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Abstract: Benzene, toluene, ethylbenzene, and xylene
(BTEX) are a group of volatile organic compounds that
human exposure to them may result in the development
of some diseases, including cancer. Biological monitoring
plays an important role in exposure assessment of
workers occupationally exposed to chemicals. Several
metabolites have been proposed for biological monitoring
of individuals who are exposed to BTEX. There are a
variety of extraction methods and analytical techniques
for the determination of unmetabolized BTEX in exhaled
air and their urinary metabolites. The present study aimed
to summarize and review the toxicokinetics of BTEX and
sample preparation and analytical methods for their
measurement. Metabolites of BTEX are discussed to find
out reliable ones for biological monitoring of workers
exposed to these chemicals. In addition, analytical
methods for unmetabolized BTEX in exhaled air and their
metabolites were reviewed in order to obtain a comparison
between them in term of selectivity, sensitivity, simplicity,
time, environmental-friendly and cost. Given the recent
trends in sample preparation, including miniaturization,
automation, high-throughput performance, and on-line
coupling with analytical instrument, it seems that
microextraction techniques, especially microextraction
by packed sorbents are the methods of choice for the
determination of the BTEX metabolites.
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Abbreviations

ACGIH American Conference of Governmental
Industrial Hygienists

ATSDR agency for toxic substance and disease
registry

BEIs biological exposure indices

BM biological monitoring

BTEX benzene, toluene, ethylbenzene, and
xylene

CAR carboxen

DI direct immersion

EPA Environmental Protection Agency

ECD electron-capture detector

EME electromembrane extraction

FID flame ionization detector

GSH glutathione

HA hippuric acid

HF-LPME hollow-fiber liquid-phase
microextraction

HPLC high-performance liquid
chromatography

HS head space

IARC International Agency for Research on
Cancer

IC ion chromatography

LC-MS/MS liquid chromatography-tandem mass
spectrometry

LC-QqTOFMS  liquid chromatography/hybrid
quadrupole time-of-flight mass
spectrophotometry

LLE liquid-liquid extraction

LLLME single drop liquid-liquid-liquid
microextraction

MHA methylhippuric acids

MEPS microextraction by packed sorbet

METs microextraction techniques

MOF-MEPS metal-organic frameworks (MOF) in MEPS
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MIPs molecularly imprinted polymers
MIMEPS molecularly imprinted polymer in MEPS
o-cresol ortho-cresol

OELs occupational exposure limits

PA polyacrylate

PAD photodiode array detector

p-cresol: para cresol

PDMS polydimethelsiloxane

PDLLME partitioned dispersive liquid-liquid
microextraction

PGA phenylglyoxylic acid

PMA S-phenylmercapturic acid

RPM round per minute

SPE solid phase extraction

SLM supported liquid membrane

SPME solid phase microextraction

SAX strong anion exchange

TLV threshold limit value

TWA time-weighted average

tt-MA trans,trans-muconic acid

VOCs volatile organic compounds

1 Introduction

BTEX are volatile organic compounds (VOCs), consisting
benzene, toluene, ethylbenzene, and xylene. BTEX are
present in the air of typical urban environments, emitted
by everything from paint to vehicle exhaust and industrial
emissions. Gas and petroleum refining industries and
petrochemical plants are important workplaces where the
exposure to benzene is apparent. Exposure of the general
population occurs because of breathing air containing
benzene. Thus, a subject may be exposed to benzene
both occupationally and environmentally [1]. Benzene
can evaporate into air very quickly and the main route of
exposure to it is via inhalation, however, it can also enter the
body through gastrointestinal tract and slightly across the
skin [2,3]. Benzene is an established cause of adult leukemia
and has been classified as a group I carcinogen (carcinogenic
to humans) by International Agency for Research on Cancer
(IARC) and US Environmental Protection Agency (EPA)
[4,5]. The American Conference of Governmental Industrial
Hygienists (ACGIH) proposed a threshold limit value—time-
weighted average (TLV-TWA) of 0.5 ppm for benzene in
occupationally exposed workers (Table 1).

Toluene is widely used in industrial processes
such as the production of paints, paint thinners,
adhesives, fingernail polishes, lacquers, and rubber [6].
Environmental exposure to toluene may occur from many
sources such as drinking water, food, air, and consumer
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products [6]. Toluene has been classified as a group 3
carcinogen (not classifiable as to its carcinogenicity to
humans) by the IARC [5]. The ACGIH proposed TLV-TWA
of 20 ppm for toluene in occupationally exposed workers
(Table 1).

Some people are exposed to ethylbenzene in their
occupations, and many are exposed to this chemical
every day through routine activities such as the use
of automobiles, boats, aircraft, and gasoline-powered
tools and equipment. Gas and oil workers, varnish
workers, spray painters, and individuals involved in
gluing operations may be exposed to ethylbenzene [7].
In addition to inhalation, exposure to ethylbenzene may
occur through skin contact [8]. Ethylbenzene has been
classified as group 2B carcinogens (possibly carcinogenic
to humans) by IARC [5]. The ACGIH proposed TLV-TWA of
20 ppm for ethyl benzene in subjects with occupational
exposure (Table 1).

The term xylene is used to describe the three isomers
of xylene in which the methyl groups vary on the benzene
ring, including meta-xylene, ortho-xylene, and para-
xylene. Xylene is primarily used as a solvent in various
industries such as printing, rubber, and leather industries.
It is also used as a cleaning agent, a paint thinner, and
in varnishes as well as in production of plastic bottles
and polyester. The general population may be exposed
to xylene through drinking water and/or eating xylene-
contaminated food [9]. Similar to toluene, xylene has been
classified as a group 3 carcinogen (not classifiable as to
its carcinogenicity to humans) by the IARC [5]. The ACGIH
proposed TLV-TWA of 100 ppm for xylene in subjects with
occupational exposure (Table 1).

Human exposure to BTEX may result in the
development of some diseases. For instance, high-
level benzene exposure leads to aplastic anemia and
leukemia in exposed workers [10,11]. Characterization
of human exposure to these chemicals is a necessary
step in the determination of health risk and its
management, as well as, in environmental and
occupational epidemiological studies. In the field
of industrial hygiene, exposure assessment and risk
assessment are inextricably mixed such that they
cannot be reasonably separated. Considering that the
health risk following exposure to a toxic chemical can
be estimated by multiplying the exposure by the toxicity
(health risk = exposure x toxicity), the evaluation of
exposure is fully half the health risk assessment, in the
world of industrial hygiene. Therefore, the assessment
of individuals’ exposure to chemicals is critically
important for the management and prevention of
adverse health effects [12,13].



170 —— Esmaeel Soleimani

Table 1: Occupational exposure limits (OELs) and biological exposure indices (BEIs) for BTEX
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TLV-TWA? PEL-TWA® REL-TWA*®
Chemicals Metabolites BEIs! Sampling time
(ppm) (ppm) (ppm)
tt-MA 500 pg/g creatinine End of shift
Benzene 0.5 1.0 0.1 . N
PMA 25 pg/g creatinine End of shift
Toluene in blood | 0.02 mg/L Prior to last shift of workweek
Toluene 20 200 100 Toluene in urine | 0.03 mg/L End of shift
o-cresol 0.3 mg/g creatinine End of shift
Ethylbenzene 20 100 100 MA + PGA 0.15 g/g creatinine End of shift at end of workweek
Xylene 100 100 100 MHA 1.5 g/g creatinine End of shift

3ACGIH - threshold limit value-time weighted average

POSHA — permissible exposure limit-time weighted average
‘NIOSH - recommended exposure limit-time weighted average
9BEIs — biological exposure indices

tt-MA — trans,trans-muconic acid; MA — mandelic acid; MHA-methylhippuric acid; PGA — phenylglyoxylic acid; o-cresol — ortho-cresol;

PMA - S-phenylmercapturic acid;

Occupational exposure to chemicals can be assessed
using air monitoring and/or biological monitoring (BM).
In the former, air samples are collected in the breathing
zones of the workers on a sampling medium in an active
or passive way [14]. In active sampling, a pump is used
to pull air through the sampling media that captures the
contaminant of interest. On the other hand, in passive
sampling, containers or badges which collect chemicals
based on diffusion are used. Air monitoring makes it
possible to determine the airborne levels of contaminants
that a subject is exposed via inhalation [15-17]. A worker’s
TWA exposure to a chemical is calculated as follow:

Z?:l CixXT;
T

TWA = @)

where: Ci is the chemical concentration (ppm or mg/m?)
in each air sample, Ti is the time over which measurement
took place (min), and T is duration of work shift (e.g., 480
min for a standard work shift). This calculated TWA is
then compared with the corresponding ACGIH TLV-TWA
for that chemical. TLV-TWA is defined as “a concentration
for a conventional 8 h workday and a 40 h workweek,
to which it is believed that nearly all workers may be
repeatedly exposed, day after day, for a working lifetime
without adverse effect”.

However, air monitoring suffers from some limitations
and it is not always a good predictor of actual worker’s
exposure to chemicals. For instance, some chemicals can
be absorbed through the skin or gastrointestinal tract
[2,18,19]. In addition, local exhaust ventilation and the use
of personal protective equipment such as respirators affect
the levels of inhalation exposure to chemicals [18,20]. Air
monitoring techniques generally determine the external
dose of a worker or a group of workers. The external dose

reflects the level of a chemical that is actually found in
air, water, soil or even food. However, to assess the health
effects of a toxicant, the internal dose is of importance.
For a given toxicant, external dose is not necessarily
equivalent to the internal dose. The internal dose is a
fraction of the external dose and represents the level of
toxicant that passed through physical and physiological
barriers in the body such as the skin or lung epithelia.
Therefore, besides air monitoring, BM is recommended to
be considered as complement to exposure assessment by
air sampling to determine the relative contributions from
all exposure routes when assessing the total subject’s
exposure [21]. The results of BM are compared to BEIs®.
The occupational exposure limits (OELs) and BEIs® for
BTEX are shown in Table 1.

Given the above, it is apparent that exposure assessment
plays an important role in the management and prevention
of health risks in individuals exposed to chemicals. To
have a good exposure assessment, we need valid and
reliable metabolites and suitable analytical methods for
the determination of them in biological matrices. At first,
a review is presented on the toxicokinetics of BETX. Then,
several analytical methods for the determination of BTEX
in exhaled air and their metabolites in urine are discussed.
The primary focus is on the techniques reported in the last
15 years for BTEX metabolites.

2 Toxicokinetics of BTEX

Inhalation is the major route of exposure to BTEX. In this
section, the absorption, distribution, biotransformation
and excretion of BTEX following inhalation exposure are
presented.
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2.1 Absorption

While it can enter the body through gastrointestinal
tract and slightly across the skin [2,3], the main route of
exposure to benzene is inhalation. Benzene is rapidly
absorbed from the respiratory tract. In the first few minutes
of exposure, the highest absorption (70-80%) occurs, but
it decreased rapidly with time [22]. Studies have shown
that the respiratory uptake of benzene is about 47-52%
depending on the level of exposure [23,24]. Toluene is
rapidly absorbed following inhalation exposure as shown
by the appearance of it in the blood within 10-15 min of
exposure [25]. However, absorption via gastrointestinal
tract and skin is much slower. The respiratory uptake of
toluene is higher during exercise than at rest [26,27].
Similar to benzene and toluene, ethylbenzene is
rapidly absorbed through the respiratory tract [28,29].
Tardif et al. reported a steady state blood:alveolar air
concentration ratio of about 30 within 60 min of initiating
exposure [29]. In a study of volunteers exposed to
23-85 ppm of ethylbenzene for 8 h, Bardodej and
Bardodejova showed that they retain 64% of the inspired
vapor and only trace amounts were detected in expired air
at the end of the exposure period [30]. The main absorption
of xylenes occurs following inhalation and oral exposures.
About 60% of inhaled xylene is retained and about 90%
of ingested xylene is absorbed. Dermal absorption occurs
to a much lesser extent [9]. It seems that no difference
exists between men and women in pulmonary retention
of xylenes [31]. The retained isomers seem to have similar
absorption (63.6% on average), regardless of exposure
duration or dose [32]. Other studies reported that between
49.8% and 72.8% of inhaled xylene is retained [33-35].

