Materials and methods

Chemicals, standards, stock solutions, and quality
controls

N-Acetyl-S-(3-hydroxypropyl)cysteine (3-HPMA), N-acetyl-
S-(3-hydroxypropyl)cysteine-15N13C3 (3-HPMA-15N13C3),
and N-acetyl-S-(2-hydroxypropyl)cysteine (2-HPMA) were
purchased from AptoChem (Montreal, Canada). N-Acetyl-
S-(2-hydroxypropyl)cysteine-D3 dicyclohexylammonium salt
(D3-2-HPMA), (R,S)-N-acetyl-S-[1-(hydroxymethyl)-2-
propenyl-L-cysteine+(R,S)-N-acetyl-S-[2-(hydroxymethyl)-
3-propenyl-L-cysteine (MHBMA), (R,S)-N-acetyl-S-
-[1-(hydroxymethyl)-2-propenyl-L-cysteine-D6+(R,S)-N-ace-
tyl-S-[2-(hydroxymethyl)-3-propenyl-L-cysteine-D6 (D6-
MHBMA), N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine

(DHBMA), N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine-D7

(D7-DHBMA), N-acetyl-S-(N-methylcarbamoyl)-L-cysteine
(AMCC), N-acetyl-D3-S-(N-methylcarbamoyl)-L-cysteine
(D3-AMCC), N-acetyl-S-(2-hydroxyethyl)-L-cysteine sodium
salt (HEMA), N-acetyl-S-(2-hydroxyethyl-D4)-L-cysteine
(D4-HEMA), N-acetyl-S-(2-cyanoethyl)-L-cysteine (CEMA),
N-acetyl-S-(2-cyanoethyl)-L-cysteine-D3 (D3-CEMA), N-ace-
tyl-S-methyl-L-cysteine (MMA), N-acetyl-S-methyl-L-cyste-
ine-D3 (D3-MMA), N-acetyl-S-ethyl-L-cysteine (EMA), N-
acetyl-S-ethyl-L-cysteine-D5 (D5-EMA), N-acetyl-S-(3-hy-
droxypropyl-1-methyl)-L-cysteine dicyclohexylammonium
salt (HMPMA), N-acetyl-D3-S-(3-hydroxypropyl-1-methyl)-
L-cysteine dicyclohexylammonium salt (D3-HMPMA), N-
acetyl-S-(3-carboxy-2-propyl)-L-cysteine disodium salt
(CMEMA), N-acetyl-S-(3-carboxy-2-propyl)-L-cysteine-D3

disodium salt (D3-CMEMA), N-acetyl-S-(2-hydroxy-1-
phenylethyl)-L-cysteine +N-acetyl-S-(2-hydroxy-2-
phenylethyl)-L-cysteine (mixture of PHEMA 1 and PHEMA
2), N-acetyl-S-(2-hydroxy-1-phenylethyl)-L-cysteine-13C6+
N-acetyl-S-(2-hydroxy-2-phenylethyl)-L-cysteine-13C6 (mix-
ture of 13C6-PHEMA 1 and 13C6-PHEMA 2), N-acetyl-S-phe-
nyl-L-cysteine (SPMA), and N-acetyl-S-benzyl-cysteine
(SBMA) were obtained from Toronto Research Chemicals
(Ontario, Canada). N-Acetyl-S-(3-amino-3-oxopropyl)-cyste-
ine (AAMA), N-acetyl-D3-S-(3-amino-3-oxopropyl)-cysteine
(D3-AAMA), N-acetyl-S-(3-amino-2-hydroxy-3-oxopropyl)-
cysteine (GAMA), N-acetyl-D3-S-(3-amino-2-hydroxy-3-
oxopropyl)-cysteine (D3-GAMA), N-acetyl-S-(N-
methylcarbamoyl)-L-cysteine (AMCC), and N-acetyl-D3-
S-(N-methylcarbamoyl)-L-cysteine (D3-AMCC) were sup-
plied by Chemical Laboratories Dr. Mark (Worms, Germany).
N-Acetyl-S-Phenyl-D5-L-cysteine (D5-SPMA) was purchased
from Chemotrade (Düsseldorf, Germany). N-Acetyl-S-ben-
zyl-cysteine-D7 (D7-SBMA) was obtained from a custom syn-
thesis. The purity of all reference compounds commercially
available was ≥98 %. Ammonium acetate (0.1 %) in water
was supplied by Fluka (Taufkirchen, Germany). Acetonitrile
(LC-MS grade) and methanol (HPLC grade) were purchased
from LGC Standards GmbH (Wesel, Germany). Ultrapure
water was prepared by a Seralpur Pro 90 C apparatus (Seral,
Minden, Germany). Acetic acid, ammonium acetate, ammo-
nium formate, formic acid, and sodium hydroxide were pur-
chased from Sigma-Aldrich (Taufkirchen, Germany). All
chemicals were of analytical grade or higher.

Stock solutions were prepared in methanol at a concentra-
tion of 1 mg/mL. Primary stock solutions were stored at
−20 °C. The mixed working solutions for calibrators of
SPMA, SBMA, EMA, MMA, HEMA, CEMA, PHEMA,
HMPMA, and CMEMA and for all internal standards (ISs)
were prepared from the primary stock solutions in methanol,
whereas calibrators for 2-HPMA, 3-HPMA, AAMA, AMCC,
GAMA, MHBMA, and DHBMAwere prepared from the pri-
mary stock solution in water. Working solutions were stored at
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−20 °C until analysis. Under these conditions, stock and work-
ing solutions were found to be stable for more than a year.

