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Abstract: The benzene metabolite trans,trans-muconic acid (tt-MA) is widely used as a biological
indicator of exposure to this xenobiotic. An analytical method was developed and validated
for the determination of urinary tt-MA using solid phase extraction onto a Strata SAX cartridge.
The analysis was performed by HPLC with an Aminex HPX-87H ion exclusion column and a UV
diode array detector. The sample preparation conditions were optimized using a 24´1 factorial design.
Comparison of the slopes of standard analytical curves prepared in aqueous solution and urine
showed that the biological matrix suppressed the tt-MA signal by around 50%, so the analytical
curves were prepared with tt-MA standard at low concentrations in pooled urine. The analytical
curves in the range of 5–500 µg¨L´1 showed determination coefficients values (R2) > 0.99 for tt-MA
standard in water and R2 > 0.98 for tt-MA standards in pooled urine. The coefficients of variation
obtained using seven replicates were lower than 3.6%, and recoveries of tt-MA from solutions
containing 5, 25, 50 and 100 µg¨L´1 of the analyte were in the range 85%–90%, demonstrating the
satisfactory precision and accuracy of the method. The limits of detection and quantification were
0.11 and 0.36 µg¨L´1, respectively. The benefits of this new method developed is the possibility
of complete chromatographic peak separation for the determination of tt-MA at baseline, without
matrix components’ interference as normally found in the C18 column. This is the first time that this
chromatographic column has been used for the analysis of tt-MA in urine.

Keywords: benzene; trans,trans-muconic acid; exposure biomarker; environmental exposure; Aminex
HPX-87H ion exclusion column

1. Introduction

Despite substantial progress over the last 20 years in understanding the risks posed by benzene,
there is a continuing need for the development of sensitive techniques able to determine the compound
at low levels, in order to assist in the implementation of control strategies. Various methods have been
reported for the evaluation of the contamination of humans by benzene. These normally measure
benzene in its original form and have been applied to exhaled air [1–4], blood [4–7] and urine [6,8–10].
However, various difficulties have been described, related to problems in sample preparation (for
air samples), the small fraction of benzene that remains unaltered (in urine) and invasive sample
collection (of blood). An alternative to the evaluation of exposure to benzene by directly measuring
its concentration in air is to determine the concentrations of its metabolites in urine or blood that
involve the use of biological exposure indicators (BEIs). Two of the metabolites of benzene that can
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be used as a BEI are trans,trans-muconic acid (tt-MA) and S-phenyl mercapturic acid (SPMA), which
are biomarkers that are more sensitive and specific, compared to urinary phenol [11]. This exposure
biomarker has therefore been adopted in Brazilian legislation for the monitoring of occupational
exposure to benzene [12]. The widespread use of tt-MA as a BEI is due to the good correlation obtained
between the level of the compound in urine and the concentrations of benzene in air and blood, even
after exposure to low concentrations of benzene.

Various techniques have been developed for the determination of tt-MA in urine. The most
widely-used sample preparation procedure employs solid phase extraction (SPE) with ion exchange
resins [13–18]. This procedure reduces the quantities of solvents required and provides better
recoveries, as well as clearer extracts, compared to the non-extraction procedure [19,20].

Only a few studies have employed gas chromatography for the determination of urinary tt-MA [21–25].
On the other hand, there has been widespread use of high performance liquid chromatography
(HPLC) with reverse phase columns and ultraviolet and visible spectrophotometry (UV-VIS) or mass
spectrometry (MS) detection [26–42]. One way to separate anions by chromatography is to use cation
exchange columns where the ions are separated by ion exclusion. In this type of chromatography, the
analytical conditions allow that part of the mobile phase to remain immobilized in the stationary phase,
and the separation is due to the differences in the partitioning of the molecular solute between the
solvent from the mobile phase and the solvent immobilized on the resin [43]. However, no analytical
method has been described in the literature for the determination of urinary tt-MA as a BEI for benzene
using HPLC with an Aminex HPX-87H column, although this analyte and other volatile organic acids
have been determined in various other sample matrices using this type of column [44–46].

The objective of this work was to develop a new technique for the measurement of tt-MA in urine,
using SPE (SAX cartridges) and HPLC with an Aminex HPX-87H column and UV detection.