2.2 Distribution

Once absorbed into the blood, benzene is distributed
throughout the body. It is lipophilic and thus a high
distribution to fatty tissue might be expected. In subjects
exposed to benzene via inhalation, the chemical has been
detected in blood, brain, liver, kidney, stomach, bile,
abdominal fat, and urine [24,36]. In humans, benzene
crosses the placenta and its level in the cord blood is equal
to or greater than that in maternal blood [37].

Both human and experimental studies showed that a
positive correlation exist between toluene concentrations
in alveolar air and in blood [25,38]. In vitro and in vivo data
indicated that toluene is distributed between the plasma
and red blood cells (RBCs) at approximately 1:1 and 1:2
ratios, respectively [39]. Absorbed dose is distributed to
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lipid-rich and highly vascular tissues such as the brain,
liver and lung [40,41].

The retention of ethylbenzene in adipose tissue is
estimated to be 5% of the total uptake [42]. To the best of our
knowledge, there is no study concerning the distribution
of ethylbenzene in humans following exposure to this
chemical alone. However, some studies suggest that the
partitioning of ethylbenzene from air into adipose tissue
in humans is similar to that observed in rats [43,44]. Once
absorbed, xylene is rapidly distributed throughout the
body through the systemic circulation. The xylene isomers
have similar distributions in the body. In the blood, it is
primarily bound to serum proteins and the main tissue for
its accumulation is adipose tissue (range from 4% to 10%
of the absorbed dose) [42,4546]. Experimental studies
show that m-or p-xylene and their metabolites are mainly
distributed in lipid-rich tissues such as the brain and fat and
well-perfused organs such as the liver and kidney [47,48].
p- and o-xylene readily cross the placenta and distributed
in amniotic fluid and embryonic and fetal tissues [49,50].

2.3 Biotransformation

Following inhalation exposure, the major route for
excretion of unmetabolized BTEX is via exhalation.
Absorbed BTEX undergo a complex metabolism pathway,
converting them to their certain metabolites.

2.3.1Benzene

Benzene is mainly excreted as metabolites in urine and
unmetabolized via the lungs. Only small amounts of
the unchanged benzene are excreted in urine [51,52].
The metabolism pathway of benzene is concentration-
dependent. At low concentrations, the metabolism is rapid
and benzene is excreted predominantly as conjugated
metabolitesinurine. Athigher concentrations, the metabolic
pathways appear to become saturated and the majority of
absorbed dose is excreted unmetabolized in exhaled air.
The metabolic pathways for benzene can be found in the
studies of Nebert et al. [53] and Ross [54]. Several pathways
are involved in the metabolism of benzene. In the first
step, benzene is oxidized through the cytochrome P-450
2E1 (CYP2E1) to form benzene oxide [55]. The major initial
metabolite of benzene is phenol [28] which is oxidized
to catechol or hydroquinone in the presence of CYP2EL.
Then, catechol or hydroquinone is oxidized to 1,2- and
1,4-benzoquinone via myeloperoxidase, respectively [53].
It is also possible that catechol or hydroquinone convert
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to 1,2,4-benzenetriol via CYP2E1 catalysis. Each of these
phenolic metabolites (phenol, catechol, hydroquinone,
and 1,2,4-benzenetriol) can undergo sulfonic or glucuronic
conjugation [53,56]. Besides the above mentioned pathways,
benzene oxide can undergo two other reactions. First, it can
react with glutathione (GSH) to form S-phenylmercapturic
acid (PMA) [5758]. Second, in an iron-catalyzed ring-
opening reaction, it converted to trans,trans-muconic acid
(tt-MA) [53,54,59].

Both tt-MA and PMA are valid and sensitive
biomarkers. However, in low concentrations of airborne
benzene (8 h TWA exposure of less than 0.3 ppm), PMA
is a reliable indicator because of its superior specificity.
In addition, since PMA has a longer elimination half-life,
it is a more reliable biomarker than tt-MA for unusual
work schedules (e.g. 12 h work shifts). However, at higher
concentrations (8 h TWA exposure of higher than 1 ppm),
tt-MA is reliable and may even be preferred because
its determination is easier than PMA [60]. The ACGIH
suggested both tt-MA and PMA as indicators of benzene
exposure and proposed BEIs of 500 pg/g creatinine and
25 pg/g creatinine, respectively, for them in workers
occupationally exposed to benzene [21] (Table 1).

2.3.2 Toluene

CYP-catalyzed methyl and ring hydroxylations are the
initial steps in the metabolism of toluene. Formation of
benzyl alcohol via methyl hydroxylation is the prominent
first step in human liver microsomes [61,62]. On the other
hand, the formation of ortho- or para-cresols (o-cresol
and p-cresol) as a result of ring hydroxylation usually
represents less than 5 percent of total metabolite
formation. The CYP2E1 and CYP1A2 are the most active
CYP isozymes in the formation of benzyl alcohol or o- and
p-cresols, respectively. However, this depends on the level
of toluene exposure [61]. At low levels, CYP2E1 contributes
to benzyl alcohol and p-cresol formation and CYP1A1/2
contributes to the formation of 0- and p-cresol. On the other
hand, at higher levels of toluene, CYP2B1 and CYP2C11/6
contributes to the formation of benzyl alcohol and o- and
p-cresol. During two steps of alcohol dehydrogenase and
aldehyde dehydrogenase, benzyl alcohol is converted to
benzoic acid which can be conjugated with glycine to form
hippuric acid (HA), catalyzed by acyl-CoA synthetase
and acyl-CoA: amino acid N-acyltransferase [63]. HA
represents 83-94% of urinary metabolites of toluene in
rats. Benzoic acid can also conjugate with glucuronic acid
and forms benzoyl glucuronide which can account for
3-9% of urinary metabolites of toluene [63].
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As mentioned above, HA is the major urinary
metabolite of toluene. However, because of non-
occupational sources of HA, including sodium benzoate
(a food preservative) and fruits, it cannot be considered
as a reliable indicator if 50 ppm airborne concentration
of toluene is not present [64]. This concentration is
2.5 times higher than the TLV-TWA for toluene (20 ppm)
[21]. Ducos et al. showed that although o-cresol showed
a good correlation with atmospheric levels of toluene,
corrected o-cresol has a greater variability than urinary
toluene and is more sensitive to smoking habits, as well.
They concluded that urinary toluene is very interesting
surrogate to o-cresol and could be considered as a
biomarker of choice for toluene exposure [65]. The
ACGIH proposed toluene in blood (0.02 mg/L) and urine
(0.03 mg/L), and o-cresol (0.3 mg/g creatinine) in urine of
workers occupationally exposed to toluene as indicators
of exposure to this chemical [21] (Table 1).

2.3.3 Ethylbenzene

Liver microsomal enzymes participate in ethylbenzene
hydroxylation. The initial step, catalyzed by CYP isoforms
CYP2E1 and CYP2B6, is hydroxylation of the side chain of
ethylbenzene to form 1-phenylethanol which is directly
excreted to urine (mainly glucuronides) or further
oxidized to form acetophenone. Both 1-phenylethanol
and acetophenone can be excreted in the urine as minor
metabolites or converted to subsequent metabolites.
A further oxidation process results in the sequential
formation of 2-hydroxyacetophenone, 1-phenyl-1,2-
ethanediol, mandelic acid (MA), and phenylglyoxylic
acid (PGA). In individuals with inhalational exposure to
ethylbenzene, MA (about 70%) and PGA (about 25%) are
the major metabolites [28,29,66]. In contrast, only 4.6%
of the absorbed dose of ethylbenzene is excreted as MA
following skin exposure [67]. ACGIH proposed the sum of
MA and PGA in urine (0.15 g/g creatinine) as indicator of
occupational exposure to ethylbenzene [21] (Table 1).

2.3.4 Xylene

Liver microsomal enzymes (mixed function oxidases)
participate in xylene hydroxylation. The oxidation of a
side-chain methyl group of xylene to form methylbenzoic
acids and then conjugating them with glycine to yield
methylhippuric acids (MHA) is predominant, accounting
approximately all of the absorbed dose of xylene [68-70].
In another metabolic pathway that accounts for <10% of
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the absorbed dose, xylene eliminates unchanged in the
exhaled breath and in the urine and further metabolized
to form methylbenzyl alcohols, o-toluic acid glucuronide,
xylene mercapturic acid and dimethylphenols [71]. The
ACGIH proposed MHA in the end of shift urine samples
(1.5 g/g creatinine) as an indicator of occupational
exposure to this chemical [21] (Table 1).

2.4 Excretion

Exhalation is the major route for excretion of
unmetabolized BTEX. Excretion of benzene via the lungs
is reported to be 16.4-41.6% with no sex-related differences
[22,23]. The highest excretion rate is observed during the
first hour of the exposure [22]. Absorbed benzene is also
excreted in humans via biotransformation to phenol
and tt-MA followed by urinary excretion of sulfates and
glucuronides derivatives [53,54].

In acute inhalation exposure, absorbed toluene
is excreted predominately in the urine as metabolites
and, to a lesser extent (7-20% of absorbed toluene), as
unmetabolized form in exhaled air and urine [72,73].
The majority of absorbed toluene is rapidly eliminated
from the body [74,75] and a smaller portion (that which
accumulated in adipose tissues) is slowly eliminated
[73,74,76]. Excretion of unchanged toluene in urine
is a minor elimination route based on mass balance.
However, elimination kinetics data are consistent with
the proposed use of unchanged toluene for BM of workers
occupationally exposed to this solvent [21,65]. Pierce et
al. in the analysis of toluene elimination via exhaled air
(as unmetabolized toluene) and in urine (as metabolites)
in male subjects exposed to 50 ppm °H,-toluene for 2 h
showed the distribution of the total dose as follows: 13%
’H8-toluene in exhaled air, and 75% °H -hippuric acid,
0.31% °H-o-cresol, 0.53% °H-m-cresol, and 11% °H-p-
cresol in urine [76].

Ethylbenzene is rapidly biotransformed and
eliminated from the body as wurinary metabolites.
Elimination of ethylbenzene via exhaled air showed
multi-phasic kinetics with an early-phase half time of
less than 1 h [29]. This rate of elimination is significantly
faster than the elimination rate of the urinary metabolites.
For instance, MA and PGA are excreted in the urine with
a half-life of about 3-5 h and 10-12 h, respectively [28,29].
Elimination of MA showed biphasic kinetics, a relatively
rapid phase (half-life of 3.1 h) and a slower one (half-life of
25 h) [77]. In ethylbenzene-exposed human subjects, the
highest excretion rate of the urinary metabolites observed
6-10 h after the exposure [77].
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In humans, the majority (about 95%) of absorbed
xylene is metabolized and excreted in the form of urinary
metabolites (almost as MHA). The remaining 5% is
eliminated unchanged in the exhaled air [68,74,78]. The
excretion of MHA is fast and the major part of it is detected
in the urine within 2 h of exposure. The excretion increases
with time. Of total absorbed dose of xylene isomers, about
0.005% is excreted unchanged in the urine, and about
2% as xylenols [32]. The elimination of MHA is biphasic,
with half-lives of 1 h for the rapid one and 20 h for the
slower one [69,70]. The absorption of xylene increases
with exercise and thus the urinary elimination of m-MHA
and 2,4-xylenol increases [79].