A mixture of non-smoker and smoker urine pools was used
to generate the low-level quality control (QC) samples.
Medium- and high-level QC samples were prepared by
pooling smokers’ urine samples. QC samples were aliquoted
and stored at −20 °C until use.

Calibration

Calibration was performed with the standard addition method
without weighting. Generally, a set of eight calibrators were
analyzed, except for SPMA, EMA, SBMA, and CEMAwhere
10 calibrators were used, with each batch of unknown sam-
ples. Calibrators were prepared by spiking non-smoker urine
samples (for most of the mercapturic acids, urine samples with
no detectable amounts of analytes (<LOD) were available)
with increasing amounts of analytes, yielding calibration
ranges as indicated in Table 1. The same amount of IS mixture
(method 1: 20 μL of 1.25 μg/mL of each D4-HEMA, D3-
MMA, D5-EMA, 13C6-PHEMA; 2.5 μg/mL of each D5-
SPMA and D7-SBMA; 5 μg/mL D3-CEMA; 15 μg/mL of
each D3-HMPMA and D3-CMEMA; method 2: 10 μL of IS
mix in methanol (3 μg/mL of each 3-HPMA-15N13C3, D3-
AAMA, and D3-2-HPMA; 0.6 μg/mL D3-GAMA; 4 μg/mL
D3-AMCC; 1 μg/mL D6-MHBMA; 10 μg/mL D7-DHBMA))
was added to each calibration level.

Study samples

Study samples were obtained from 25 smoking (9–18 ciga-
rettes/day) and 25 non-smoking subjects. Subjects were
healthy individuals participating in a diet-controlled smoking
study. The study was carried out under the German national
guidelines, and the protocol was approved by the ethic com-
mission of the Medical Chamber of Nordrhein-Westfalen,
Germany. Urine samples were collected at two different time
points (spot urines) and after 24 h; however, only the 24-h
urine samples were considered for analysis. Urine samples
were kept at −20 °C until analysis. Aliquots of 100 and
500 μL were taken from each tube and used for analysis using
methods 1 and 2, respectively.

Sample preparation

Due to the different physicochemical properties of the
analytes, their quantification was split into two different
methods. Both methods use a minimal, simple, and straight-
forward sample cleanup procedure. Urine samples were
thawed at room temperature and split into two aliquots. Ali-
quot 1 (500 μL urine) was used for the analysis of the follow-
ing analytes: HEMA, CEMA, HMPMA, CMEMA, MMA,
EMA, PHEMA 1, PHEMA 2, SPMA, and SBMA (method

1). Twenty microliters of the IS mix in methanol containing
the stable isotope-labelled analytes (1.25 μg/mL of each D4-
HEMA, D3-MMA, D5-EMA, 13C6-PHEMA; 2.5 μg/mL of
each D5-SPMA and D7-SBMA; 5 μg/mL D3-CEMA; 15 μg/
mL of each D3-HMPMA and D3-CMEMA) was added to
each sample. Previous studies have shown that for the deter-
mination of urinary SPMA as a biomarker of exposure to
benzene, it is essential to completely convert pre-SPMA to
SPMA [23]. In order to allow pre-SPMA conversion, the pH
of the urine samples was reduced to approximately 1 by
adding 20 μL of 37 % HCl. After 5 min of shaking, ammoni-
um formate buffer (pH 2.5) and 10 μL of 50 % NaOH were
added. Samples were centrifuged, and 50 μL of the superna-
tant was analyzed by a column-switching LC-MS/MS meth-
odology (Fig. 1).

Aliquot 2 (100 μL urine) was used for the analysis of the
following analytes: 3-HPMA, 2-HPMA, AAMA, GAMA, 1-
MHBMA, 2-MHBMA, DHBMA, and AMCC (method 2).
Urine samples were placed in an Eppendorf cup and mixed
with 10 μL of IS mix in methanol (3 μg/mL of each 3-
HPMA-15N13C3, D3-AAMA, and D3-2-HPMA; 0.6 μg/mL
D3-GAMA; 4 μg/mL D3-AMCC; 1 μg/mL D6-MHBMA;
10 μg/mL D7-DHBMA). The mixture was evaporated in a
SpeedVac (Jouan RC10.22, Thermo Scientific, Dreieich, Ger-
many) to dryness and further reconstituted in 100 μL metha-
nol. After thoroughly shaking for approximately 20 min, the
supernatant was transferred into microvials and 2 μL was
injected into the LC-MS/MS system.

LC-MS/MS analysis

Liquid chromatography was performed with an AT 1200 sys-
tem including a binary pump and a column oven (Agilent
Technologies, Waldbronn, Germany) connected to an HTC
Pal autosampler (CTC Analytics, Zwingen, Switzerland).
For the column-switching procedure (method 1, Fig. 1) an
AT 1100 external isocratic pump (Agilent Technologies,
Waldbronn, Germany) was used for additional analyte purifi-
cation and concentration. A hybrid triple quadrupole mass
spectrometer API 5000 equipped with a Turbo V source ion
spray, operating in negative ESI mode, was used for detection
(AB Sciex, Darmstadt, Germany). High-purity nitrogen was
produced by a nitrogen generator NGM 22-LC/MS (cmc In-
struments, Eschborn, Germany). The turbo ion spray source
parameters were kept the same for both methods using the
following settings: ion spray voltage=−4500 V, ion source
heater temperature=600 °C, source gas 1=30 psi, source gas
2=40 psi, and curtain gas setting=30 psi. Since numerous
mass transitions are required to cover the up to 11 metabolites
and their respective IS, analytes were monitored in scheduled
multiple reaction monitoring (SMRM) mode, applying a re-
tention time window of 90 s. Target scan time was set to
0.25 s. Quantifier and qualifier (as far as available) mass
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transitions, MS parameters, and retention times (RT) are
shown in Table 2. Quadrupoles Q1 and Q3 were operated at
unit resolution.

