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Abstract: An environmentally friendly, so-called green, high performance liquid chromatography method was
developed and validated for the determination of #rans, trans-muconic acid (t,t-MA) in human urine as a biomarker
of benzene exposure. After urinary t,-MA was extracted and enriched using solid-phase extraction, a MF-Ph1 SG80
(150 mmx*2.0 mm LD., 5 um) column with a mobile phase of 10 mM KH,PO, containing 0.1% H;PO, was used
for isocratic separation of t,t-MA with UV detection at 259 nm. The calibration curve was constructed in the range
of 0.1-5.0 mg/L with good linearity (*=0.9992). The intra-day and inter-day precision (as RSD) were 0.9-8.5%
and 3.1-4.5%, respectively. The average recovery ranged from 97.5% to 101.7%. The green sample preparation and
separation with no organic solvents were successfully achieved. The validated method would be suitable for the
routine biological monitoring of benzene exposure in the occupational settings.
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1. Introduction

Benzene is a volatile industrial chemical widely
used as an organic solvent and in the synthesis of
other chemicals.! Various industries use benzene to
produce other chemicals, such as rubbers, lubricants,
dyes, detergents, drugs and pesticides. Benzene is
also present in exhausts from automobile engines, as
well as cigarette smoke and smoke from other
combustion processes.” Therefore, benzene exists in
air worldwide with ppb level in environmental settings
or up to ppm level in some workplaces. Occupational
exposures mainly occur within the petrochemical
industry or in manufacturing industries that require
aromatic solvents or glues which contain benzene
such as rubber production, shoe manufacturing and
printing.> The chronic exposure of human to low
level of benzene in workplaces has been associated
with the possible development of severe diseases
such as leukemia.* The International Agency for
Research on Cancer (IARC) classified benzene as
a Group 1 carcinogen (carcinogenic to humans).’
Accordingly, benzene has been under control of
regulatory authorities to ensure reduced occupational
exposures and improvement of workers’ health. So,
monitoring benzene exposure is essential for protecting
the individuals who are exposed occupationally to
this toxicant.

As shown in Fig. 1, benzene is primarily metabolized
in the liver to a series of ring-hydroxylated and
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Fig. 1. Metabolic pathways of benzene. Abbreviations:
CYP2EI, cytochrome P450 2E1; GST, glutathione-
S-transferase; EH, epoxide hydrolase.
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conjugated metabolites as well as ring-opened products,
which are excreted in urine.®® Biological monitoring
of these metabolites has been considered as a useful
method to evaluate the chemical exposure in the
human body. Benzene exposure at the workplace can
be monitored by determination of benzene or
benzene metabolites in biological samples such as
blood, exhaled air and urine. Biological monitoring
is useful tool for the assessment of the human health
risks from chemical exposure, particularly for cancer.
Determination of un-metabolized benzene in blood
is diagnostically more specific than measurement of
urinary metabolites. However, since the sampling of
urine is much simpler, the determination of urinary
metabolites has become widely applied. Two minor
metabolites of benzene, namely #rans, trans-muconic
acid (t,t-MA) and S-phenylmercapturic acid (S-PMA),
have been proposed as good indicators of benzene
exposure for benzene exposure.’” They have been
recommended as biological indicators for occupational
exposure by the American Conference of Governmental
Industrial Hygienists (ACGIH), with biological
exposure indices (BEIs), respectively, of 500 pg/g
creatinine for tt-MA and 25 pg/g creatinine for S-
PMA in end-shift urine."’ The concentration of S-
PMA in urine represents diagnostically more sensitive
parameter. However, from the analytical point of
view, the quantitative determination of tt-MA is
more practical, as it can be carried out by HPLC-UV,
in contrast to the GC/MS or HPLC-MS/MS analysis
of S-PMA, not suitable for the routine analysis in
industrial laboratories.!' Thus, the biological monitoring
of t,t-MA has been widely used as a valid tool for the
practice of occupational safety and health, as well as
regarded as a suitable biomarker for exposure to
benzene down to level of 1 ppm.'> In comparison to
other benzene metabolites, urinary t,t-MA has
advantages in terms of simplicity, applicability and
robustness of analysis at occupational exposure
settings. Thus, urinary tt-MA has been widely used
for occupational biological monitoring of benzene
exposure at the workplace. The Korea occupational
safety and health agency (KOSHA) has proposed
BEI of 1000 pg/g creatinine for t,t-MA to regulate
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exposure to benzene in the workplaces."