3 Biological monitoring

BM, environmental monitoring, and health surveillance
are important tools in the prevention of diseases caused by
toxic agents in the general or occupational environment.
BM is a tool to assess the levels of exposure to chemicals
and corresponding health risks to workers. In BM, the
concentration of a chemical determinant (the chemical
itself, its metabolite(s), or a characteristic, reversible
biochemical change induced by the chemical) is measured
in the specimen (urine, blood, exhaled air) obtained from
individuals who are exposed to chemicals [21,80]. BM
is a measure of the overall uptake of a chemical by an
individual. The ACGIH established reference guidelines
of known biomarkers through the TLV® and BEI® [21].
According to the ACGIH, “BEI® represents the levels
of determinants that are most likely to be observed in
specimens collected from healthy workers who have been
exposed to chemicals to the same extent as workers with
inhalation exposure at the TLV-TWA [21]. BEI® generally
indicates a concentration below which nearly all workers
should not experience adverse health effects” [21]. The
proposed BEIs by the ACGIH for BTEX are indicated in
Table 1.

4 Analytical methods for biomoni-
toring of BTEX exposure

4.1 Methods for BTEX metabolites in urine

Table 2 presents several analytical methods that have been
developed to analyze BTEX metabolites in urine. The most
common analytical techniques are liquid chromatography
with ultraviolet detection (HPLC-UV) [14,60,81-96], liquid
chromatography—tandem mass spectrometry (LC-MS/MS)



DE GRUYTER

imani

Esmaeel Sole

174

slaqy
vd wrigg VY9d‘VHW
111 0'¢ o7 aN S1-0°Z €9°0-600°0 09€-80°0 e e SW-D9 e3WdS-1d
[rrul pue SWad N VW'VH'YW-1
wrlog
[8T1] VN 8°0 anN ST 6/-8°CS 8'91-8T'T §00°0-£000°0 0°01-¢00°0 ,w,w_“_ ,N__\._,__M_,_ SW/SW-D1 ELE]
[18] VN anN €0 09 £66-7°'16 T°e11 €000°0 #7°0-100°0 VH AN-DTdH JWTTT
[16] VN anN anN 09 G6-/8 -y £00°0-1000°0 0¢-100°0 VN ‘VH ‘YW-} AN-DTdH AWdT-dH-dI
[€6] VN anN anN oct 76-€8 1'8-7°¢ 100°0 ¢'10150°0 YW-1 AN-D1dH JWdT-4H
[98] 00T 0'¢ 0’8 8 C11-/8 9°6-€°¢ 10 0T-€°0 Y-} AN-DTdH 3dSIW
[901] 0stT 0’1 [ 8T 8'6-7°€8 9°¢ 2€0°0 0°¢-ST1°0 YW-1 SW-J9 eddSIW
[£01] 009 0'¢ ST 09 €90T-€°¢6 'L 10°0 0°1-10°0 Y-} SW-29 e1dS
YIN-13
68 0 S0 11 14 7°C8< 8'¢-T'€E 10°0-€00°0 0Z-£00°0 . . . SW-D9 e1dS
[e8] 2 VW "'VHW "VH
[To1] 00S o€ 91 0c 98« 8'8-L'T 50000 1-¢0°0 YW-1 SW/SW-D1dH 1dS
[09] 009 01 0’8 0’8 G6< 7'0pue g 100°0 16°G pue 79°0 VWd ‘YW-} AN-DTdH idS
aoedspeay
[99] VN 0°9 VN VN anN anN 50000 1°0-10°0 auanjol aid-29 ners
[71] VN 0T (74 8¢ anN 1°9-€°9 9-% 0001-0T VHW ‘VH AN-D1dH ER
[88] VN 01 01 o1 10T 6°C-8°0 £0°0 0SC-5°0 YW AN-D1dH 11
[£8] VN 10 0’1 06 8°96-7°98 8'9-T°¢ 01 SC1-9 Vod‘YW AN-DTdH 2371
v9d
111 0 S’ 0¢ 701-26 6°6-8°€ 0z-8 GC-50°0 . . . SW-D9 o311
_ ] N ? VW 'VHW "VH
DH “jouayd
[601] VN S0 [43 ozt 4N 6°1€-9L°L 01-C 001-0°0 ‘loyda3ed SW-J9 o311
‘YINd ‘YW-1
[62] VN 0’1 [ o€ an 6’1 70°0 €700 10sa13-0 aid-29 ERl|
() (unw)
S9; oyja anbiuyda
ERITEYETEN] AmE_WwE._:ooEm A._Mc n_ch._m:_g uonpdwnsuod awn (%) A1onodey __RMMWHV (Tw/8r) (Tw/8r) oqe wh___ M._u”m_” uor _UFM }
juaqios 1 S JUBNj0S uomenxg IS1231d ao1 aSuey qejaw X319 1edljAjeuy 11oelx3

sajjoqelaw X319 Ayl Jo uoljeuiwialap 1oy sanbiuyday uoijeledald ajdwes pue spoyjaw jednhjeue jo uosuedwo) :g ajqer



175

Analytical techniques for BTEX and their metabolites

DE GRUYTER

‘sisAjeue djydeiSojewolyd ay} a104aq uUoliezieALIdp 311Nbal Jey) SPOyIBI.

‘vod
[06] VN (U 0’8 VN 1'701-2°96 [A WA T4 [44- T 0005-0¢ WV VHW “VH AN-J1dH palur-a1n)ig
[ooT] VN ot VN VN 8< 11> 20°0 ‘S10°0 000¢-0¢ vod ‘YW SW/SW-J1 alur-a1n)ia
[26] VN €00 VN VN an 9'9-57¢ £0°0 $'0-C°0 YW-13 SW/SW-D1 1alul-a1n)ig
[s6] 0'e an 0'¢ S 8°96-6'68 [A R 4 100°0 059-10°0 VYW-H AN-D1dH SdIW-10W
[66] 0'¢ ST 80 () 96-16 1°2-T'1 50000 ¢°0-81000°0 VH SW/SW-J1 SdIWIW
[#8] 0’y 0’1 L1 S 9°16-6'88 1°6-8°¢ [AY] 0c-¢’o YW AN-J1dH SdINIW
[€8] 0y S0 0’1 K 9'16-8°68 9'9-9'¢ S10°0 0°¢-910°0 YW-1 AN-)1dH SdIWIW
[z8] 0y S0 7°0 k4 7°66-€°€6 1°6-0°¢ €0°0 0'¢-1°0 VYW-H AN-D1dH SdIW-XVS
s1aqly paulwialep
vd wrigg jou 31am VOd‘VHW
[T11] pue SWad 0'¢ VN 09 aN S1-0°2 VOdVHYW 09€-80°0 YINYHYIN-D SW-29 =3WdS-SH
wriog 920-700°0
(Sw)junowe | (Jw)awn)oA (w) (U (as¥%) Sa}l) poyjaw anbiuyaa)
ERIEIETEM] uondwnsuod awn (%) A1an0day (Tw/8r) (Tw/3r)
juaqios a)dwes NS - uoisizaid a0 aSuey -oqejpw X319 jeanfjeuy uoipenx3

(penupuo)) :Z 9)qeL



176 —— Esmaeel Soleimani

[97-102], HPLC with photodiode array detector (HPLC-
PAD) [103,104], gas chromatography (GC) with mass
spectrometry (GC-MS) [105-111], GC with flame ionization
detector (GC-FID) [112,113] or electron-capture detector
(GC-ECD) [113], liquid chromatography/hybrid quadrupole
time-of-flight mass spectrometry (LC-QqTOFMS) [114], and
ion chromatography (IC) [115]. Some of these methods
are develop specifically to measure only one of the BTEX
metabolites [14,60,81-84,86,88,94-99,106,107], whereas
others were developed to simultaneous determination of
two or more metabolites of BTEX [85,89,90,105,108-111,114].
Most of these analytical methods use liquid-liquid
extraction (LLE) [14,87,88,109,110,113] or conventional
solid phase extraction (SPE) [86,92,103,105,106,112] for
sample preparation. However, microextraction techniques
(METs) such as hollow-fiber liquid-phase microextraction
(LPME) [91,93], single drop liquid-liquid-liquid
microextraction (LLLME) [81], partitioned dispersive
liquid-liquid microextraction (PDLLME) [96], solid phase
microextraction (SPME) [111] and microextraction by
packed sorbet (MEPS) [82-84,99] are also used in recent
years. In addition, the “dilute-and-shoot” approach
without need for a sample preparation step is used
[97,98,100,102]. Recently, a method has been developed
to direct extraction of HA and MHA from untreated urine
samples using a probe impregnated with molecularly
imprinted polymers (MIPs) and subsequent analysis by
micellar electrokinetic chromatography [116].

4.1.1LLE and conventional SPE methods

In LLE, an extraction solvent (phase B) is used to extract
the analytes of interest in the matrix (phase A). Phase B is
usually an organic solvent while phase A is aqueous. An
extraction can be performed if the analyte has favorable
solubility in the extracting solvent. In recent decays, LLE
has been used in several studies for the determination
of BTEX metabolites [14,87,88,109,110,113]. Most of this
studies provides reliable methods for the determination
of tt-MA [109], MA [87,88,110,113], PGA [87,110], PMA [109],
HA [14,110], and MHA [110] in urine samples, even in the
cases of low concentrations of BTEX in air.

Conventional SPE methods have also been
developed for determination of BTEX metabolites
[60,86,92,101,103,105-107]. The quaternary ammonium
ion exchange resin (SAX-SPE) is the most frequently used
procedure for the extraction of tt-MA from urine [60,92].
Briefly, SPE sorbent is conditioned with 3 mL of methanol
and 3 mL of 0.1% (v/v) aqueous acetic acid. After sample
loading, the column is washed with 3 mL of 1% (v/v)
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aqueous acetic acid. Finally, tt-MA is eluted with 3 to
4 mL of 10% (v/v) aqueous acetic acid [60,92,101]. MAX
anion exchange column for the simultaneous extraction
of urinary tt-MA, MA, and HA [105] and amine anion
exchange column for tt-MA [107] are another SPE methods
for BTEX metabolites.

Because of the low selectivity of conventional SPE
sorbents (C2, C8, C18, SAX, MAX, etc.), more selective
sorbents such as MIPs in SPE columns (MISPE) have been
used in recent years, for the determination of urinary
metabolites [86,106]. In MISPE, the extraction procedure
is similar to the conventional SPE columns, as described
already above. However, MISPE is more selective and
environmental friendly than the conventional SPE.

4.1.2 METs

In recent years, a number of METs have been developed for
the determination of BTEX metabolites, including LLLME
[81], HF-LPME [91,93], SPME [111], PDLLME [96] and MEPS
[82-84,95,99].