To simplify the sample preparation process for method 1,
an automated online restricted access material (RAM) coupled

with a column-switching LC-MS/MS system was developed
(Fig. 1). Eluent A and C consisted of 0.1 % formic acid in
water, eluent B was composed of 0.1 % formic acid in aceto-
nitrile, and eluent D was a mixture of eluent A and B (40/60,
v/v). The procedure included an automated online analyte load-
ing step, which retained the analytes on a LiChrospher
reversed-phase C8 (RP-8) (25 μm particle size) RAM column.
During that time period, the pump 1 flow was sent via the
analytical column into the MS (Fig. 1, position A). Then, at
0.5 min, the six-port valve was switched (Fig. 1, position B)
and the pump 1 flow back-flushed the RAM column and the
analytes were loaded onto the analytical column (Luna C8 col-
umn, 150 mm×4.6 mm i.d., 3 μm; equipped with a 4-mm×3-
mm pre-column, Phenomenex, Aschaffenburg, Germany).
Meanwhile, pump 2 delivered the flow into the waste (Fig. 1,
position B). At 1.3 min, the six-port valve was switched back to
the initial position (Fig. 1, position A), during which the chro-
matographic separation of the analytes on the analytical column
and detection via the MS/MS were achieved. The column oven
was maintained at 30 °C. Chromatographic separation was op-
timized to obtain good resolution amongst the different
mercapturic acids. The gradient elution along with the six-
port valve switching cycle is highlighted in the table at the
bottom of Fig. 1. The flow rate was set to 500 μL/min for pump
1 and to 300 μL/min for pump 2, respectively.

Chromatographic separation for method 2 was performed
on a Waters (Eschborn, Germany) Acquity ultraperformance
liquid chromatography (UPLC) BEH C18 column (150 mm×
3 mm, 1.7 μm particle size). The column was maintained at
30 °C and the injection volume was set to 2 μL. Eluent A

Table 1 Calibration data, limit of detection (LOD), and limit of quantification (LOQ) for the different MAs covered in methods 1 and 2

Method number Analyte Calibration range [ng/mL] Slope Correlation coefficient LOD (LOQ) [ng/mL]

1 HEMA 0.2–100 y=0.1558x 0.9997 0.06 (0.2)

1 MMA 2.5–1250 y=0.0208x 1 0.88 (2.5)

1 CEMA 0.25–1250 y=0.0079x 0.9988 0.08 (0.25)

1 HMPMA 5–2500 y=0.0026x 0.9988 0.49 (5.0)

1 CMEMA 5–2500 y=0.0057x 0.9996 1.91 (5.0)

1 EMA 0.03–150 y=0 0187x 0.9997 0.008 (0.03)

1 PHEMA 1 0.1–50 y=0.0470x 0.9998 0.03 (0.1)

1 PHEMA 2 0.4–200 y=0.0165x 1 0.13 (0.4)

1 SPMA 0.02–100 y=0.0080x 0.9984 0.005 (0.02)

1 SBMA 0.1–500 y=0.0129x 0.9998 0.027 (0.1)

2 3-HPMA 25–10,000 y=0.0048x 0.9997 12.6 (25.0)

2 AAMA 10–2000 y=0.0033x 0.9997 8.7 (10.0)

2 GAMA 1–200 y=0.0193x 0.9995 0.36 (1.0)

2 AMCC 2.5–2000 y=0.0282x 0.9999 0.93 (2.5)

2 2-HPMA 2.5–2000 y=0.0053x 0.9982 1.3 (2.5)

2 1-MHBMA 0.121–9.66 y=0.1103x 0.9984 0.09 (0.12)

2 2-MHBMA 0.129–10.3 y=0.0795x 1 0.03 (0.13)

2 DHBMA 12.5–2000 y=0.0020x 0.9995 4.6 (12.5)

Fig. 1 Column-switching procedure and gradient elution for method 1
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consisted of 5 mM ammonium acetate buffer in water; eluent
B was composed of acetonitrile containing 5 % of ammonium
acetate (100 mM). Gradient elution was performed with 1 %
A for 0.5 min, a linear increase to 7 % A until 14 min, 50 % A
from 14.01 until 16 min, and re-equilibration with 1 %A from
16.01 until 21 min. The flow rate was set to 700 μL/min.

Data analysis

Analyst software (version 1.5.2, AppliedBiosystems, Foster City,
CA, USA) was used for peak integration, calibration, and quan-
tification. Processed data were transferred to Excel (Microsoft
2007, Redmond, USA) to perform further statistical analysis.
SPSS (IBM, Armonk, NY, USA) was used to perform the bivar-
iate Pearson correlation analysis of the smoking subjects (N=25).

Method validation

Urine samples for validation experiments were obtained by
spiking analyte-free non-smoker urine or pooled samples from

smoker urine was used. Validation procedure was performed
according to FDA guidelines [29].

Specificity

The specificity of the method was analyzed by comparing
retention times of non-smoker urine with reference materials
in blank samples. For each compound, two MRMs (as far as
available) were monitored to ensure that no interference at the
RTs of the corresponding analytes is present.