Recently, many efforts to apply green analytical
methods have been increasing and many methodologies
have been proposed in order to replace toxic reagents
and polluting solvents, to minimize consumption of
energy, reagents and samples, and to avoid waste
generation.* For the development and validation of
chromatographic methods, the optimization of some
critical analytical parameters including accuracy,
sensitivity, reproducibility, simplicity, cost effectiveness,
flexibility and speed is generally required. However,
other aspects concerning environmental impact of
analytical methods are not commonly considered.
The application of green chromatographic methods
is desirable from the viewpoint of the environment,
human health and the economy in order to replace
reagents and solvents with less toxic or non-toxic
materials for the measurement and smaller amount
of toxic waste after measurement.'”

The aim of this study was to develop a simple,
rapid and green (environmentally friendly) HPLC
method for evaluating the level of t,t-MA in human
urine excreted by workers occupationally exposed to
benzene. The developed solid phase extraction (SPE)
and HPLC separation method with no organic
solvents used was validated and successfully applied
for routine quantification of tt-MA in the urine of
workers occupationally exposed to benzene. In this
study, we demonstrated that HPLC method could
meet the requirements of green chemistry with
regard to the reduction of the use of solvents and
other reagents by increasing the speed of analysis
and downsizing the SPE procedure.

2. Experimental

2.1. Chemicals and materials

t,t-MA (98%) was purchased from Aldrich (St Louis,
MO, USA). Glacial acetic acid (99.7%), potassium
dihydrogen phosphate (KH,PO,) and phosphoric
acid (85%) were obtained from Sigma (St Louis,
MO, USA). Water was deionized and filtered through
a Simplicity water purification system (Millipore S.A.,
Molsheim, France) before use. All other chemicals

were of analytical grade commercially available.
Solid phase extraction (SPE) of urine was carried out
using a Varian (Lake Forest, CA, USA) Bond Elut-
SAX (100 mg, 1 mL) cartridge.

2.2. Instrumentation and HPLC conditions

HPLC analysis was performed using a Shiseido
HPLC system (Nanospace, Shiseido, Tokyo, Japan)
consisting of SI-1/2001 pump, an automatic six-port
switching valve (SI-2012), an autosampler (SI-1/
2003) coupled to the degasser (SI-1/2009) and UV-
Vis detector (S1-1/2002). A Capcell Pak MF Ph-1
SG80 (150 mmx2.0 mm LD., 5 um, Shiseido) was
employed for the separation. The mobile phase was
10 mM KH,PO, containing 0.1% H;PO,. The flow
rate was set at 0.20 mL/min. The samples were kept
in the autosampler at 4 °C prior to injection. Column
temperature was maintained constant at 40 °C using
thermostatically controlled column oven (SI-1/2004)
and the injection volume was 10 pL. The isocratic
elution was held for 9 min (total run time 9 min) and
UV detection was performed at 259 nm. Instrument
control and data acquisition were carried out using
S-Microchrom (Shiseido) SMC21 software (version
number: 5,0,1,257).