2. Experimental Section

2.1. Instruments and Accessories

The extraction of tt-MA employed Strata SAX cartridges containing 500 mg of
trimethylaminopropylsilane (Phenomenex®, Torrance, CA, USA), a manifold (Phenomenex®)
and a vacuum pump (Model 131, Prismatec Ind Com, Itu, SP, Brazil). Analysis was performed with an
HPLC (Model 20A, Shimadzu, Columbia, MD, USA) equipped with a diode array. The column used
was an Aminex HPX-87H (300 ˆ 7.8 mm, Bio-Rad Laboratories, Hercules, CA, USA), recommended
for the separation of carboxylic acids, installed in a temperature-controlled oven (Model TC300, GBC
Scientific Equipment Pty Ltd., Hamsphire, IL, USA), and the chromatograms were recorded at 264
nm using LabSolutions System software, version 5.53 SP3 (Shimadzu, Laval, Quebec, PQ, Canada).
Additional items of equipment were micropipettes of various volumes, an analytical balance (Model
AUY 220, Shimadzu) and a membrane filtration system (PTFE, 0.22-µm pore size, Phenomenex®).

2.2. Reagents, Solutions and Samples

The reagents used were methanol, acetic acid, acetonitrile and sulfuric acid, all chromatography
grade (JT Baker®, Center Valley, PA, USA), trans,trans-muconic acid (analytical grade, 99% min. purity,
Sigma-Aldrich®, St. Louis, MO, USA) and pH 8.0 tris-phosphate buffer (Sigma-Aldrich®). The ultra-pure
water (conductivity of 0.065 µS) was obtained from a LAB-UPW system (TKA, Niederelbert, Germany).

A standard solution of tt-MA (10 mg¨L´1) was prepared in water and diluted to obtain standards
at lower concentrations. Ten different urine samples were obtained from non-smoker volunteers
(5 males and 5 females) and were combined to produce a pooled urine sample.

2.3. Optimization of the Procedure

A 24´1 factorial design was used to define the sample preparation conditions. The chromatographic
conditions were optimized in a univariate manner.
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2.3.1. Preparation of Samples

The sample cleanup procedure was based on the method described previously by Ducos et al.
(1990) [27] and is illustrated in the flow diagram of Figure 1.
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Figure 1. Flow diagram illustrating the sample cleanup procedure. tt-MA, trans,trans-muconic acid.

The sample was filtered through a 0.22 µm membrane, after which the tt-MA was extracted using
a SAX cartridge. The extraction was performed under vacuum using a manifold with a capacity for
12 cartridges. The entire procedure was performed in triplicate.

2.3.2. Optimization of the Sample Preparation Procedure

A factorial design was used to evaluate the need for the buffering of the samples, as well as
to adjust other factors related to sample transfer, cleanup and elution. An appropriate electronic
spreadsheet was used for the preparation and interpretation of the experimental designs [47].
Four variables were investigated (sample buffering, removal of interferents (washing), final volume
and sample volume), at three levels (Table 1).

Table 1. Variables and levels used in the 24´1 fractional factorial design.

Variable
Level

´1 0 1

Solution buffering No buffering pH 8.0 pH 10.0
Removal of interferents (washing) No addition of water 1.5 mL of water 3.0 mL of water

Final volume 3.0 mL 4.0 mL 5.0 mL
Sample volume 1.0 mL 2.0 mL 3.0 mL

The parameters shown in Table 1 were used to generate 11 experiments, as shown in Table 2.
The experiments were performed in random order. Throughout the optimization procedure, the
response was based on the analyte peak area.
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Table 2. Investigation of the experimental variables using a 24´1 fractional factorial design with three
replicates at the central point (CP).