4.1.2.1 LLLME

LLLME technique involves a series of two reversible
extractions. In three phases LLLME, analytes are first
extracted from an aqueous donor phase into a thin layer
organic membrane phase (in their neutral form) and then
back-extracted into an aqueous acceptor phase [81,117].
Toulabi et al. have developed a single drop LLLME method
for the determination of HA in human urine and serum
samples [81]. Briefly, 5 mL of aqueous sample solution
(adjusted to pH 3) containing HA is transferred to a 5-mL
volumetric flask. Then, 300 pL of butyl acetate:ethyl
acetate (1:2, v/v) is added to the top of the aqueous phase.
A 10 pL syringe is used for suspending the microdrop (7 pL,
adjusted pH to 11) to the organic phase during extraction
and also for injection into the HPLC injection valve after
extraction. To provide sufficient stirring extraction, a
magnetic stirring bar (8.5 mm x 3.0 mm) is placed into the
solution (700 rpm). After 45 min, the microdrop is retracted
back into the syringe and immediately transferred to the
injection valve of HPLC-UV for analysis.

4.1.2.2 HF-LPME

Recently, a method based on HF-LPME has been developed
by Bahrami et al. for the determination of tt-MA, HA, and
MA in urine samples [91]. This technique is performed in
the following steps: 1) the HF membranes are manually cut
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to provide 8.8 cm equal pieces with an internal volume of
24 pL; 2) to remove any contamination, the pieces are
washed with acetone for 5 min in an ultrasonic bath and
then dried in air; 3) the receiver phase loads into a 25 UL
Hamilton syringe and then the syringe’s needle is inserted
into the lumen of the HF; 4) to fill the pores, the HF is
immersed in 10% (w/v) of Aliquat-336 solution as an ion-
pair reagent for 15 s and then rinsed with distilled water for
10 s to remove excessive organic solvent; 5) while one end of
the HF is closed using an aluminum foil, the acceptor phase
is injected into the other end of the HF and then it bent to
an U-shape configuration; 6) to extract the analytes, the
U-shape HF is immersed in a 12 mL sample vial containing
10 mL of the aqueous sample. The extraction efficiency
increased with increasing the stirring up to 800 rpm; 7)
after 60 min, the end of the HF is cut and the acceptor
phase which now contains the analytes is withdrawn into
the syringe and injected into HPLC for analysis [91].

4.1.2.3 Electromembrane extraction (EME)

The EME is a MET based on HF-LPME for the extraction of
charged compounds. In this sample preparation technique,
analytes extracted using a few amounts (microliters) of
an organic solvent. As compared with the conventional
HF-LPME, the EME technique has some advantageous,
including higher extraction efficiency, effective sample
clean-up, analyte enrichment, good selectivity, and shorter
extraction time. Suh et al. have developed an EME technique
for the simultaneous determination of BTEX metabolites
including PMA, MA, MHA, and PGA [118]. For this, about
0.8 mL of donor solution was transferred into a vial. A 3.2 cm
piece of HF is used to prepare supported liquid membrane
(SLM). To create the SLM, one end of the HF is closed by
mechanical pressure and then dipped in 1-octanol for one
min. The other end of the HF is connected to a pipette tip
that is inserted through the vial’s rubber cap. By using a
100 pL micro-syringe, 40 pL of the acceptor solution (5 mM
ammonium acetate, pH 10.2) are introduced into the lumen
of the fiber. Then, a cathode is placed into the sample and an
anode is introduced into the fiber’s lumen. After connecting
the electrodes to a power supply, the vial is placed on a stirrer
at a speed of 1500 rpm. The extraction was continued for
15 min at 300 V voltage and then the acceptor solution was
transferred for LC-MS/MS analysis [118].

4.1.2.4 SPME

Pacenti et al. have developed a method for the
determination of HA, MHA, MA, tt-MA and PGA directly in
the urine employing derivatization with trimethyloxonium
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tetrafluoroborate and sequential extraction by head space
(HS) and direct immersion (DI) SPME [111]. In this method,
2 mL of urine are transferred into a 10 mL vial and after
derivatization of the acids, the urine samples undergo
SPME. For the extraction procedure, the syringe injector of
the SPME unit equipped with 30 um polydimethelsiloxane
(PDMS) and 85 um polyacrylate (PA) fibers is used. For
HS-SPME, the vials are placed at 50°C in a temperature-
controlled agitator. Before automatically introduce of the
fiber into the vial for 20 min in static conditions, a pulsed
agitation is carried out for 30 min incubation time. For
DI-SPME the fiber is directly immersed in a 10 mL vial for
20 min at 60°C, under continuous agitation at 500 rpm.
For desorbing the analytes, the fiber is introduced into the
GC injection port and maintained at 300°C for 4 min [111].

4.1.2.5 PDLLME

In this method, polar analytes are extracted into polar
dispersive solvents and subsequently to organic extractant
droplets according to their partition coefficients.
Recently, a PDLLME method has been developed for the
determination of tt-MA in urine samples [96]. Briefly, to
a 10 mL screw cap conical test tube containing 5 mL of
urine sample, 200 pL of extraction solvent and 2000 pL of
disperser solvent are added. Then, the mixture is gently
shaken until a cloudy solution formed in the test tube. In
the next step, the mixture is centrifuged at 5000 rpm for
10 min. About 100 pL of the sediment phase is transferred
to a new tube and dried under a gentle stream of nitrogen.
The residue reconstituted in 100 pL of methanol and 20 pL
is injected to HPLC [96].

4.1.2.6 MEPS

MEPS is a high throughput, simple and straightforward
sample preparation technique developed in 2004 by
AbdelRehim et al. [119,120]. MEPS overcomes the inherent
drawbacks of conventional SPE columns [121]. In recent
years, MEPS has been emerged as a powerful tool in
bioanalysis with an increasing range of applications [121-
124]. To the best of our knowledge, there are five methods
based on MEPS for determination of BTEX metabolites
[82-84,95,99]. Soleimani et al. have developed extraction
methods using SAX or MIP in MEPS (SAX-MEPS or MIMEPS)
for the determination of tt-MA [82,83] and MA [84] in urine
samples. Moein et al. have developed a MIMEPS method
for the determination of HA in plasma and urine samples
[99]. More recently, Rahimpoor et al. have developed
zirconium-based metal-organic frameworks (MOF) in
MEPS (MOF- MEPS) for the extraction of urinary tt-MA [95].
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The MEPS protocols are easy and straightforward
(Figure 1). For determination of tt-MA or MA using
MIMEPS, approximately 4 mg of the MIPs are packed
between two polyethylene frits inside a 250 pL Hamilton
syringe. Before using for the first time, the MIPs are
conditioned with 3x100 pL of ethanol (for tt-MA) or
methanol (for MA), followed by 3x100 pL of water (for
both tt-MA and MA). The sample is percolated through
the MIP sorbent five times (5x100 pL) for tt-MA and eight
times (5x100 pL) for MA at the speed of 10puL/s (extract-
discard mode). Then, the MIPs are washed with 1x100 pL
of water (for both tt-MA and MA). In the next step, the
analytes are eluted by 2x100 pL of ethanol-acetic acid
(80:20, v/v) for tt-MA and 2x100 pL of methanol-acetic
acid (80:20, v/v) for MA. An aliquot of 10 pL is injected
into the HPLC system. To avoid carry-over, the MIPs
were cleaned after each extraction using 4x150 pL of the
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elution solution, followed by 4x150 pL of the washing
solution [83,84]. The SAX-MEPS procedure for the
determination of tt-MA [82] is similar to that of MIMEPS.

For the determination of HA [99], approximately
2 mg of MIP membrane are packed between two frits inside
a Hamilton 250-pL syringe. The MIP membrane is first
conditioned with 100 pL of distillated water. Then, the
sample is loaded by taking ten replicate 100-pL aliquots
of the diluted plasma sample (10x100 pL) through the MIP
membrane. Then, the MIP membrane sorbent is washed
with 1x100 pL of ultra-pure water/formic acid (0.1%)
(90:10). The analyte is eluted with 100 pL of acetonitrile/
methanol (50:50) and 30 pL of the solution are injected
into a LC-MS/MS system. After each extraction, the MIP
membrane sorbent is washed using 3x100 pL of the elution
solution followed by 3x100 pL of the washing solution to
avoid carryover [99] (Figure 1).

Sorbent conditioning

tt-MA (MIMEPS): 3 x 100uL of ethanol and 3 x 100uL of water
MA (MIMEPS): 3x100 pL of methanol and 3x100 pL of
water
tt-MA (SAX-MEPS): 3x100 pL. of methanol and 3x100 pL of

Sample loading
tt-MA (MIMEPS): 5x100 pL of urine sample (draw-eject)
MA (MIMEPS): 8x100 pL of urine sample (draw-eject)
tt-MA (SAX-MEPS): 4x100 pL of urine sample (draw-eject)
HA (MIMEPS): 10x100 pL of urine sample

~

Sorbent washing
tt-MA (MIMEPS): 1 x 100uL of water
MA (MIMEPS): 1 x 100uL of water
A tt-MA (SAX-MEPS): 3x100 pL of water
HA (MIMEPS): 1 x 100pL water/formic acid (0.1%) (90:10. v/v)

-

Elusion
tt-MA (MIMEPS): 2 x 100uL of ethanol-acetic acid (80:20, v/v)
MA (MIMEPS): 2x100 pL of methanol-acetic acid (8:2, v/v) [H
tt-MA (SAX-MEPS): 1x100 pL of 10% (v/v) aqueous acetic acid
HA (MIMEPS): 1x100 pL of acetonitrile/methanol (50:50, v/v)

~

Inject to
HPLC

Washing and re-use
tt-MA (MIMEPS): 3x150 uL of clusion and 3x150 pL of washing solution

MA (MIMEPS): 4x150 pL of clusion and 4x150 pL of washing
tt-MA (SAX-MEPS): 4x150 pL of elusion and 4x150 pL of washing
solution

Figure 1: SAX-MEPS and MIMEPS protocols for the extraction of tt-MA [82,83], MIMEPS protocol for MA [84], and MIMEPS protocol for HA

[99] in urine.
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4.1.2.7 Dilute and shoot approach

Using MS/MS analysis, the sample is diluted and
directly injected (dilute-and-shoot approach) to the
chromatographic system without the need for sample
preparation. There are some analytical methods
using MS/MS analysis for the determination of BTEX
metabolites [90,97,98]. For instance, Gagné has developed
an UPLC-MS/MS analysis for determining urinary tt-MA.
Briefly, 30 mL of urine is transferred to 1.5 mL Eppendorf
tubes and then 970 mL of water and 0.1% formic acid
(containing 2840 pg/L of d4-t,t-MA as internal standard)
are added. The sample is vortexed and centrifuged at
14,000 rpm for 10 min. Then, 500 mL of the supernatant
are transferred to the LC vial and analyzed by UPLC-MS/MS
[97]. The multiple reaction monitoring (MRM) transition
and conditions used for t,t-MA and the internal standard
are listed in Table 3.

4.1.2.8 LC-QqTOFMS analysis

LC-QqTOFMS analysis has been developed for the
simultaneous determination of tt-MA, HA, MHA, and
PGA in urine samples [114]. This technique provides a
sensitive and highly selective quantitative assessments
of the analytes. The availability of full-scan mass
spectra throughout each LC/TOF chromatogram and
the accurate mass measurements provide qualitative
information suitable to identify analytes present in the
samples. Experimental conditions for the LC-QqTOFMS
determination of the analytes is shown in Table 4.

4.2 Methods for unmetabolized BTEX in
exhaled air

Determination of unmetabolized VOCs in exhaled
air has attracted the attention of researchers in
the fields of public health and medicine [125-139].
Table 5 shows analytical methods used for the
determination of unmetabolized BTEX in exhaled air.