2.3. Preparation of standard solutions and
quality control samples

Ten milligrams of t,t-MA standard was accurately
weighed into a 100 mL brown volumetric flask,
dissolved with water to 100 mL. This stock solution
was serially diluted with pooled human urine from
non-smoker male volunteers to provide calibration
standard samples with the concentrations as follows:
0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 pg/mL. Calibration
samples were extracted by SPE and analyzed by
HPLC-UV method as described above. A quality
control (QC) samples were prepared separately
following the same procedure in the preparation of
t,t-MA standard solutions. QC samples, which were
used in both the method validation and during the
biological monitoring, were prepared by spiking the
standard working solutions into pooled human urine,
giving the t,t-MA concentrations of 0.5 (low), 1.0
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(medium) and 2.0 (high) pg/mL of t,t-MA in urine.
QC samples were stored at 5 °C and brought to room
temperature before use.

2.4. Sample preparation

The Bond Elut SAX cartridges containing 100 mg of
strong basic anion-exchange material was conditioned
and equilibrated with 1 mL of water. After applying
500 pL of urine mixed with 300 pL of phosphate
buffer (pH=7.4), the cartridges were washed with 1
mL of 0.1% aqueous acetic acid. t,t-MA was finally
eluted with 2 mL of 10% aqueous acetic acid. An
aliquot (10 pL) of eluate was directly injected into
the HPLC system for the determination of t,t-MA.

2.5. Validation procedures
For method validation purpose, spot urine samples

were collected from healthy non-smoker male
subjects not occupationally exposed to any organic
solvents. However, it is practically impossible to
acquire real blank urine samples, because benzene is
ubiquitous pollutant in the environment. Due to the
unavailability of a blank urine matrix, a pooled urine
lot collected from non-smoker male volunteers was
used to assess the performance of HPLC method
developed. The method performance parameters
including selectivity, linearity, limit of detection (LOD),
limit of quantification (LOQ) and recovery have been
characterized.

The selectivity was investigated by comparing
chromatograms of six different samples from six
volunteers, and both un-spiked and spiked urine
were analzed with the result over the LOQ level.
Calibration curves were constructed by assaying t,t-
MA standard urine samples at seven concentrations
in the range of 0.1-5.0 pg/mL with least square
linear regression. The LOD and LOQ of the method
were assessed by six replicates of the analysis of the
t,t-MA spiked urine samples. The precision of the
entire method was assessed at three levels of QC
samples and expressed as the relative standard
deviation (RSD). QC samples were analyzed in six
replicates on the same day (intra-day precision) and
on three different days (inter-day precision). Total
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recovery was calculated as the relative content between
measured and nominal concentration of the QC
samples. The total recovery of t,t-MA was determined
by comparing the peak areas obtained from the
pooled blank urine sample spiked with the tt-MA
before SPE extraction procedure. This procedure
was repeated for six replicates at three concentration
levels of 0.5, 1.0 and 2.0 pg/mL.

3. Results and discussion

3.1. Sample preparation

Either liquid-liquid extraction (LLE) or SPE has
been employed for sample pretreatment of t,t-MA in
urine. Currently, SPE with an ion-exchange resin has
been used more frequently, due to its easier handling
combined with high reproducibility and recovery for
the enrichment of t,t-MA as well as the robustness of
the technique. Therefore, the previously reported
SPE procedure recommended by WHO'® was down-
sized to reduce the sample size of urine and the
amount of chemicals required to apply the green
parameter, as shown in Fig. 2. Moreover, 300 pL of
phosphate buffer (pH=7.4) was mixed with urine
samples prior to SPE procedure, since many authors
reported that more reproducible recovery rates were
found when urine samples were adjusted to pH 7-10
prior to application on SAX columns.'> SPE recovery
was calculated by comparing the area responses of
extracted and non-extracted standard solutions in
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String anion exchange cartridge:
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String anion exchange cartridge: ‘
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‘ Load: 1 mL of urine ‘ ‘

’ Condition and Equilibrate ‘ ’

Load: 0.5 mL of unine plus 0.3 mL of
phosphate buffer (pH=7.4)

‘ Wash: 3 mL of 1% acetic acid | | Wash: 1 mL of 0.1 acetic acid ‘

{ Elution: 3 mL of 10 acetic acid I I Elution: 2 mL of 10% acetic acid ]