Tests
Variable Buffering of the Solution Washing Final Volume Sample Volume

Test 1 no buffering (´1) no water addition (´1) 3.0 mL (´1) 1.0 mL (´1)
Test 2 pH 10.0 (1) no water addition (´1) 3.0 mL (´1) 3.0 mL (1)
Test 3 no buffering (´1) 3.0 mL of water (1) 3.0 mL (´1) 3.0 mL (1)
Test 4 pH 10.0 (1) 3.0 mL of water (1) 3.0 mL (´1) 1.0 mL (´1)
Test 5 no buffering (´1) no water addition (´1) 5.0 mL (1) 3.0 mL (1)
Test 6 pH 10.0 (1) no water addition (´1) 5.0 mL (1) 1.0 mL (´1)
Test 7 no buffering (´1) 3.0 mL of water (1) 5.0 mL (1) 1.0 mL (´1)
Test 8 pH 10.0 (1) 3.0 mL of water (1) 5.0 mL (1) 3.0 mL (1)
CP 1 pH 8.0 (0) 1.5 mL of water (0) 4.0 mL (0) 2.0 mL (0)
CP 2 pH 8.0 (0) 1.5 mL of water (0) 4.0 mL (0) 2.0 mL (0)
CP 3 pH 8.0 (0) 1.5 mL of water (0) 4.0 mL (0) 2.0 mL (0)

Note: Level (1): highest value; Level (´1): lowest value; Level (0): central point (CP).

2.3.3. Chromatographic Conditions

Development of the new analytical method was initially based on the procedure described by
Ducos et al. (1990) [27], with modifications in terms of the types of chromatographic precolumn
and main column employed, as well as the mobile phase and the wavelength used to detect tt-MA.
In this step of the work, the optimization of the variables was performed in a univariate manner.
Nine chromatographic mobile phase compositions were tested, together with two different flow rates
and the presence or absence of the precolumn.

2.4. Validation of the Method

The analytical method was validated considering the following parameters: selectivity, linearity,
working range, limits of detection and quantification, precision and accuracy.

A comparison was made of analytical curves constructed using solutions prepared in water and
in the sample matrix. In the case of the sample matrix, the curves employed the results obtained for
standard solutions prepared by adding aliquots of tt-MA solutions to volumes of the pooled urine
sample composed of the samples obtained from the ten non-smoker volunteers. The tt-MA solutions
were prepared by fortification of the pooled urine with an intermediate standard solution obtained by
dilution of the 10 mg¨L´1 solution of tt-MA in water.

The standards prepared in the sample matrix were subsequently submitted to the same treatment
employed for the samples: filtration through a 0.22 µm membrane, solid phase extraction, and injection
onto the chromatographic column (as described in Section 2.3.1).

2.4.1. Selectivity

The selectivity of the method was evaluated by comparing the analyte retention times obtained
for the samples and the standard solutions and by comparing the absorption spectra of the
chromatographic peaks obtained for urine samples fortified with tt-MA standard with those for
standard solutions of tt-MA prepared in water.

2.4.2. Matrix Interferences

Interferences caused by the presence of the biological matrix were assessed by comparing the
coefficients of determination obtained for analytical curves constructed using aqueous standard
solutions and standard solutions prepared using the pooled urine sample. The SPE extraction was
performed under the optimized conditions.



Separations 2016, 3, 14 5 of 14

2.4.3. Analytical Curve Adjustment and Working Range

The analytical curve adjustment and working range of the method were evaluated using the
determination coefficients (R2) obtained for the analytical curves constructed using the standards
prepared in the pooled urine, in the concentration range 5–500 µg¨L´1.

2.4.4. Limits of Detection and Quantification

The limits of detection (LOD) and quantification (LOQ) of the method were determined using the
average area of the baseline noise of several chromatograms obtained for the analysis of the pooled
urine sample. The calculated LOD and LOQ concentration values were equivalent to 3- and 10-times
the average area of the baseline noise, respectively.

2.4.5. Precision and Accuracy

The precision of the technique was measured using the coefficient of variation (CV) value
obtained for repetitions of the entire procedure, from sample preparation up to injection onto the
chromatographic column. Values of up to 20% are normally considered acceptable for analytical
methods applied to environmental samples with complex matrices [48,49].

Accuracy was determined using the percentage recovery of tt-MA added to urine at concentrations
of 5.0, 50 and 500 µg¨L´1, with nine replicates [48].