Table 3: The multiple reaction monitoring transition and conditions
for tt-MA and internal standard [97]

., Collision MRM transi-
Chemical Cone (V) energy (V) tion (m/2)
tE-MA 22 10 141-97
Quantification MRM
t,t-MA Confirmation
MRM 22 10 141-53
d4-t,t-MA (ISTD) 24 10 145-100
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Table 4: Experimental conditions for the determination of selected
analytes [114]

Collision cell
Analyte | pulsing parameter | ™/ZPre | pp CE(V)
cursor
IRD (ps) | IRW (ps)
PGA 41.4 11.2 149.0 30 19
tt-MA 41.3 12.5 141.0 50 15
HA 39.9 11.2 178.0 30 18
MHA 45.2 13.9 192.0 26 15

IRD - ion release delay; IRW - ion release width; DP —
declustering potential

In these techniques, GC-FID [131,132,134,137] or GC-MS
[129,133,135,136,138-140] have been used. Different
media are used for collection/adsorption of exhaled air,
including solid sorbents [132,133,135,136,140], Haldane-
Priestly tubes [141], SPME fibers [138,139,142], Tedlar
bags [128,129,131,135,142], or canisters [143,144]. In some
studies, a breath sampling tube and direct analysis has
been developed [137]. Sample preparation methods
include solvent extraction [145], thermal desorption/
cryofocussing step prior to chromatographic
analysis [35,136], headspace analysis [135] and SPME
[138,139,142]. In recent years, SPME has been emerged
as the most common method for the preparation of
exhaled air samples.

4.2.1 SPME

During the last two decades, SPME has been used for
the determination of BTEX in exhaled-air samples
[138,139,142]. Some authors used this technique
specifically to measure only one of BTEX [138,139],
whereas simultaneous determination of two or more
of them has also been reported [142]. In these studies,
exhaled air samples are collected on Tedlar bags and then
the SPME is used for the adsorption of the analytes. For
instance, in a more recent study, Koureas et al. used SPME
technique for the determination of 19 VOCs, including
benzene, toluene and ethyl benzene in exhaled air
samples [142]. Briefly, exhaled air samples are collected
in Tedlar® bags and then an SPME manual holder with
a 75 pm Carboxen-polydimethylsiloxane (CAR/PDMS)-
coated fused silica fiber is used for adsorption of the
analytes. The adsorption is performed for 25 min at room
temperature followed by the desorption process for
5 min at 270°C. A same fiber is used for approximately
100 injections [142]. The characteristics of the SPME
procedures in different studies are shown in Table 6.
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Table 6: The characteristics of the SPME procedure for determination of BTEX in exhaled air.

Length of | Extraction Desorption Adsorption Desorption Fiber use
Fiber fiber time time temperature temperature (Injections) Reference
(cm) (min) (min) ) ) '
DVB/CAR/PDMS 2 0.5 3 ND 250 ND [138]
DVB/CAR/PDMS ND 0.5 3 ND 250 ND [139]
CAR/PDMS ND 25 5 RT 270 100 [142]

DVB/CAR/PDMS - divinylbenzene/carboxen/polydimethylsiloxane; ND — not determined; RT — room temperature

5 Discussion

Exhaled air and urine can be used as reliable and easy-
to-collect media for BM of workers exposed to BETX. To
date, many analytical methods have been developed for
determination of unmetabolized BTEX or their urinary
metabolites. Each method has its own limitations and
advantages. Generally, the bottleneck of these analytical
methods is sample preparation step. Several steps are
involved in the development of an analytical method.
The typical steps include sampling, sample preparation,
and analysis. There might be several processes within the
sample preparation itself, such as preconcentration and
clean-up. Sample preparation is one of the most time-
consuming and laborious steps in analytical techniques.
The analytical performance is greatly affected by these
steps in term of reliability, accuracy, time, and cost of
analysis. In many analytical techniques, sampling and
sample preparation accounts for most of the analysis time.
On the other hand, today, there are more sophisticated
analytical instruments and detection methodologies that
have made extensive progress in analytical performance
and lowered detection limits. Thus, sample preparation
is the main bottleneck of reference techniques which use
fast and high throughput sample analysis and detection
procedures [123,124]. Therefore, the selection of a method
for sample preparation should be made according to
the following features: miniaturization, automation,
minimum amount of solvent consumption and chemical
waste, the highest recovery of the analyte, efficient
removal of interfering compounds, online coupling with
analytical instruments, easy-to-use, rapid, inexpensive,
and environmental-friendly [121,122,146,147].

Table 2 shows the comparison of the sample
preparation techniques for the urinary BTEX metabolites.
These methods have their own limitations and advantages
over each other. The LLE methods suffer from some
limitations, the most important of which are: (a) the need
for solvents with high polarity that often yield emulsions,
(b) incomplete phase separations, (c) less-than-
quantitative recoveries, (d) use of expensive breakable

glassware, (e) large volumes of organic solvents and the
resulting extracts, usually in the range of milliliter (mL),
(f) low selectivity and sensitivity, and (g) they are bench
scale, complex, manual and time consuming. In addition,
it is not easy to automate the LLE methods [122,123].

The disadvantages of LLE methods led researchers
to resort to SPE technique because of its efficiency and
selectivity. Conventional SPE method consists of four
typical steps, including conditioning, sample loading,
washing, and elusion. The lack of selectivity is the main
drawback of conventional SPE sorbents (C2, C8, C18,
SAX, MAX, etc.). Therefore, in recent years, the use of
MIP in SPE columns (MISPE) have been used to overcome
this limitation [148]. The advantage of the MISPE over
conventional SPE is that it is more rapid, sensitive and
selective. In addition, since the interferents are efficiently
removed, the chromatographic run time is shorter and
thus the analytical frequency is higher in comparison
with conventional SPE [86,106]. SPE provides both higher
recovery and good chromatography than LLE. It is obvious
that SPE resolves many of the limitations of the LLE
methods. However, SPE has its own limitations, especially
when it compares with METs [82-84,94,96,121]. The amount
of sorbent used is relatively high resulting in an extensive
optimization of the typical steps in SPE, including
conditioning, sample loading, washing and elusion.
Therefore, in addition to a relatively high consumption of
organic solvents and longer extraction time, there is not a
convergence between the solvent volumes used to sample
preparation and the sample volume needed for analysis by
chromatographic techniques that require microliters (uL)
of samples. Furthermore, the conventional SPE columns
are single use and thus the total analysis cost is higher
than methods that are reusable and can be used several
times, such as MEPS [121-123].

Because of the inherent limitations of LLE and
conventional SPE columns, and to provide maximum
recovery of analytes, efficient removal of interferents,
minimum or no consumption of solvents, automation,
miniaturization, online coupling with analytical
instruments, low-cost operation, and ease of use, METs
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such as LPME [91,93], LLLME [81], DLLME [106], PDLLME
[96], SPME [111], and MEPS [82-84,95,99] have been
developed for determination of BTEX metabolites.

The LLLME and LPME methods are equilibrium
extraction procedures and thus highest recovery can
be achieved by the acceptor phase after equilibrium
is obtained [81,91,93]. Similarly, in SPME, analytes
partition between a fiber coating and the matrix until an
equilibrium is achieved [111]. In LLLME, LPME, and SPME,
the equilibrium constant and the equilibration time are
influenced by pH, temperature, salt concentration and
stirring [81,91,93,149,150]. As can be seen from Table 2, in
addition to relatively low recoveries, the extraction times in
LLLME [81], HF-LPME [93], IP-HF-LPME [91], PDLLME [96],
HS-SPME [111], and DI-SPME [111] are about 60, 120, 60, ~30,
40, and 60 min, respectively. This is particularly important
in the analysis of the high number of urine samples. SPME
suffers from some limitations, including low recovery,
different fiber’s quality and length from batch to batch,
sensitivity of the fiber to the nature of the matrix, and the
inability of the fiber to withstand a complete run (analysis
of standards, blanks, quality control samples, and real
samples) [119]. In addition, in comparison with LLE and
SPE methods, SPME has shown higher deviations [151].

A look at Table 2 shows that MEPS have some
advantageous over other extraction techniques for
the BTEX metabolites. In contrast to conventional SPE
columns, in MEPS, the solid phase is inserted directly
into the syringe, not into a separate column. Therefore, a
separate robot is not further required to apply the sample
into the sorbent bed. The amounts of sorbent in MEPS (2 to
4 mg) is about 30 to 225 times less than those used in SPE
columns (60 to 500 mg). This small amount of the solid
phase significantly reduces the volume of organic solvents
and extraction time making MEPS as a rapid (about 6 to
30 times faster) and environmental friendly (about 10 to
30 times lower consumption of organic solvents) method
for sample preparation. In addition, unlike single-use SPE
columns, a sorbent bed can be used about 80 times [82-
84,121]. The most important benefit of MEPS over other
METs (e.g. LPME, LLLME, PDLLME, and SPME) is that it is
more rapid (12 to 24 times faster) and robust. In addition,
MEPS can be used on-line with the analytical instrument
without any modification of the instrument [121,122].

Overall, there are several analytical methods based
on LLE, SPE, and METs for the determination of the BTEX
metabolites. Each of these techniques can be used for
biomonitoring of individuals who are exposed to BTEX.
However, given the recent trends in sample preparation,
including miniaturization, automation, high-throughput
performance, and on-line coupling with analytical
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instrument, it seems that MEPS can be a method of choice
for the determination of the BTEX metabolites. MEPS
is rapid, selective, sensitive, fast, non-expensive, and
both user- and environmental friendly. MEPS combines
the three steps of sample processing, extraction and
injection fully automated as an on-line extraction device
to GC or LC. In recent years, given the advantages of MEPS
and selectivity and low cost of MIPs, the combination
of them (MIMEPS) has been considered as the best
technique in term of simplicity, selectivity, sensitivity, and
environmentally friendly.

In addition to using sample preparation techniques
for the extraction of the BTEX metabolites, dilute-and-
shoot approach is also available. In this way, no sample
preparation is required and the urine samples diluted
and then injected directly to the chromatographic system
[90,97,98]. The elimination of the sample preparation
step and the improvement in the chromatographic
runs provide a cheaper and faster analysis of urinary
metabolites [97,98].

The presence of BTEX in exhaled air is considered as
a selective and sensitive biomarker for evaluating recent
exposure. Exhaled air offers some advantages over urine.
It is easily accepted by the workers and the air sampling
step is simple compared to urine. However, since it is not a
common practice in BM, there is a lack of data on which to
base the exhaled air analysis. In spite of the relatively high
number of published papers on the toxicokinetics of BTEX
in both humans and animals (see section of toxicokinetics of
BTEX), little information exists on the relationship between
the concentration of unmetabolized BTEX in the exhaled air
and the levels of exposure. Therefore, in situations where
there are high variations in the levels of airborne BTEX (e.g.,
occupational settings), the analysis of exhaled air for BM
of workers is questionable. The relationship between the
levels of BTEX in inhaled air and their urinary metabolites
is well-known. The urinary metabolites of BTEX including
tt-MA, PMA, o-cresol, MA, PGA and MHA are proposed
by the ACGIH for BM of exposed workers. Several robust
and high throughput METs and highly sensitive analytical
techniques are existing for the determination of urinary
BTEX metabolites. On the other hand, few studies have
been published regarding sample preparation and analysis
of unmetabolized BTEX in exhaled air. Unlike the urinary
metabolites, data on the relationship between exposure to
airborne BTEX and their levels in exhaled air is scare. The
majority of analytical techniques for the determination of
BTEX in exhaled air has been developed in the last three or
more decades [35,129,135-137,141,143,144]. In recent years, few
studies developing analytical techniques for exhaled air have
been published [131,132,142]. Further studies are required to
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establish such a relationship. The ACGIH did not offer the
measurement of unmetabolized BTEX in the exhaled air
for BM of exposed workers [21]. In addition, since relatively
low levels of inhaled BTEX are excreted unmetabolized in
the exhaled air, highly sensitive analytical techniques are
required to determine these chemicals in exhaled breath.