‘ HPLC analysis | | HPLC analysis ‘

Fig. 2. Comparison of SPE sample preparation procedures
between (A) WHO and (B) environmentally friendly
improved method.
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Table 1. SPE recovery for t,t-MA in water (n=6)
Spiked level of tt-MA (pg/mL)

SPE recovery (%)

0.1 90.3
0.5 104.0
1.0 108.3
3.0 101.9
5.0 99.8

water containing t,t-MA at various concentrations.
As shown in Table 1, the mean values of SPE
recovery (n=6) ranged from 90.3% to 108.3%. Even
though organic solvent such as methanol was not
used for conditioning the SPE cartridge, which was
considered as the important step for optimization of
the extraction efficiency, the recovery was satisfactory
enough for practical application of this method.

3.2. HPLC method development
Analytical HPLC is generally performed using a

stationary-phase column of 4.6 mm internal diameter
(I.D.) and 25 cm length at a mobile-phase flow rate
of about 1-1.5 mL/min. Under these conditions, each
operating HPLC instrument generates over 1 L of
effluent a day that is disposed of as chemical waste.'”
The purchase of new instruments such as ultra high
performance liquid chromatography (UHPLC) system
is not always essential for implementing greener
analytical HPLC in the laboratory. In this study,
solvent saving and waste reduction were simply
achieved by both changing column internal diameter
from 4.6 mm to 2.0 mm L.D. and the elevation of
column temperature (40 °C), thereby leading to more
rapid separation at a flow rate of 0.2 mL/min. Since

the use of water as a mobile phase in the HPLC is a
cheap, safe and environmentally friendly alternative
to organic solvents typically used, aqueous separation
of tt-MA from urine matrix was achieved on a
phenyl column with no organic solvent. Under these
chromatographic conditions, tt-MA was eluted at
about 3.8 min and almost completely separated from
matrix components by isocratic elution.

The main advantages offered by developed green
method is short extraction time, reduction in the
amount of sample required, high sample throughput,
reduced cost, and improved safety since it does not
require the use of organic solvent. 7able 2 shows
comparison of HPLC conditions between WHO!
and environmentally friendly improved method.
Liquid chromatography is one of the biggest consumers
of organic solvents in analytical chemistry. Therefore,
green chromatographic method could start with
reducing the use of organic solvents and replacement
with environmentally benign ones.

3.3. Method validation

Due to the complexity of biological fluids and the
high inter-subject variability of urine in particular,
assessment of matrix effects in different urines has
been included as part of the validation procedure. As
shown in Fig. 3(A), no significant interference from
endogenous substances was observed at the retention
times of tt-MA. Fig. 3(B) also shows the representative
chromatogram of pooled human urine spiked with
t,t-MA. Good selectivity for the analyte was shown
by symmetrical resolution of the peaks, with no
significant chromatographic interference nearby the

Table 2. Comparison of HPLC conditions between (A) WHO and (B) environmentally friendly improved method

Parameters WHO method Environmentally friendly improved method
Column MOS Hypersil C8, Shandon Scientific, Ltd. = Capcell Pak MF Ph-1 SG80, Shiseido fine chemicals.
" (200 mm x 4.6 mm ID, 5 pm) (150 mm x 2.0 mm ID, 5 pm)
Column temperature ~ Ambient 40 °C
Flow rate 1 mL/min 0.2 mL/min

Mobile phase

isocratic
Injection volume 10 puL
Retention for tt-MA  Not reported
Detection UV at 259 nm

Methanol containing 0.1% phosphoric acid,

10 mM KH,PO, containing 0.1% H;PO,, isocratic

10 pL
3.7 min
UV at 259 nm
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= @ retention time of the analyte in the human urine
o samples. Typical retention time for t,t-MA was about
3.8 min and the total run time was 9 min.