3. Results and Discussion

3.1. Optimization of Sample Preparation

Urine is a complex matrix that includes protein, salt, hormones, drugs and a variety of other
compounds. Therefore, it is recommended that a pretreatment might be required in order to
obtain a satisfactory chromatography performance. Qualitative tests of protein precipitation were
performed using four systems: (1) pure sample; (2) sample with 0.01 mol¨L´1 sulfuric acid; (3) sample
with 0.01 mol¨L´1 sulfuric acid and acetonitrile (65:35); and (4) 0.01 mol¨L´1 sulfuric acid, used as
a reference. All of the systems were kept at a temperature of 55 ˝C for 24 h, for the observation of
turbidity. However, no cloudiness was observed in any of the cases, and then it was adopted only
passing the sample through a 0.22 µm membrane.

A 24´1 fractional factorial design with triplicate central points was used to optimize the extraction
process, considering the following variables: sample buffering, remove of interferents, final volume
and the volume of sample used in the extraction process. In the normal probability plot (Figure 2),
point C1, corresponding to sample buffering, showed a large negative effect. Some of the previous
studies reported in the literature used extraction without buffering [27,30,36,38,41], while in other work
concerning the exposure of humans to benzene, better analytical results were achieved by buffering of
samples [29,50,51].

The sample volume (C4 in Figure 2) showed the greatest positive effect, indicating that the
best extraction conditions were obtained using 3 mL of urine, which provided a greater quantity of
urinary tt-MA.
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Figure 2. Normal probability plot showing the effects of sample buffering (C1), removal of interferents
(C2), final volume (C3) and sample volume (C4).

In the fractional factorial design, the coefficient of variation of the tests was obtained by the
analysis of the triplicate in the central point. The coefficient of variation of the signal obtained under
the conditions was 1.95%. The highest tt-MA peak areas were obtained for Test 5, followed by Test 3
(Table 3).

Table 3. Optimization using the 24´1 fractional factorial design. X1: buffering of sample; X2: removal
of interferents; X3: final volume; X4: sample volume; y: area of the tt-MA peak.

Test X1 X2 X3 X4 y

1 ´1 ´1 ´1 ´1 106,519
2 1 ´1 ´1 1 38,378
3 ´1 1 ´1 1 116,419
4 1 1 ´1 ´1 33,805
5 ´1 ´1 1 1 124,593
6 1 ´1 1 ´1 14,086
7 ´1 1 1 ´1 44,460
8 1 1 1 1 14,293

CP1 0 0 0 0 38,802
CP2 0 0 0 0 37,527
CP3 0 0 0 0 37,513

CP (mean) 37,947
CP (standard deviation) 740.2

CP (RSD, %) 1.95

Comparing the levels of four variables tested in the two best conditions, 3 and 5, we can see that
variables that interfered more with the system of extraction, sample buffering (C1) and sample volume
(C4) have the same levels in these two tests, confirming that the other variables (C2 and C3) do not
interfere with the system.

The optimized sample preparation conditions (Table 4) were used in all of the subsequent experiments.
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Table 4. Optimized sample preparation conditions.

Parameter Condition

Buffering None
Sample volume 3.0 mL
Sample washing 5.0 mL of acetic acid (1%)

Final volume 5.0 mL of acetic acid (10%)

3.2. Evaluation of Analytical Conditions

As shown in the results of the factorial design, the absence of buffering therefore provided the
best analytical conditions. The first mobile phase used for the chromatographic separation of tt-MA
was 0.01 mol¨L´1 sulfuric acid. Other mobile phases tested were sulfuric acid at a concentration of
0.02 mol¨L´1, as well as sulfuric acid solutions with the addition of an organic modifier (acetonitrile)
at different ratios (65:35, 75:25, 85:15, 90:10 and 95:5). However, none of these mobile phases showed
better performance than sulfuric acid at a concentration of 0.01 mol¨L´1. Typical chromatograms
obtained for the separation of tt-MA using this mobile phase at a flow rate of 0.6 mL¨min´1 are shown
in Figure 3.
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Figure 3. Chromatograms obtained for the separation of tt-MA using the Aminex HPX-87H
(300 mm ˆ 7.8 mm) ion exchange column with a mobile phase of 0.01 mol¨L´1 sulfuric acid at a flow
rate of 0.6 mL¨min´1, detection by diode array detector (DAD) at 264 nm. Chromatogram A: standard
solution of tt-MA (500 µg¨ L´1); Chromatogram B: in natura urine sample.
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3.3. Validation of the Method

After optimization of the chromatographic conditions (summarized in Table 5) and the sample
preparation procedure, the method was validated to ensure that it complied with established
norms [48,49,52].