Precision

In order to assess the precision of the analytical workflow,
urine samples at three different concentration levels (low, me-
dium, and high) were analyzed six times in a row and on six
consecutive days to determine intra-assay and inter-assay var-
iations, respectively. The low concentration level was a non-
smoker urine pool. Medium and high concentration levels

Table 2 MS parameters (Quan=quantifier, Qual=qualifier, IS=internal standard, CE=collision energy, RT=retention time) for the analysis of 18
individual MAs and their corresponding retention times (RTs)

Method number Parent compound Urinary biomarker Analyte (MRM) [m/z] IS (MRM) [m/z] CE [V] RT [min]

1 Alkylating agents HEMA 206.0→77.0 (Quan)
206.0→75.0 (Qual)

HEMA-d4 (210.0→81.0) −18
−36

5.9

1 Methylating agents MMA 176.2→84.1 (Quan)
176.2→57.0 (Qual)

MMA-d3 (179.1→83.9) −11
−9

8.2

1 Acrylonitrile CEMA 215.0→86.0 (Quan)
215.0→162.0 (Qual)

CEMA-d3 (218.0→165.0) −20
−12

8.7

1 Crotonaldehyde HMPMA 234.0→104.9 (Quan)
234.0→103.0 (Qual)

HMPMA-d3 (237.9→106.0) −40
−6

9.6

1 Crotonaldehyde CMEMA 247.7→162.0 (Quan)
247.7→127.9 (Qual)

CMEMA-d3 (251.0→164.9) −9
−15

10.4

1 Ethylating agents EMA 190.0→61.0 (Quan)
190.0→83.8 (Qual)

EMA-d5 (195.0→66.1) −22
−16

11.7

1 Styrene PHEMA 1 282.0→122.9 (Quan)
282.0→153.0 (Qual)

PHEMA 1-13C6 (288.0→129.0) −38
−20

13.4

1 Styrene PHEMA 2 282.0→153.0 (Quan) PHEMA 2-13C6 (288.0→159.1) −20 13.7

1 Benzene SPMA 238.0→108.9 (Quan)
238.0→111.0 (Qual)

SPMA-d5 (243.0→113.9) −16
−16

14.6

1 Toluene SBMA 252.0→123.0 (Quan)
252.0→83.9 (Qual)

SBMA-d7 (259.0→130.0) −17
−15

14.9

2 Acrolein 3-HPMA 220.0→91.0 (Quan)
220.0→89.0 (Qual)

3-HPMA-15N13C3 (224.0→91.0) −22
−38

11.5

2 Acrylamide AAMA 233.0→104.0 (Quan)
233.0→162.0 (Qual)

AAMA-d3 (236.0→104.0) −22
−16

14.0

2 Acrylamide GAMA 249.0→120.0 (Quan)
249.0→128.0 (Qual)

GAMA-d3 (252.0→120.0) −15
−15

12.9

2 N,N-Dimethyl-formamide AMCC 219.0→162.0 (Quan) AMCC-d3 (222.0→120.0) −12
−12

10.2

2 Propylene oxide 2-HPMA 220.0→91.0 (Quan) 2-HPMA-d3 (222.0→120.0) −18
−20

10.7

2 1,3-Butadiene 1-MHBMA 232.0→73.0 (Quan) 1-MHBMA-d6 (238.0→77.0) −36 9.6

2 1,3-Butadiene 2-MHBMA 232.0→103.0 (Quan) 2- MHBMA-d6 (238.0→109.0) −5 9.1

2 1,3-Butadiene DHBMA 232.0→103.0 (Quan)
250.0→121.0 (Qual)

DHBMA-d7 (257.0→78.0) −9
−13

13.5
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were taken from smoker urine pools at the middle and the
upper end of the calibration range.

Accuracy

Assay accuracy was calculated using non-smoker urine sam-
ples spiked at three different concentration levels, covering the
entire calibration range. Each level was analyzed five times in
a row.

LOD/LOQ

The limit of detection (LOD) in urine, defined as a signal-to-
noise ratio (S/N) of 3, was determined by spiking three
analyte-free matrix samples with a low concentration of ana-
lyte (S/N<30). The lower limit of quantification (LLOQ, S/
N=9) was confirmed by analyzing three different urine sam-
ples in five replicates, containing analytes close to the LLOQ.

Recovery

Extraction efficiencies were determined by spiking non-
smoker urine samples at three different concentration levels
(low, medium, high) prior to and after extraction. Samples
were analyzed as triplicates.

Matrix effect

The matrix effect was evaluated by comparing urine samples
spiked with low and high analyte concentration post-
extraction with reference standards at the same concentration
in water. Each set of samples was analyzed in triplicates.

Carryover

A high-level smoker urine pool was injected five times in a
row followed by the analysis of one blank sample. This pro-
cedure was repeated three times. There would be no signifi-
cant carryover if no peaks were detected above LOD at the RT
of the analytes in the blank samples.

Accuracy after sample dilution

A test of sample dilution during the validation procedure was
performed. For this purpose, three matrix samples with ana-
lyte concentrations higher than the upper limit of quantifica-
tion (ULOQ) were used for dilution experiments. The samples
were diluted with water by factors of 2, 5, and 10 to shift back
the concentration into the calibration range.

Sample stability

Several types of stability were tested during the validation
procedure:

– Short-term stability: Triplicate samples in matrix at two
different concentration levels (low and high) were ana-
lyzed by keeping them at ambient temperature for 4 to
24 h.