The data of linearity, LOD and LOQ were
summarized in Table 3. The calibration curve was
constructed by subtracting the background level
peak area from the values determined for the spiked

urines. The result showed that the calibration curve

was linear over the concentration range of 0.1-5.0
pg/mL. The linear regression equation for the analyte

was y=70535x+132281, where y was the concentration

) of the analyte and x was the peak area of the analyte.
The correlation coefficient (r?) was more than
0.9992. The LOD in pooled urine matrix for t,t-MA
was 0.05 pg/mL at S/N ratio of 3. Due to the
unavailability of a human urine sample completely
free of t,t-MA, this LOD presented could be utilized
only to estimate non-detectable amounts of t,t-MA in
urine samples. An estimated LOQ value for tt-MA
in urine was calculated to be 0.1 pg/mL.

The intra-day and inter-day RSDs at three QC
levels were not more than 8.5% and 4.5%, respectively,

indicating an acceptable precision of the present
method (Zable 3). The average total recoveries of t,t-
MA from human urine following SPE at three QC
levels were 97.5%, 95.2% and 101.7%, respectively.
The precision and total recovery were satisfactory
and met the generally accepted criteria for bio-
analytical method validation with a RSD of 15% and
a relative error within +£15%."®

3.4. Method application
A simple down-sized sample preparation followed

Fig. 3. HPLC chromgtograrps of (A). Qooled human urine, by a high-performance liquid chromatography under
(B) t,t-MA spiked urine containing 2.0 ug/mL of tt- « . v - ..
MA and (C) occupationally benzene-exposed worker’s organic solvent-free”, i.e., aqueous, conditions for

urinary sample containing 1.5 pg/mL of tt-MA. the quantification of a benzene metabolite, t,t-MA, in

Table 3. LOD, LOQ, precision and total recovery for tt-MA in pooled human urine (n=6)

LOD LOQ Nominal concentration Relative to Precision (RSD, %) Total recovery (%)
(ng/mL) (ng/mL) of t,t-MA (pg/mL) BEI Intra-day  Inter-day  Mean (%) Range (%)
0.5 1/2xBET (Qiow) 8.5 3.1 97.5 88.4-103.8
0.05 0.1 1.0 BEI (Qumedium) 3.6 34 95.2 90.8-101.5
2.0 2xBEI (Qumedium) 0.9 45 101.7 100.7-103.2

“BEI: biological exposure index. BEI of t,t-MA recommended by KOSHA is 1.0 pg/mL.
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human urine was applied to measure the urinary
levels of 30 subjects, consisting of both 15 occupa-
tionally benzene-exposed workers and 15 non-
occupationally individuals. The urinary concentration
of tt+-MA for occupationally exposed workers was
not more than 1.5 pg/mL while that of non-
occupationally individuals was less than 0.7 pg/mL.
Representative chromatogram of pooled occupationally
benzene-exposed worker’s urine is presented in Fig.
3(C). The primary purpose for biological monitoring
is the prevention of adverse effects on the monitored
worker. A detection of target analyte is not a direct
indicator of an adverse health effect in the monitored
worker, but it may be used as a biomarker of a
potential health effect. Therefore, biological data is
necessary to interpret the relationship between
occupational exposure and t,t-MA as a biomarker for
the assessment of exposure to benzene. The developed
green method would be suitable for the routine
biological monitoring of occupational exposure to
benzene in the field laboratories.

4. Conclusion

A green HPLC method combined with the downsized
solid-phase extraction procedure for the quantification
of tt-MA in human urine was developed using
conventional HPLC system. With no organic solvents,
the developed method enabled to quantify urinary t,t-
MA with good precision and accuracy. The short run
time of 9 min also would provide high sample
throughput, thus making the method suitable for the
routine biological monitoring of occupational exposure
to benzene in the occupational medicine. The use of
green analytical methods would be a smart strategy
to provide both environmental and economic benefits.
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