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ABSTRACT

A rapid method is described for the determination of
trans,trans-muconic acid (2,4-hexadienedioic acid), a biomarker
of benzene exposure in urine, by micellar electrokinetic
chromatography (MEKC) with thermo-optical absorbance (TOA)
detection.  Addition of the cationic surfactant cetyltri-
methylammonium bromide (CTAB) to a pH 7.0 background
electrolyte induces a reversal in the direction of electroosmotic
flow (EOF), from cathode to anode.  The negatively charged
trans,trans-muconic acid ion migrates rapidly (< 3 min) toward
the anode owing to its electrophoretic mobility supplemented by
the surfactant-induced anodic EOF.
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A rigorous investigation into the effect of CTAB
concentration on EOF showed that 0.05 to 5 mM surfactant
permits trans,trans-muconic acid to elute before most endogenous
urine components.  For a urine sample doped with 0.8 mg/L
trans,trans-muconic acid, the relative standard deviations of the
analyte migration time and peak height were 1.5 % and 5.7 %
respectively (n=6), for this home-built analysis system.  The
detection limit (3 SD) was 0.1 mg/L (7×10-7 M) trans,trans-
muconic acid based on calibration standards and the linear
dynamic range extended to 50 mg/L.

INTRODUCTION

Although benzene has been classified as a group I carcinogen by the
International Agency for Cancer Research, it is still a widely used industrial
solvent, a constituent of unleaded gasoline, and a component of tobacco
smoke.1,2  According to U.S. EPA studies from the 1980s, a typical smoker takes
in roughly 2 mg benzene per day.3  Benzene is metabolized in the liver into
benzene epoxide which, via different pathways, results in the excretion of
various phenolic compounds and several minor metabolites such as mercapturic
acids and trans,trans-muconic acid.4-6  Methods for the biological monitoring of
benzene and its metabolites in exhaled air, blood, and urine have been
reviewed2,7 and related issues to benzene exposure continue to be raised in the
literature.8-10

Trans,trans-muconic acid (ttMA) has been proposed as an indicator for
monitoring benzene exposure by various analytical techniques that involve the
separation and quantification of ttMA.1,2,11-16  For example, gas chromatography
(GC) was used to measure urinary ttMA after exposure to benzene contained in
environmental tobacco smoke.11  Ruppert et al.12 developed a sensitive and
specific method for the determination of ttMA in urine by GC–mass
spectrometry (GC-MS). Bartczak et al.13 modified an HPLC-based assay for
urinary ttMA with the use of a diode array detector.  The majority of analytical
methods for determining ttMA in urine require lengthy sample preparation steps
like solid-phase extraction on an anion exchanger,4,14 or ether extraction and
derivatization for GC separation.11  In an effort to circumvent these steps, we
have investigated free solution capillary electrophoresis (CE) and CE–related
techniques for the determination of ttMA in urine.

The utility of CE has been demonstrated in many different areas of
separation science and its significance continues to grow.17-19  Surfactant–
modified CE, known as micellar electrokinetic chromatography (MEKC), was
introduced in 1984 by Terabe et al.20 and a large number of applications based
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on this technique have been reported.21-23 Typically, higher peak efficiency is
exhibited with MEKC than with HPLC separations although the two maintain
similar selectivity for neutral analytes.  In some instances, MEKC has replaced
HPLC as the analytical method of choice,21 e.g., for determining low molecular
weight acids in foods.  As far as we are aware, there has only been one report on
the application of free solution CE or MEKC to the monitoring of benzene
exposure by determination of ttMA24 since we first presented this work.25

The reason for so few CE applications may be its inferior detection
sensitivity with photometric detectors compared to HPLC.  Large capillaries
(i.e., ≥ 75 µm i.d.) or extended pathlength cells are required to obtain sub-
micromolar detection limits for CE with UV/Visible absorbance.24

Alternatively, thermo-optical absorbance (TOA) detection is well suited to
detection in capillary tubes because the signal is independent of the optical
pathlength (50 µm) of the excitation source.  Although excitation is at a single
wavelength, TOA has previously demonstrated excellent detection sensitivity
for analytes that have absorbance maxima as far as 20 nm away from the
excitation wavelength.26,27