Conflicts of interest: Authors declare no conflicts of
interest.

References

[1

[2

3]

[4

[5

[6

[7

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Wilbur SB, Keith S, Faroon O, Wohlers D. Toxicological profile
for benzene. US Department of Health and Human Services,
Agency for Toxic Substances and Disease Registry, 2007.
Blank IH, McAuliffe D). Penetration of benzene through human
skin. J Invest Dermatol. 1985;85(6):522-6.

Snyder R. Overview of the toxicology of benzene. ] Toxicol
Environ Health A. 2000;61(5-6):339-46.

IRIS. Benzene Integrated Risk Information System, U.S.
Environmental Protection Agency, Washington, DC, 2007.
Lyon F. IARC monographs on the evaluation of carcinogenic risks
to humans. Some industrial chemicals. 1994;60:389-433.
Taylor J, Fay M, Williams RL, Wilbur SB, McClure PR, Zaccaria
K, et al. Toxicological profile for toluene. US Department of
Health and Human Services, Agency for Toxic Substances and
Disease Registry, 2017.

Leusch F, Bartkow M. Toxicological profile for ethylbenzene.
US Department of Health and Human Services, Agency for
Toxic Substances and Disease Registry, 2007.

Fishbein L. An overview of environmental and toxicological
aspects of aromatic hydrocarbons IV. Ethylbenzene. Sci Total
Environ. 1985;44(3):269-87.

Fay M, Risher ], Wilson JD. Toxicological profile for xylene. US
Department of Health and Human Services, Agency for Toxic
Substances and Disease Registry, 2007.

Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR, Fritschi L, et
al. Leukemia risk associated with low-level benzene exposure.
Epidemiology. 2003:569-77.

Rinsky RA, Young R, Smith AB. Leukemia in benzene workers.
Am | Ind Med. 1981;2(3):217-45.

Bullock WH, Ignacio JS. A strategy for assessing and
managing occupational exposures: AIHA press, 2006.
Zhang J), Lioy PJ. Human exposure assessment in air pollution
systems. Sci World . 2002;2:497-513.

Birch M. NIOSH manual of analytical methods (NMAM). Third
Supplement to NMAM 4th Ed. Department of Health and
Human Services, Public Health Service, Centers for Disease
Control and Prevention, National Institute for Occupational
Safety and Health,(NIOSH). 2004:2003-154.

Neghab M, Amiri F, Soleimani E, Hosseini SY. The effect of
exposure to low levels of chlorine gas on the pulmonary
function and symptoms in a chloralkali unit. ] Res Health Sci.
2016;16(1):41-5.

Neghab M, Soleimani E, Rajaeefard A. Assessment of
occupational exposure to n-hexane: a study in shoe making
workshops. Res ] Environ Toxicol. 2011;5(5):293-300.

Analytical techniques for BTEX and their metabolites = 183

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

Schnatter AR, Kerzic PJ, Zhou Y, Chen M, Nicolich MJ, Lavelle
K, et al. Peripheral blood effects in benzene-exposed workers.
Chem Biol Interact. 2010;184(1-2):174-81.

Neghab M, Soleimani E, Khamoushian K. Electrophysiological
studies of shoemakers exposed to sub-TLV levels of n-hexane.
J Occup health. 2012;54(5):376-82.

Neghab M, Soleimani E, Rajaeifard A. Biological Monitoring
and Assessment of Occupational Exposure to n-hexane:

A study in Shoe Making Workshops. Iran Occup Health.
2013;10(3):61-70.

Cherrie JW. The effect of room size and general ventilation on
the relationship between near and far-field concentrations.
Appl Occup Environ Hyg. 1999;14(8):539-46.

ACGIH. Threshold limit values for chemical substances

and physical agents and biological exposure indices. USA:
American Conference of Governmental Industrial Hygienists,
2020.

Srbova J, Teisinger ], Skramovsky S. Absorption and
elimination of inhaled benzene in man. Arch Indust Hyg
Occup Med. 1950;2(1):1-8.

Nomiyama K, Nomiyama H. Respiratory retention, uptake and
excretion of organic solvents in man. Internationales Arch
Arbeitsmed. 1974;32(1-2):75-83.

Pekari K, Vainiotalo S, Heikkila P, Palotie A, Luotamo M,
Riihimdki V. Biological monitoring of occupational exposure
to low levels of benzene. Scand | Work Environ Health.
1992;18(5):317-22.

Hjelm EW, Naslund PH, Wallén M. Influence of cigarette
smoking on the toxicokinetics of toluene in humans. ] Toxicol
Environ Health. 1988;25(2):155-63.

Bushnell PJ, Oshiro WM, Samsam TE, Benignus VA,

Krantz QT, Kenyon EM. A dosimetric analysis of the acute
behavioral effects of inhaled toluene in rats. Toxicol Sci.
2007;99(1):181-9.

Nadeau V, Truchon G, Brochu M, Tardif R. Effect of physical
exertion on the biological monitoring of exposure of
various solvents following exposure by inhalation in
human volunteers: I. Toluene. ) Occup Environ Hyg.
2006;3(9):481-9.

Knecht U, Reske A, Woitowitz H-J. Biological monitoring

of standardized exposure to ethylbenzene: evaluation

of a biological tolerance (BAT) value. Arch Toxicol.
2000;73(12):632-40.

Tardif R, Charest-Tardif G, Brodeur J, Krishnan K. Physiolo-
gically based pharmacokinetic modeling of a ternary mixture
of alkyl benzenes in rats and humans. Toxicol Appl Pharmacol.
1997;144(1):120-34.

Bardodej Z, Bardodejova E. Biotransformation of Ethyl
Benzene, Styrene, and Alpha-Methyl sty rene in Man. Am Ind
Hyg Assoc J. 1970;31(2):206-9.

Seficzuk W, Ortowski J. Absorption of m-xylene

vapours through the respiratory tract and excretion of
m-methylhippuric acid in urine. Occup Environ Med.
1978;35(1):50-5.

SedivecV, Flek J. The absorption, metabolism, and

excretion of xylenes in man. Int Arch Occup Environ Health.
1976;37(3):205-17.

David A, Flek J, Frantik E, Gut I, Sedivec V. Influence of
phenobarbital on xylene metabolism in man and rats. Int Arch
Occup Environ Health. 1979;44(2):117-25.



184

[34]

(35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

[53]

= Esmaeel Soleimani

Riihimdki V, Savolainen K. Human exposure to m-xylene.
Kinetics and acute effects on the central nervous system. Ann
Occup Hyg. 1980;23(4):411-22.

Wallen M, Holm S, Nordqvist MB. Coexposure to toluene and
p-xylene in man: uptake and elimination. Occup Environ Med.
1985;42(2):111-6.

Winek CL, Collom WD. Benzene and toluene fatalities. ] Occup
Environ Med. 1971;13(5):259-61.

Dowty BJ, Laseter JL, Storer ). The transplacental migration
and accumulation in blood of volatile organic constituents.
Pediatr Res. 1976;10(7):696-701.

Lof A, Wallén M, Hjelm EW. Influence of paracetamol

and acetylsalicylic acid on the toxicokinetics of toluene.
Pharmacol Toxicol. 1990;66(2):138-41.

Lam C-W, Galen TJ, Boyd JF, Pierson DL. Mechanism of
transport and distribution of organic solvents in blood. Toxicol
Appl Pharmacol. 1990;104(1):117-29.

Paterson SC, Sarvesvaran R. Plastic bag death—a toluene
fatality. Med Sci Law. 1983;23(1):64-6.

Takeichi S, Yamada T, Shikata I. Acute toluene poisoning
during painting. Forensic Sci Int. 1986;32(2):109-15.
Engstrom J, Bjurstrom R. Exposure to xylene and
ethylbenzene: Il. Concentration in subcutaneous adipose
tissue. Scand ] Work Environ Health. 1978;195-203.

Fuciarelli A. Ethylbenzene two-week repeated-dose inhalation
toxicokinetic study report. NTP, Richland, WA. 2000.

Pierce CH, Dills RL, Silvey GW, Kalman DA. Partition coefficients
between human blood or adipose tissue and air for aromatic
solvents. Scand ) Work Environ Health. 1996;22(2):112-8.
Astrand |. Work load and uptake of solvents in tissues of man.
Occupational health hazards of solvents Princeton Scientific
Publishers, Princeton NJ. 1982:141-52.

Riihiméaki V. Percutaneous absorption of m-xylene from a
mixture of m-xylene and isobutyl alcohol in man. Scand ] Work
Environ Health. 1979;5(2):143-50.

Bergman K, Appelgren L-E. Application and results of
whole-body autoradiography in distribution studies of organic
solvents. CRC Crit Rev Toxicol. 1983;12(1):59-118.

Ito T, Yoshitome K, Horike T, Kira S. Distribution of inhaled
m-xylene in rat brain and its effect on Gabaa receptor binding.
J Occup Health. 2002;44(2):69-75.

Ghantous H, Danielsson B. Placental transfer and distribution
of toluene, xylene and benzene, and their metabolites

during gestation in mice. Biol Res Pregnancy Perinatol.
1986;7(3):98-105.

Ungvary G, Tatrai E, Hudak A, Barcza G, Ldrincz M. Studies

on the embryotoxic effects of ortho-, meta-and para-xylene.
Toxicology. 1980;18(1):61-74.

Henderson RF, Sabourin PJ, Bechtold WE, Griffith WC, Medinsky
MA, Birnbaum LS, et al. The effect of dose, dose rate, route

of administration, and species on tissue and blood levels of
benzene metabolites. Environ Health Perspect. 1989;82:9-17.
Sabourin P), Bechtold WE, Birnbaum LS, Lucier G, Henderson
RF. Differences in the metabolism and disposition of inhaled
[3H] benzene by F344N rats and B6C3F1 mice. Toxicol Appl
Pharmacol. 1988;94(1):128-40.

Nebert DW, Roe AL, Vandale SE, Bingham E, Oakley GG.

NAD (P) H: quinone oxidoreductase (NQO1) polymorphism,
exposure to benzene, and predisposition to disease: a HUGE
review. Genet Med. 2002;4(2):62-70.

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

DE GRUYTER

Ross D. The role of metabolism and specific metabolites in
benzene-induced toxicity: evidence and issues. ] Toxicol
Environ Health A. 2000;61(5-6):357-72.

Lindstrom AB, Yeowell-O’Connell K, Waidyanatha S, Golding
BT, Tornero-Velez R, Rappaport SM. Measurement of benzene
oxide in the blood of rats following administration of benzene.
Carcinogenesis. 1997;18(8):1637-41.

Schrenk D, Bock K. Metabolism of benzene in rat hepatocytes.
Influence of inducers on phenol glucuronidation. Drug Metab
Dispos. 1990;18(5):720-5.

Schafer F, Schad H, Weber L. Determination of phenylmer-
capturic acid in urine of benzene-exposed BDF-1 mice.
Chromatogr B. 1993;620(2):239-42.

Van Sittert N, Boogaard P, Beulink G. Application of the
urinary S-phenylmercapturic acid test as a biomarker for low
levels of exposure to benzene in industry. Occup Environ Med.
1993;50(5):460-9.