– Post-preparative stability: This stability was determined
for ∼24 h to cover the anticipated run time for the analyt-
ical batch and to allow for delayed injection. The extract-
ed urine samples (ready to inject) are kept at autosampler
temperature (10 °C) for the established time and analyzed
with fresh samples serving as reference.

– Freeze-thaw stability: Urine samples at two concentration
levels (low and high) were frozen overnight at storage
temperature (−20 °C) and thawed unassisted at room tem-
perature. When completely thawed, the samples were fro-
zen again at −20 °C for 12–24 h. This freeze-thaw cycle
was repeated six times in a row before the samples were
analyzed. The observed concentrations were compared
with their reference value derived from freshly analyzed
samples.

– Post-validation long-term stability: For some analytes,
long-term stability data are already available from previ-
ous experiments. Upon completion of the validation,
long-term stability in matrix for the remaining analytes
will be determined by storing a sufficient number of QC
samples at the required long-term storage temperature
and analyzing them in at least triplicates at a minimum
of two QC concentrations (low and high). The long-term
stability will be determined at several time points (e.g., 1,
3, 6, 9, and 12 months) depending on the stability time
required.

Results

LC-MS/MS analysis

We developed a combination of two methods using LC-MS/
MS to simultaneously quantify 18 MAs in human urine sam-
ples. Each compound was optimized individually by making
use of the automated Compound optimization algorithm of the
Analyst 1.5.2 software. De-protonated precursor ions were
dominated in the target compounds and, therefore, selected
as precursor ions in Q1. As far as possible, a minimum of
two fragment ions were taken into account, using the MRM
transition with the highest signal-to-noise ratio as quantifier
and the MRM transition with the second highest signal-to-
noise ratio as qualifier. MS conditions, IS assignment, and
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mass transitions for individual analytes and ISs are summa-
rized in Table 2.

Optimized chromatographic conditions led to sufficient
resolution and thus baseline separation of the individual
analytes (Fig. 2; cf. Table 2 for RT of analytes). Furthermore,
matrix components which might lead to interferences and
would hamper absolute quantitation were successfully sepa-
rated from analytes (Fig. 2). In order to cope with the relative-
ly huge amount of mass transitions for method 1 (in total 21;
see Table 2), necessary to cover the entire set of analytes
(quantifier, qualifier) along with their respective ISs, the MS
program was split into four periods. This was not required for
method 2.

In a first step, various extraction procedures were tested
with the primary goal of a simple, fast, and straightforward

sample cleanup procedure. Thus, method 1 applies an online
column-switching procedure (Fig. 1) with a minimum of sam-
ple pre-treatment (see BMaterial and methods^ section). Meth-
od 2 was also designed to meet the purpose of high sample
throughput. Tests revealed that it is sufficient to evaporate the
urine samples, reconstitute in methanol, and directly inject
into the LC-MS/MS system.

LC conditions were selected after evaluating the perfor-
mance of several different mobile phases and column chem-
istries for the simultaneous detection of 10 analytes in method
1 and 8 analytes in method 2. Optimal separation with well-
shaped peaks and good sensitivity across all analytes was
achieved for method 1 with a reversed-phase C8 RAM phase
in conjunction to a Luna reversed-phase C8 analytical column.
The mobile phase consisted of 0.1 % formic acid in water
(Fig. 1(A)), 0.1 % formic acid in acetonitrile (Fig. 1(B)),
0.1 % formic acid in water (Fig. 1(C)), and a combination of
40 % A and 60 % B (Fig. 1(D)).

Method 2 used an Acquity BEHHILIC columnwith a sub-
2-μm particle size. Solvents consisted of 5 mM ammonium
acetate in water (A) and acetonitrile containing 5 % ammoni-
um acetate (100 mM) (B). As shown in Fig. 2, the method
resolves all individual analytes and potential interferences.
Additionally, the analytical methods allow us to resolve the
primary isomers of monohydroxylated human metabolites of
1,3-butadiene (1-MHBMA and 2-MHBMA) and styrene
(PHEMA 1 and PHEMA 2).

Plasma cotinine concentrations were determined in analo-
gy to a previously developed method with minor modifica-
tions [30].

Method validation

Validation of the analytical workflow was performed accord-
ing to FDA guidelines [29]. Therefore, the performance of the
method was evaluated by assessing the following parameters:

The specificity of the method was ensured by the fact that
no interfering signals at the expected RT in analyte-free matrix
samples were detectable for both the quantifier and the qual-
ifier mass transitions.

Intra- and inter-day precisions were evaluated in smokers’
and non-smokers’ urine samples. Precision across all analytes
was at 6 % CV (Table 3). We observed slightly higher vari-
ability in samples containing lower analyte concentrations,
since analytical methods tend to be less precise with lower
analyte concentration.

Method accuracy was verified by analyzing spiked non-
smoker urine samples with a defined amount of analytes. Ac-
curacy rates were within the range of 80–119 % at the LOQ
and 85–110% at medium and high analyte levels, respectively
(Table 3).