Table 5. Optimized chromatographic conditions employed for the validation of the method for the
determination of trans,trans-muconic acid.

Chromatographic Conditions Description

Column Aminex HPX-87H (300 mm ˆ 7.8 mm) ion exclusion
Mobile phase flow rate 0.6 mL¨min´1

Injection volume 20 µL (automatic injection system)
Column temperature 55 ˝C

Run time 60 min

3.3.1. Selectivity

Since this work employed high performance liquid chromatography, the evaluation of the
selectivity of the method employed the analyte retention times, comparing the retention times obtained
for the in natura sample, standard solutions and fortified samples. A comparison was also made of the
absorption diode array detector (DAD) spectra of the species eluted at the retention time of tt-MA in
the sample chromatograms and the spectra obtained for the tt-MA standard solutions.

The presence of tt-MA peaks in the sample chromatograms was confirmed using four different
techniques, depending on the level of uncertainty in the evaluation: (1) by comparing the retention
time of the tt-MA peak in the sample chromatogram with the retention time of the peak obtained
for a tt-MA standard, under the same conditions; (2) by the increase in the area of the peak resulting
from the addition of tt-MA standard to the sample; (3) by comparison of the absorption spectrum
of the tt-MA peak obtained for a standard solution with that of the peak obtained for the sample;
and (4) according to the degree of purity of the eluted peak, as determined using the LabSolutions
software, version 5.53 SP3 (Shimatzu, Laval, PQ, Canada). In the last case, the evaluation is made of
the absorption spectra at the retention times corresponding to the upslope, top and downslope regions
of the chromatographic peak, comparing them in order to identify any possibility of co-elution of other
substances. The results of these different procedures applied to the chromatographic peaks showed
that the method was selective to tt-MA.

3.3.2. Interferences due to the Biological Matrix

The analytical curve obtained using standards prepared in aqueous solution showed a slope
(angular coefficient) that was greater than the slope of the curve for standards prepared in the pooled
urine from the ten volunteers (all of whom were non-smokers with no history of occupational exposure
to benzene). These results (Figure 4) indicated that the presence of the sample matrix depressed
the analyte extraction efficiency by around 50% (Equation (1)), resulting in a decrease in sensitivity.
Despite the existence of matrix interferences, this is not a problem, since all of the analytical curves
used for the quantification of tt-MA in urine samples were constructed using standards prepared in
the pooled urine.

Matrix effect (%) “
X1

X2
ˆ 100 (1)

where:

X1: tt-MA peak area for the analytical curve prepared using aqueous standards;
X2: tt-MA peak area for the analytical curve prepared using pooled urine.
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Figure 4. Analytical curves obtained for the determination of trans,trans-muconic acid in urine.
The square red and blue points correspond to the values obtained for standards prepared in aqueous
solution and pooled urine, respectively.

3.3.3. Analytical Curve Adjustment and Working Range

A coefficient of determination (R2) value exceeding 0.99 was obtained for linear fitting of the
analytical curve prepared using aqueous tt-MA standards in the concentration range 5–500 µg¨L´1.
An R2 value of 0.98 was obtained for linear fitting of the curve prepared using standards prepared in
the pooled urine at concentrations in the range 5–250 µg¨L´1, while a quadratic fit with an R2 value
exceeding 0.99 was obtained for standards prepared in the pooled urine at concentrations in the range
5–500 µg¨L´1 (Figure 5). These results were in accordance with established norms and were considered
satisfactory [48,52].

The concentrations used to determine the working range were based on tt-MA concentrations
reported in the literature [42,50]. The results showed that linear fits (determination coefficient,
R2 = 0.9909) could be applied to analytical curves prepared using concentrations of tt-MA in urine up
to 100 µg¨L´1. At higher concentrations (up to 500 µg¨L´1), a quadratic fit (determination coefficient,
R2 = 0.9982) could be used, or the samples could be diluted after the extraction step, in order to use the
linear model.
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Figure 5. Analytical curves constructed using standards (nine replicates) prepared in pooled urine.
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3.3.4. Limits of Detection and Quantification

The limits of detection (LOD) and quantification (LOQ) of the method were calculated using
the signal-to-noise ratio, as described previously. The values obtained were 0.11 µg¨L´1 (LOD) and
0.36 µg¨L´1 (LOQ).