Bleasdale C, Kennedy G, MacGregor JO, Nieschalk J, Pearce K,
Watson WP, et al. Chemistry of muconaldehydes of possible
relevance to the toxicology of benzene. Environ Health
Perspect. 1996;104(suppl 6):1201-9.

Boogaard PJ, van Sittert N). Suitability of S-phenyl mercapturic
acid and trans-trans-muconic acid as biomarkers for exposure
to low concentrations of benzene. Environ Health Perspect.
1996;104(suppl 6):1151-7.

Nakajima T, Wang R-S, Elovaara E, Gonzalez FJ, Gelboin HV,
Raunio H, et al. Toluene metabolism by cDNA-expressed
human hepatic cytochrome P450. Biochem Pharmacol.
1997;53(3):271-7.

Tassaneeyakul W, Birkett DJ, Edwards JW, Veronese ME, Tukey
R, Miners J. Human cytochrome P450 isoform specificity in the
regioselective metabolism of toluene and o-, m-and p-xylene.
J Pharmacol Exp Ther. 1996;276(1):101-8.

Tamie N, Rui-Sheng W. Induction of cytochrome P450 by
toluene. Int ) Biochem. 1994;26(12):1333-340.

Lowry LK. Review of biological monitoring tests for toluene. In
Biological monitoring of exposure to chemicals, Ed. Ho MH,
Dillon MH., Ed John Wiley & Sons: New York, 1987;99-109.
Ducos P, Berode M, Francin J-M, Arnoux C, Lefévre C.
Biological monitoring of exposure to solvents using the
chemical itself in urine: application to toluene. Int Arch Occup
Environ Health. 2008;81(3):273-84.

Jang J-Y, Droz P, Kim S. Biological monitoring of workers
exposed to ethylbenzene and co-exposed to xylene. Int Arch
Occup Environ Health. 2000;74(1):31-7.

Dutkiewicz T, Tyras H. A study of the skin absorption of
ethylbenzene in man. Occup Environ Med. 1967;24(4):330-2.
Astrand I, Engstrém ), Ovrum P. Exposure to xylene and
ethylbenzene: I. Uptake, distribution and elimination in man.
Scand ) Work Environ Health. 1978:185-94.

Ogata M, Tomokuni K, Takatsuka Y. Urinary excretion of
hippuric acid and m-or p-methylhippuric acid in the urine of
persons exposed to vapours of toluene and m-or p-xylene as a
test of exposure. Occup Environ Med. 1970;27(1):43-50.
Riihimdki V, Pfaffli P, Savolainen K. Kinetics of m-xylene in
man: Influence of intermittent physical exercise and changing
environmental concentrations on kinetics. Scand ) Work
Environ Health. 1979:232-48.

Norstrom A, Andersson B, Aringer L, Levin J, Lof A, Naslund P,
et al. Determination of specific mercapturic acids in human



DE GRUYTER

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

(83]

(84]

(85]

[86]

[87]

urine after experimental exposure to toluene or o-xylene. IARC
Sci Pub. 1988;89:232-4.

Carlsson A, Ljungquist E. Exposure to toluene: concentration
in subcutaneous adipose tissue. Scand ) Work Environ Health.
1982:56-62.

Lof A, Hjelm EW, Colmsjo A, Lundmark B, Norstrom A, Sato A.
Toxicokinetics of toluene and urinary excretion of hippuric
acid after human exposure to 2H8-toluene. Occup Environ
Med. 1993;50(1):55-9.

Pellizzari E, Wallace LA, Gordon S. Elimination kinetics of
volatile organics in humans using breath measurements.
Journal of exposure analysis and environmental epidemiology.
1992;2(3):341.

Pierce C. A comparison of 1H8-and 2H8-toluene toxicokinetics
in men. Xenobiotica. 1999;29(1):93-108.

Pierce CH, Chen Y, Dills RL, Kalman DA, Morgan MS. Toluene
metabolites as biological indicators of exposure. Toxicology
letters. 2002;129(1-2):65-76.

Gromiec J, Piotrowski J. Urinary mandelic acid as an exposure
test for ethylbenzene. Int Arch Occup Environ Health.
1984;55(1):61-72.

Ogata M, Yamazaki Y, Sugihara R, Shimada Y, Meguro T.
Quantitation of urinary o-xylene metabolites of rats and
human beings by high performance liquid chromatography.
Int Arch Occup Environ Health. 1980;46(2):127-39.

Riihimaki V, Pfaffli P, Savolainen K, Pekari K. Kinetics of
m-xylene in man: General features of absorption, distribution,
biotransformation and excretion in repetitive inhalation
exposure. Scand ] Work Environ Health. 1979:217-31.

Morgan MS. Management of TLV and BEI by ACGIH. Nordic
Institute for Advanced Training in Occupational Health course;
Occupational exposure limits: approaches and criteria .
2003(17):47-64.

Toulabi P, Daneshfar A, Sahrai R. Determination of hippuric
acid in biological fluids using single drop liquid-liquid-liquid
microextraction. Anal Methods. 2010;2(5):564-9.

Soleimani E, Bahrami A, Afkhami A, Shahna FG. Rapid analysis
of trans, trans-muconic acid in urine using microextraction by
packed sorbent. Toxicol Environ Health Sci. 2017;9(5):317-24.
Soleimani E, Bahrami A, Afkhami A, Shahna FG.
Determination of urinary trans, trans-muconic acid using
molecularly imprinted polymer in microextraction by packed
sorbent followed by liquid chromatography with ultraviolet
detection. ) Chromatogr B. 2017;1061:65-71.

Soleimani E, Bahrami A, Afkhami A, Shahna FG. Selective
determination of mandelic acid in urine using molecularly
imprinted polymer in microextraction by packed sorbent. Arch
Toxicol. 2018;92(1):213-22.

Laffon B, Lema M, Méndez J. Simultaneous high-performance
liquid chromatographic determination of urinary mandelic
and phenylglyoxylic acids as indirect evaluation of styrene
exposure. ] Chromatogr B. 2001;753(2):385-93.

Vieira AC, Zampieri RA, de Siqueira MEPB, Martins |,
Figueiredo EC. Molecularly imprinted solid-phase extraction
and high-performance liquid chromatography with ultraviolet
detection for the determination of urinary trans, trans-muconic
acid: a comparison with ionic exchange extraction. Analyst.
2012;137(10):2462-9.

Wang JZ, Wang XJ, Tang YH, Shen S}, Jin YX, Zeng S.
Simultaneous determination of mandelic acid enantiomers

Analytical techniques for BTEX and their metabolites = 185

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

and phenylglyoxylic acid in urine by high-performance liquid
chromatography with precolumn derivatization. ] Chromatogr
B. 2006;840(1):50-5.

Inoue O, Seiji K, Kudo S, Jin C, Cai SX, Liu SJ, et al. A sensitive
HPLC method for determination of mandelic acid in urine,
and its application to biological monitoring of ethylbenzene-
exposed Chinese workers. Int ] Occup Environ Health.
1995;1(3):245-51.

Lee C, Lee ], Lee J, Eom HY, Kim MK, Suh JH, et al. Rapid HPLC
method for the simultaneous determination of eight urinary
metabolites of toluene, xylene and styrene. Bull Korean Chem
Soc. 2009;30(9):2021-6.

Sperlingova |, Dabrowska L, Stransky V, Tichy M. A rapid
HPLC method for the determination of carboxylic acids in
human urine using a monolithic column. Anal Bioanal Chem.
2004;378(2):536-43.

Bahrami A, Ghamari F, Yamini Y, Ghorbani Shahna F, Koolivand
A. lon-pair-based hollow-fiber liquid-phase microextraction
combined with high-performance liquid chromatography for
the simultaneous determination of urinary benzene, toluene,
and styrene metabolites. ) Sep Sci. 2018;41(2):501-8.

Ducos P, Gaudin R, Robert A, Francin J, Maire C. Improvement
in HPLC analysis of urinary trans, trans-muconic acid, a
promising substitute for phenol in the assessment of benzene
exposure. Int Arch Occup Environ Health. 1990;62(7):529-34.
Ghamari F, Bahrami A, Yamini Y, Shahna FG, Moghimbeigi A.
Development of hollow-fiber liquid-phase microextraction
method for determination of urinary trans, trans-muconic acid
as a biomarker of benzene exposure. Anal Chem Insights.
2016;11:65-71.

Rahimpoor R, Bahrami A, Nematollahi D, Ghorbani Shahna F,
Farhadian M. Sensitive determination of urinary muconic acid
using magnetic dispersive-solid-phase extraction by magnetic
amino-functionalised UiO-66. Int ] Environ Anal Chem. 2020.
published ahead of print; https://doi.org/10.1080/03067319
.2020.1727460

Rahimpoor R, Bahrami A, Nematollahi D, Shahna FG,
Farhadian M. Application of zirconium-based metal-

organic frameworks for micro-extraction by packed sorbent
of urinary trans, trans-muconic acid. J Iran Chem Soc.
2020;17:2345-58.

Rismanchian M, Ebrahim K, Ordudari Z. Development of a
simple and rapid method for determination of trans, trans-
Muconic Acid in human urine using PDLLME preconcentration
and HPLC-UV detection. Chem Pap. 2019;73(10):2485-92.
Gagné S. Determination of trans, trans-muconic acid in
workers’ urine through ultra-performance liquid chroma-
tography coupled to tandem mass spectrometry. Biomed
Chromatogr. 2013;27(5):664-8.

Gagné S. Achieving greater selectivity for the analysis of

0-, m-, p-methylhippuric acids in workers’ urine by ultra
performance liquid chromatography coupled with tandem
mass spectrometry. | Chromatogr B. 2013;931:42-9.

Moein MM, El-Beqqali A, Javanbakht M, Karimi M, Akbari-
Adergani B, Abdel-Rehim M. On-line detection of hippuric acid
by microextraction with a molecularly-imprinted polysulfone
membrane sorbent and liquid chromatography-tandem mass
spectrometry. ] Chromatogr A. 2014;1372:55-62.

Rosa M. Matrix effect in the quantitative determination

of mandelic and phenylglyoxylic acid in urine samples



186

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

= Esmaeel Soleimani

by HPLC-MS/MS with isotopic dilution. Current Analytical
Chemistry. 2013;9(3):439-46.

Tranfo G, Paci E, Sisto R, Pigini D. Validation of an HPLC/
MS/MS method with isotopic dilution for quantitative
determination of trans, trans-muconic acid in urine samples
of workers exposed to low benzene concentrations. |
Chromatogr B. 2008;867(1):26-31.

Manini P, Andreoli R, Poli D, De Palma G, Mutti A, Niessen
WM. Liquid chromatography/electrospray tandem mass
spectrometry characterization of styrene metabolism

in man and in rat. Rapid Commun Mass Spectrom.
2002;16(24):2239-48.

Mao I, Chen M, Lo E. Simultaneous determination of urinary
metabolites of toluene, xylene, styrene and ethyl benzene by
solid-phase extraction technique and high-performance liquid
chromatographic/photo diode array detection. Int J Environ
Anal Chem. 1996;64(1):1-9.

Norberg J, Tiruye D, Mathiasson L, Jénsson JA. Supported
liquid membrane extraction of urinary trans, trans-muconic
acid, a biomarker for benzene exposure. ] Sep Sci.
2002;25(5-6):351-5.

Lee J, Kim Mh, Ha M, Chung BC. Urinary metabolic profiling
of volatile organic compounds in acute exposed volunteers
after an oil spill in Republic of Korea. Biomed Chromatogr.
2010;24(5):562-8.