The LODs and LOQs for all analytes are given in Table 1
and were defined as S/N ratios of 3:1 for the LOD. LOQs were

Fig. 2 aMultiple reaction monitoring chromatogram of a representative
human smoker urine sample, spiked with 20 μL of an internal standard
mix (1.25 μg/mL of D4-HEMA, D3-MMA, D5-EMA, 13C6-PHEMA;
2.5 μg/mL of D5-SPMA, D7-SBMA; 5 μg/mL D3-CEMA; 15 μg/mL
of D3-HMPMA, D3-CMEMA). (Method 1). b Multiple reaction moni-
toring chromatogram of a representative human smoker urine sample,
spiked with 10 μL of an internal standard mix (3 μg/mL of 3-
HPMA-15N13C3, D3-AAMA, D3-2-HPMA; 0.6 μg/mL D3-GAMA;
4 μg/mL D3-AMCC; 1 μg/mL D6-MHBMA; 10 μg/mL D7-DHBMA).
(Method 2)
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Table 3 Precisions (expressed as the coefficients of variation, CV) and accuracies for the determination of various mercapturic acids

Analyte Concentration level Intra-day (n=5) (% CV) Inter-daya (n=6) (% CV) Accuracy (n=6) (%)

HEMA Low (0.4 ng/mL)
Medium (6 ng/mL)
High (51 ng/mL)

8.8
2.0
5.1

6.1
1.5
8.8

102.5
106.2
110.5

CEMA Low (0.3 ng/mL)
Medium (6.5 ng/mL)
High (627 ng/mL)

4.8
2.8
3.3

5.3
1.6
3.4

98.8
103.8
97.4

PHEMA 1 Low (0.1 ng/mL)
Medium (3 ng/mL)
High (26 ng/mL)

7.8
2.6
3.3

20.4
5.2
3.8

106.2
101.6
101.6

PHEMA 2 Low (0.4 ng/mL)
Medium (10 ng/mL)
High (100 ng/mL)

6.2
1.8
2.4

17.8
2.5
3.1

119.2
102.8
102.0

HMPMA Low (12 ng/mL)
Medium (146 ng/mL)
High (1332 ng/mL)

7.4
8.4
3.2

4.9
6.2
4.7

108.1
103.1
108.5

CMEMA Low (7 ng/mL)
Medium (252 ng/mL)
High (1590 ng/mL)

4.9
4.9
4.5

4.0
3.2
3.8

100.9
94.2
94.0

MMA Low (3 ng/mL)
Medium (66 ng/mL)
High (634 ng/mL)

4.0
3.2
3.8

8.8
3.4
6.0

96.8
99.4
99.1

EMA Low (0.1 ng/mL)
Medium (0.8 ng/mL)
High (75 ng/mL)

7.9
3.1
3.3

5.8
1.6
3.3

95.9
96.7
96.2

SPMA Low (0.05 ng/mL)
Medium (0.6 ng/mL)
High (50 ng/mL)

4.5
1.4
1.7

9.1
2.4
4.5

100.4
99.2
97.7

SBMA Low (0.05 ng/mL)
Medium (0.6 ng/mL)
High (258 ng/mL)

3.1
1.8
4.4

5.7
3.2
4.2

111.0
106.0
105.6

3-HPMA Low (58 ng/mL)
Medium (154 ng/mL)
High (1552 ng/mL)

5.5
8.9
2.0

6.2
8.1
7.5

95.1
89.9
99.4

2-HPMA Low (5 ng/mL)
Medium (21 ng/mL)
High (141 ng/mL)

8.2
3.0
3.3

7.8
3.6
3.4

92.5
96.9
103.3

1-MHBMA Low (0.3 ng/mL)
Medium (1 ng/mL)
High (3 ng/mL)

11.9
13.1
5.3

15.3
10.6
3.8

98.0
85.1
100.3

2-MHBMA Low (0.3 ng/mL)
Medium (1 ng/mL)
High (5 ng/mL)

6.1
9.8
8.0

6.1
9.2
3.4

104.0
98.7
102.4

DHBMA Low (49 ng/mL)
Medium (140 ng/mL)
High (283 ng/mL)

5.1
10.9
9.0

7.1
11.1
10.0

103.3
88.8
98.2

AAMA Low (16 ng/mL)
Medium (50 ng/mL)
High (234 ng/mL)

7.0
3.0
5.3

13.9
7.3
6.5

90.5
92.6
102.8

GAMA Low (4 ng/mL)
Medium (10 ng/mL)
High (35 ng/mL)

10.7
3.8
11.6

12.7
13.2
11.8

89.1
92.0
96.8

AMCC Low (35 ng/mL)
Medium (92 ng/mL)
High (487 ng/mL)

5.4
3.7
3.0

8.1
7.7
2.4

80.7
91.9
98.0

a On six subsequent days
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defined as the lowest concentration which could be quantified
in three different urine samples with a precision of CV<20 %
and an accuracy of 80–120 %. Analysis was performed in five
replicates per urine sample. The two methods demonstrated
excellent sensitivities as compared to previously reported
methods [19–22, 27, 31–33]. The lowest LODs were found
for SPMA at 5 pg/mL and EMA at 8 pg/mL, respectively
(Table 1).

Despite the fact that the current multi-analyte methods cov-
er a wide polarity range, optimal sample preparation with
regard to sample throughput along with high extraction yields
for all analytes was achieved. Considering the minimal sample
cleanup procedure for both methods, not surprisingly, all
analytes were almost completely recovered.

Matrix effects were quantitatively assessed by analyzing
standard compounds in water and spiked at the same amount
into non-smoker urine matrix after extraction. We found a
decline/increase in signal intensity due to matrix interferences
±50 %, depending on the analyte and matrix investigated.
However, we could demonstrate that ion suppression/
enhancement could be fully compensated by using the stable
isotope-labelled analogues as ISs (accuracy with IS correction
yielding 88–114 %). Matrix effects did not vary with the dif-
ferent concentration levels and were stable across the repli-
cates within each series of analysis.