3.3.5. Precision and Accuracy

The precision of the method was determined from the intra-experiment repeatability, considering
the tt-MA concentrations obtained for one sample extract that was analyzed seven times on the same
day. No evaluation was made of inter-experiment repeatability (analyses on different days). The results
were calculated as coefficient of variation (CV) values (Table 6). The highest value obtained was 1.47%,
demonstrating that the method provided good precision. The results also showed that the precision
was independent of the amount of tt-MA present in the sample. Although the intermediate precision
was not determined, the results indicated that there was little variation for the measurements made on
different days or by different analysts.

Table 6. Coefficients of variation (CV) for the determination of tt-MA in the pooled urine sample and in
pooled urine enriched with tt-MA at concentrations of 5.0, 50.0 and 500.0 µg¨L´1, using nine replicates
(n = 9).

Urine Sample Average Peak Area (µA) CV (%)

Pool of 10 samples 96,461 1.22
Pool with addition of 5.0 µg¨L´1 99,892 0.53
Pool with addition of 50.0 µg¨L´1 133,092 1.47
Pool with addition of 500 µg¨L´1 299,546 1.16

The accuracy of the method was determined using the recovery of tt-MA standards added to
the pooled urine at concentrations of 5.0, 50.0 and 500.0 µg¨L´1. The concentration of tt-MA in the
unfortified pooled urine was 88.6 µg¨L´1, calculated using the linear equation describing the analytical
curve constructed using aqueous standards.

The concentrations of tt-MA quantified in the fortified urine samples using the quadratic equation
describing the analytical curve constructed using standards prepared in the pooled urine represented
recoveries close to 100% (Table 7), with the exception of the sample fortified with 5.0 µg¨L´1 of tt-MA,
for which a recovery of 87.20% was obtained. The lower recovery found for an added concentration
of 5 µg¨L´1 can be explained by the fact that the concentration of tt-MA already present in the urine
(88.6 µg¨L´1) was much higher than the amount added. Ideally, the additions of tt-MA standard
should be made to samples of urine containing lower levels of the analyte. However, it is impossible to
obtain a priori knowledge of the concentrations of tt-MA in pooled urine samples. Despite the fact that
the samples used here were obtained from volunteers for whom low concentrations of tt-MA were
expected, metabolic differences between individuals contribute to uncertainty.

Table 7. Recoveries obtained for quantification using the analytical curve constructed using standards
prepared in the pooled urine from ten non-smoker volunteers. Amounts of tt-MA standard equivalent
to concentrations of 5.0, 50.0 and 500.0 µg¨L´1 were added to pooled urine with a tt-MA content of
88.6 µg¨L´1 (n = 9).

Concentration of tt-MA Added (µg¨L´1) Concentration of tt-MA Found (µg¨L´1) Recovery (%)

5.0 4.4 87.20
50.0 50.9 101.84
500.0 510.6 102.12
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Although the quantification of urinary tt-MA using analytical curves constructed employing
standards prepared in the pooled urine made the method more labor-intensive, the accuracy was much
improved. In the case of analytical methods involving complex matrices, such as urine, recovery values
in the range 80%–120% are acceptable [49,52]. The results obtained here could therefore be considered
satisfactory. Although the analysis time was higher in these proposed conditions than using reverse
phase, the results obtained here could therefore be considered satisfactory because the separation of the
different compounds, particularly tt-muconic acid, was well performed by a combination of different
mechanisms: hydrophobicity, size exclusion and ion exclusion. Thus, the chromatographic resolutions
were much better, allowing a separation of tt-muconic acid at baseline without interference.

4. Conclusions

The method, not yet described in the literature, was optimized and validated for the determination
of urinary tt-MA, using solid phase extraction with Strata SAX cartridges and chromatographic
separation with an Aminex HPX 87H column. This method presented low limits of detection and
quantification (0.11 and 0.36 µg¨L´1, respectively) and better resolution compared to other techniques
described in the literature.
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