Mudiam MKR, Chauhan A, Singh KP, Gupta SK, Jain R, Ch R, et
al. Determination of t, t-muconic acid in urine samples using
a molecular imprinted polymer combined with simultaneous
ethyl chloroformate derivatization and pre-concentration by
dispersive liquid-liquid microextraction. Anal Bioanal Chem.
2013;405(1):341-9.

Ruppert T, Scherer G, Tricker AR, Rauscher D, Adlkofer

F. Determination of urinary trans, trans-muconic acid by

gas chromatography-mass spectrometry. ] Chromatogr B.
1995;666(1):71-6.

Sedha S, Doctor P. Simultaneous Determination of Urinary
Trans, Trans-muconic Acid (t, t-MA) and S-phenylmercapturic
acid (SPMA) by Liquid Chromatography Tandem Mass
Spectrometry. FPI. 2017;3:138-49.

Waidyanatha S, Rothman N, Li G, Smith MT, Yin S, Rappaport
SM. Rapid determination of six urinary benzene metabolites
in occupationally exposed and unexposed subjects. Anal
Biochem. 2004;327(2):184-99.

Ohashi Y, Mamiya T, Mitani K, Wang B, Takigawa T, Kira S, et
al. Simultaneous determination of urinary hippuric acid, o-,
m-and p-methylhippuric acids, mandelic acid and phenyl-
glyoxylic acid for biomonitoring of volatile organic compounds
by gas chromatography—-mass spectrometry. Anal Chim Acta.
2006;566(2):167-71.

Pacenti M, Dugheri S, Villanelli F, Bartolucci G, Calamai

L, Boccalon P, et al. Determination of organic acids in

urine by solid-phase microextraction and gas chroma-
tography-ion trap tandem mass spectrometry previous ‘in
sample’derivatization with trimethyloxonium tetrafluor-
oborate. Biomed Chromatogr. 2008;22(10):1155-63.

Ahmadi F, Asgharloo H, Sadeghi S, Gharehbagh-Aghababa
V, Adibi H. Post-derivatization procedure for determination
of hippuric acid after extraction by an automated micro solid
phase extraction system and monitoring by gas chroma-
tography. ] Chromatogr B. 2009;877(27):2945-51.

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

DE GRUYTER

Kezi¢ S, Jakasa I, Wenker M. Determination of mandelic acid
enantiomers in urine by gas chromatography and electron-
capture or flame ionisation detection. ] Chromatogr B.
2000;738(1):39-46.

Marchese S, Curini R, Gentili A, Perret D, Rocca LM.
Simultaneous determination of the urinary metabolites of
benzene, toluene, xylene and styrene using high-performance
liquid chromatography/hybrid quadrupole time-of-flight
mass spectrometry. Rapid Commun Mass Spectrom.
2004;18(3):265-72.

Zhao F, Wang Z, Wang H, Ding M. Determination of hippuric
acid in human urine by ion chromatography with conductivity
detection. ) Chromatogr B. 2011;879(3-4):296-8.

Boscari CN, Mazzuia GR, Wisniewski C, Borges KB, Figueiredo
EC. Molecularly imprinted probe for solid-phase extraction
of hippuric and 4-methylhippuric acids directly from human
urine samples followed by MEKC analysis. Electrophoresis.
2017;38(7):1083-90.

HeY, Kang Y-J. Single drop liquid-liquid-liquid microext-
raction of methamphetamine and amphetamine in urine. |
Chromatogr A. 2006;1133(1-2):35-40.

Suh JH, Lee HY, Kim U, Eom HY, Kim J, Cho HD, et al.
Simultaneous determination of benzene, toluene,
ethylbenzene, and xylene metabolites in human urine

using electromembrane extraction combined with liquid
chromatography and tandem mass spectrometry. J Sep Sci.
2015;38(24):4276-85.

Abdel-Rehim M. New trend in sample preparation: on-line
microextraction in packed syringe for liquid and gas chroma-
tography applications: . Determination of local anaesthetics
in human plasma samples using gas chromatography-mass
spectrometry. ] Chromatogr B. 2004;801(2):317-21.
Abdel-Rehim M, Altun Z, Blomberg L. Microextraction in
packed syringe (MEPS) for liquid and gas chromatographic
applications. Part Il—Determination of ropivacaine and its
metabolites in human plasma samples using MEPS with
liquid chromatography/tandem mass spectrometry. ] Mass
Spectrom. 2004;39(12):1488-93.

Moein MM, Abdel-Rehim A, Abdel-Rehim M. Microextraction by
packed sorbent (MEPS). Trends Analyt Chem. 2015;67:34-44.
Abdel-Rehim M. Microextraction by packed sorbent (MEPS): a
tutorial. Anal Chim Acta. 2011;701(2):119-28.

Pereira J, Gongalves J, Alves V, Camara ). Microextraction using
packed sorbent as an effective and high-throughput sample
extraction technique: Recent applications and future trends.
Sample Preparation. 2013;1(2013):38-53.

Silva C, Cavaco C, Perestrelo R, Pereira ), Cdmara JS.
Microextraction by packed sorbent (MEPS) and solid-phase
microextraction (SPME) as sample preparation procedures
for the metabolomic profiling of urine. Metabolites.
2014;4(1):71-97.

Bessa V, Darwiche K, Teschler H, Sommerwerck U, Rabis T,
Baumbach JI, et al. Detection of volatile organic compounds
(VOCs) in exhaled breath of patients with chronic obstructive
pulmonary disease (COPD) by ion mobility spectrometry. Int )
lon Mobil Spectrom. 2011;14(1):7-13.

Sun X, Shao K, Wang T. Detection of volatile organic
compounds (VOCs) from exhaled breath as noninvasive
methods for cancer diagnosis. Anal Bioanal Chem.
2016;408(11):2759-80.



DE GRUYTER

[127]

[128]

[129]

[130

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Wallace LA, Pellizzari ED. Recent advances in measuring
exhaled breath and estimating exposure and body burden for
volatile organic compounds (VOCs). Environ Health Perspect.
1995;103(suppl 3):95-8.

Money C, Gray C. Exhaled breath analysis as a measure

of workplace exposure to benzene ppm. Ann Occup Hyg.
1989;33(2):257-62.

Plebani C, Tranfo G, Salerno A, Panebianco A, Marcelloni

A. An optimized sampling and GC-MS analysis method for
benzene in exhaled breath, as a biomarker for occupational
exposure. Talanta. 1999;50(2):409-12.

Chen ML, Chen SH, Guo BR, Mao IF. Relationship between
environmental exposure to toluene, xylene and ethylbenzene
and the expired breath concentrations for gasoline service
workers. J Environ Monit. 2002;4(4):562-66.

Marchand A, Aranda-Rodriguez R, Tardif R, Nong A, Haddad
S. Human inhalation exposures to toluene, ethylbenzene,
and m-xylene and physiologically based pharmacokinetic
modeling of exposure biomarkers in exhaled air, blood, and
urine. Toxicol Sci. 2015;144(2):414-24.

Scheepers PT, Konings J, Demirel G, Gaga EO, Anzion R, Peer
PG, et al. Determination of exposure to benzene, toluene
and xylenes in Turkish primary school children by analysis
of breath and by environmental passive sampling. Sci Total
Environ. 2010;408(20):4863-70.

Ghittori S, Alessio A, Negri S, Maestri L, Zadra P, Imbriani M.
A field method for sampling toluene in end-exhaled air, as a
biomarker of occupational exposure: correlation with other
exposure indices. Ind Health. 2004;42(2):226-34.

Hriviidk J, Kralovicova E, Tolgyessy P. Analysis of benzene in
exhaled breath by solid-phase microcolumn extraction. Pet
Coal. 2008;50(3):11-3.

Gruenke LD, Craig JC, Wester RC, Maibach HI. Quantitative
analysis of benzene by selected ion monitoring/gas chroma-
tography/mass spectrometry. | Anal Toxicol. 1986;10(6):225-32.
Pellizzari E, Zweidinger R, Sheldon L. Determination of
benzene, toluene and xylene in breath samples by gas
chromatography/mass spectrometry. IARC scientific
publications. 1988(85):267-79.

Sherwood R, Carter F. The measurement of occupational
exposure to benzene vapour. An Occup Hyg.
1970;13(2):125-46.

Amorim LC, Carneiro JP, Cardeal ZL. An optimized method

for determination of benzene in exhaled air by gas
chromatography-mass spectrometry using solid phase
microextraction as a sampling technique. ] Chromatogr B.
2008;865(1-2):141-6.

Menezes HC, Amorim LC, Cardeal ZL. Sampling of benzene in
environmental and exhaled air by solid-phase microextraction

Analytical techniques for BTEX and their metabolites = 187

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

and analysis by gas chromatography-mass spectrometry.
Anal Bioanal Chem. 2009;395(8):2583-9.

Riedel K, Ruppert T, Conze C, Scherer G, Adlkofer F.
Determination of benzene and alkylated benzenes in ambient
and exhaled air by microwave desorption coupled with

gas chromatography-mass spectrometry. ] Chromatogr A.
1996;719(2):383-9.

Dyne D, Cocker J, Wilson H. A novel device for capturing breath
samples for solvent analysis. Sci Total Environ. 1997;199(1-
2):83-9.

Koureas M, Kirgou P, Amoutzias G, Hadjichristodoulou C,
Gourgoulianis K, Tsakalof A. Target Analysis of Volatile
Organic Compounds in Exhaled Breath for Lung Cancer
Discrimination from Other Pulmonary Diseases and Healthy
Persons. Metabolites. 2020;10(8):317.

Thomas K, Pellizzari E, Raymer J, Cooper S, Smith D.
Kinetics of low-level volatile organic compounds in breath

I: experimental design and data quality. ) Expo Anal Environ
Epidemiol. 1992;2(suppl 2):45-66.

Thomas KW, Pellizzari ED, Cooper SD. A canister-based
method for collection and GC/MS analysis of volatile organic
compounds in human breath. J Anal Toxicol. 1991;15(2):54-9.
Glaser RA, Arnold JE. Investigation of charcoal cloth as a
sorbent for integrated sampling of solvent vapors in mixed-
expired breath using a new stainless steel sampler. Am Ind
Hyg Assoc J. 1989;50(2):112-21.

Kataoka H. New trends in sample preparation for clinical
and pharmaceutical analysis. Trends Analyt Chem.
2003;22(4):232-44.

Mendes B, Gongalves J, Camara JS. Effectiveness of
high-throughput miniaturized sorbent-and solid phase
microextraction techniques combined with gas chroma-
tography—-mass spectrometry analysis for a rapid screening
of volatile and semi-volatile composition of wines—A
comparative study. Talanta. 2012;88:79-94.

Turiel E, Martin-Esteban A. Molecularly imprinted polymers
for sample preparation: a review. Anal Chim Acta.
2010;668(2):87-99.

Lord H, Pawliszyn J. Evolution of solid-phase microextraction
technology. ) Chromatogr A. 2000;885(1-2):153-93.
Pedersen-Bjergaard S, Rasmussen KE. Liquid— liquid—
liquid microextraction for sample preparation of biological
fluids prior to capillary electrophoresis. Anal Chem.
1999;71(14):2650-6.

Abdel-Rehim M, Andersson M, Portelius E, Norsten-

Ho6g C, Blomberg LG. Determination of ropivacaine

and its metabolites in human plasma using solid phase
microextraction and GC-NPD/GC-MS. | Microcolumn Sep.
2001;13(8):313-21.