No significant carryover was observed after analyzing
urine samples with high analyte concentrations.

Calibration was achieved by addition of increasing
amounts of authentic reference compounds into urine matrix.
Calibration curves were calculated by linear regression with-
out weighting. Calibration parameters are summarized in
Table 1.

We characterized the stability of analytes in urine stored at
different temperature and freeze-thaw cycles. All analytes
were found to be stable when stored for 24 h at room temper-
ature. Similarly, post-preparative stability of the extracted
urine samples was proven for 24 h at autosampler temperature
(10 °C). We also tested freeze-thaw stability of analytes in
urine samples and found that all analytes were stable through
six freeze/thaw cycles.

Method application

The two newly developed LC-MS/MS methods were applied
to samples from a diet-controlled smoking study comprising 25
smoking as well as 25 non-smoking subjects. In order to eval-
uate the applicability of the methods to determine tobacco-
related biomarkers and their suitability as dose-response
markers, the 50 subjects were categorized into three different
groups based on their plasma cotinine concentration: non-
smoker sub-group (NS, N=25) with a cotinine concentration
of <LOD (0.3 ng/mL), light smoking sub-group (LS, N=12)
with a plasma cotinine level between 0.3 and <215 ng/mL, and

a smoking sub-group (S, N=13) with a plasma cotinine level
≥215 ng/mL. The urinary concentrations along with the levels
of significance amongst the three different groups are shown in
Table 4 and Fig. 3 (boxplots), respectively. SPMA, CEMA,
PHEMA 1, 1-MHBMA, and 2-MHBMA showed very low
background levels close to the LOQ for the control group
(NS), whereas a significant, dose-dependent increase (Student
t test) was observed for the smoking groups. In contrast, the
urinary concentrations of HEMA, EMA,MMA, CMEMA, and
SBMA did not differ significantly with regard to the smoking
habits. The most specific correlation for both the smoking sta-
tus and the smoking dose was observed for SPMA, HMPMA,
CEMA, PHEMA 1, 2-HPMA, 3-HPMA, AAMA, 1-
MHBMA, 2-MHBMA, and AMCC (Fig. 3; Table 5, A+B).

Discussion

Mercapturic acids can be considered as the end products of the
metabolic detoxification of various environmental toxicants,
which are either electrophiles by themselves (such as acrolein
or ethylene oxide) or are metabolically converted to electro-
philic intermediates (such as benzene, 1,3-butadiene, and
many others). Since electrophiles are involved in a number
of toxic processes, including genotoxicity, the quantitative
analysis of human urinary MAs is a suitable approach for
obtaining crucial information about the relation between ex-
posure to toxicants and potential detrimental health effects,
including cancer.

Although numerous methods for the quantification of dif-
ferent MAs by LC-MS/MS have been reported in the recent
past, the majority of those assays target a rather small set of up
to six MAs [8, 17, 20–22, 24–26]. In addition, many of these
methods lack the capability of quantifyingMAs from environ-
mental exposures in low levels.

The purpose of the current work was to develop a multi-
analyte method for the simultaneous quantification of a series
of mercapturic acids for application to non-occupationally ex-
posed non-smokers and smokers as target populations. In or-
der to combine reliable, fast, and sensitive analysis of 18
mercapturic acids, our initial goal was to combine all analytes
within one sample work-up procedure and one single LC-MS/
MS run. One major challenge in method development was to
ensure sufficient peak separation and sensitivity while quanti-
fying a large set of MAs as these analytes largely vary with
respect to their physicochemical properties such as polarity,
solubility, or ionization efficiency. Additionally, a straightfor-
ward, simple sample cleanup procedure should be applied to
allow high-throughput analysis, which is of particular impor-
tance for their application in large clinical and epidemiological
studies. Finally, a broad, linear quantification range is required
for assessing exposure of both smokers and non-smokers in
such studies.
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In order to meet the aforementioned criteria, it was inevi-
table to split the assays into two separate LC-MS/MS
methods. Due to the relatively large range of polarities of the
MAs of interest, inherent with different chromatographic be-
haviors (requiring RP-C8 and HILIC as stationary phases for
chromatography), LC-MS/MS methodology including sam-
ple work-up steps had to be split into two separate methods.
Nevertheless, a fast and simple sample cleanup procedure
along with relatively short analysis times for both methods
still allows for the high-throughput analysis primarily impor-
tant when analyzing large batches of samples. Additionally,
the use of stable isotope-labelled internal standards enables
the full compensation of matrix effects and hence a robust,

precise, and accurate quantitation across the entire set of
analytes (Table 3). Moreover, a full validation was performed
according to U.S. Food and Drug Administration guidelines
[29]. This extensive validation procedure showed excellent
precision, accuracy, and sensitivity for all analyzed MAs
(Tables 1 and 3). Furthermore, the calibration was performed
in the sample matrix (urine) by addition of authentic reference
compounds prior to sample cleanup. Most importantly, this
allows for the full compensation of potential matrix effects
on the ionization.

We applied these two methods to urine samples derived
from a confined, diet-controlled clinical study including 25
smokers and 25 non-smokers. Confinement and diet control

Fig. 3 Boxplot diagrams for the 18 quantified mercapturic acid species in a confined, diet-controlled clinical study
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are regarded as major issues in search for suitable exposure
markers, since several of the MA precursors can also be in-
haled with ambient air and ingested from food. In order to
evaluate the applicability of the analytes as dose-dependence
marker, smokers were subdivided arbitrarily in two groups—
light smokers and moderate smokers as categorized on a plas-
ma cotinine cutoff point of 215 ng/mL—yielding an equal
distribution of both sub-groups (12 light smokers and 13mod-
erate smokers). Not surprisingly, our results demonstrate that
urine samples from smokers exhibited significantly higher
levels of 13 MAs as compared to non-smokers (Fig. 3). Ad-
ditionally, plasma cotinine levels of S (N=25) correlated with
the majority of the urinary mercapturic acids in the smoking
group (N=25) except for DHBMA, MMA, EMA, CMEMA,
SBMA, and HEMA (Table 5, A+B). A possible reason for the
lack of correlation could lie in multiple sources of exposure
for the aforementioned analytes.

Moreover, our data confirm recent findings showing sig-
nificant differences between smokers and non-smokers for
AAMA [22], GAMA [34], 2-HPMA [22], 3-HPMA [22],
AMCC [22], CEMA [21], SPMA [7], HMPMA [33], and
1-/2-MHBMA [24]. In accordance with the literature, for
DHBMA, similar concentrations in smokers and non-
smokers were observed [21, 27]. On the one hand, DHBMA
may be formed from endogenous butadiene-diol [35]; on the
other hand, there are other exogenous sources apart from 1,3-
butadiene, namely 2-chloroprene and epichlorohydrine, two
chemicals mainly used in polymer synthesis [36]. However, to
what extent those sources contribute to the overall concentra-
tion of DHBMA is unknown so far and there may be even
additional sources, e.g., food intake. In our study design, all
subjects had a strictly controlled diet reducing the influence of
nutritional habits on the data. Notably, we observed significant
differences in DHBMA levels even though those differences
are less pronounced when compared to MHBMAs which
seem to be more suitable as biomarkers for 1,3-butadiene.
Reska et al. observed a significantly higher excretion of the
sum of PHEMAs in smokers [37]. We were able to separate
the isobaric compounds PHEMA 1 and 2 and quantify both
analytes with high sensitivity. We found a significant, dose-
dependent increase in both PHEMA 1 (p<0.01) and 2
(p<0.001), whereby PHEMA 2 appears to be a more signifi-
cant biomarker for exposure assessment of styrene from to-
bacco smoke.

It is noteworthy that the current study was not designed in
order to identify suitable dose-dependence biomarkers; it rath-
er aimed at a similar smoking status across all smokers. Thus,
the separation of the smoking sub-groups showed a rather
small difference in smoking dose reflected by the cotinine
plasma levels. Nevertheless, we were able to pick up a dose-
dependent increase on MA levels for most of the aforemen-
tioned analytes as shown in the correlation matrix (Table 5,
A+B). It is most likely that a dedicated study design for thisT
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purpose with smokers exhibiting a larger range in the smoking
dose would probably have shown a stronger dose dependence
for most of the MAs.

In contrast to the aforementioned 13MAs, HEMA, CMEM
A, SBMA, MMA, and EMA are present in similar concentra-
tions in smokers and non-smokers. These data are supported
by previous studies for CMEMA [33], HEMA [27], SBMA
[27], MMA [17], and EMA [17]. CMEMA is present in very
high levels across all groups (mean values 394, 398, and
409 ng/mL for non-smokers, light smokers, and moderate
smokers, respectively), whereas smokers showed significant
higher levels of HMPMA, a biomarker of crotonaldehyde ex-
posure. Moreover, in accordance to the literature [33], urinary
HMPMA excretion was found to significantly correlate to
plasma cotinine, whereas CMEMA showed no correlation
(Table 5, A). The relatively high background levels of both
CMEMA and HMPMA could be attributed to exposure to
crotonaldehyde from other sources such as food, an endoge-
nous formation (e.g., lipid peroxidation), or metabolism of
other toxicants [33]. Yet, only HMPMA is regarded as a suit-
able BoE for crotonaldehyde in smokers; the reason for that
still remains unclear.

Conclusion

In summary, we have developed two simple, fast, and robust
methods (methods 1 and 2) for the simultaneous quantifica-
tion of 10 and 8 mercapturic acids, respectively, as potential
biomarkers for various toxicants present in the environment,
food, and tobacco smoke (acrolein, acrylamide, acrylonitrile,
benzene , 1 ,3 -bu t ad i ene , c ro tona ldehyde , N ,N -
dimethylformamide, ethylene oxide, propylene oxide, styrene,
toluene, vinyl chloride, and (m)ethylating agents). A full
method validation according to FDA guidelines proved the
suitability of the multiplex-LC-MS/MS methods for determi-
nation of theMAs. Due to the high sensitivity and the straight-
forward and simple sample cleanup procedures, these
methods are able to determine these analytes in a time-
efficient manner in exposure assessment studies. High sensi-
tivity with LODs in the low nanogram per milliliter or even
picrogram per milliliter range and broad linear calibration
ranges allow for the quantitative determination in smoking
as well as in non-smoking cohorts. Both methods were ap-
plied to urine samples from a strictly confined and diet-
controlled clinical study with smokers and non-smokers. We
found dose-dependent significant increases in smokers as
compared to non-smokers for 13 out of 18 MAs. In contrast
to previous reports, we found differing levels in both groups
for DHBMA, presumably due to the study design, which re-
duces influences from diet and environmental exposures. Fi-
nally, we identified suitable biomarkers of exposure for nine
relevant toxicants in tobacco smoke. In conclusion, the

multiplexed methods serve as a powerful tool for the sensitive,
high-throughput analysis of 18 urinary mercapturic acids.
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