In this paper we show a rapid MEKC separation method with TOA
detection for the determination of ttMA in urine.  Cationic surfactant
cetyltrimethylammonium bromide (CTAB) is added to the background
electrolyte (BGE) to reverse the direction of electroosmotic flow (EOF) from
cathode to anode, a well known phenomenon in MEKC.28-31  This flow reversal
increases the analyte’s apparent (net) velocity toward the detector (placed near
the anode) owing to the strong anodic electrophoretic mobility of the divalent
ttMA anion.  By manipulating the concentration of CTAB, the selectivity of the
separation is modified.  We have studied this effect on the elution of ttMA
relative to the interfering endogenous components of urine, typically present at
high concentrations.

EXPERIMENTAL

Materials

Trans,trans-muconic acid, mesityl oxide and sodium tetraborate were
purchased from Sigma (St. Louis, MO) and used without further purification.
Sodium phosphate (dibasic) was from Anachemia (Montréal, Canada).
Cetyltrimethylammonium bromide (CTAB) and HPLC-grade methanol were
purchased from Aldrich (Milwaukee, WI).  Sodium hydroxide was obtained
from BDH (Toronto, Canada).  In-house distilled water was purified using a
multi-cartridge Millipore water filtration/deionization system before using.
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Nylon syringe filters, 0.2-µm pore size, were purchased from Chromatographic
Specialties (Brockville, Canada).  Fused silica capillary tubing externally coated
with polyimide was purchased from Polymicro Technologies (Phoenix, AZ).
Platinum wire and 600-µL microcentrifuge tubes were obtained from Fisher
Scientific (Montréal, Canada).

Instrumentation

The CE-TOA detection system was built in-house as described
previously.27  All components were assembled on an optical breadboard.  The
pump laser beam intensity was attenuated two-fold with a neutral density filter
(Melles Griot, Nepean, Canada).  Separations were performed at room
temperature in a 45-cm-long 50-µm-I.D., 190-µm-O.D. fused silica capillary
tube. On-column detection was performed 40 cm from the injection end of the
capillary.

Preparation of Background Electrolyte and Standards

Purified water was used to make all background electrolyte (BGE)
solutions and standards.  A 1–mL volume of BGE was re-filtered through a
syringe filter before use in the electrophoresis buffer reservoirs.  BGE buffers
for free solution CE consisted of 18 mM citric acid–sodium phosphate ranging
in pH from 3.0 to 7.6.  MEKC buffers consisted of 1.7 mM citric acid, 16.5 mM
dibasic sodium phosphate, 0.5-30 mM CTAB, pH 7.0.  A stock solution of 1 g/L
ttMA was prepared in purified water and further dilutions were made in BGE.

Procedure

Samples and standards were injected hydrostatically by raising the inlet
end of the capillary to a height of 6 cm for 30 s, timed by a stopwatch (6 nL
injected).  Mesityl oxide (MO) was co-injected as a neutral marker for EOF
determination.  The separation capillary was rinsed manually by syringe for
2 min with BGE (for free solution CE) or BGE plus surfactant (for MEKC)
between each analysis.  After a number of analyses had been carried out, the
capillary was washed for 2 min with 1.0 M NaOH, 1.0 M HCl, water, and BGE
respectively.  Urine was collected on the same day of analysis from a normal
adult non-smoker.  Urine samples, neat or doped with ttMA, were diluted 2-fold
in purified water then passed through a 0.22 µm–pore syringe filter before
analysis.  Recovery studies were performed by comparing peaks heights of ttMA
in doped urine samples against a calibration curve constructed from ttMA
standards.
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RESULTS AND DISCUSSION

Free Solution CE Versus MEKC

A variety of BGEs (without surfactant) were initially investigated for ttMA
determination by free solution CE, including phosphate and borate at various
ionic strengths and pHs.  Because the effective electrophoretic mobility (µeff) of
the ttMA divalent anion toward the anode is large and opposite in direction to
the electroosmotic mobility (µeof) of the BGE at pH > 6, the apparent or net
mobility (µapp) of ttMA is very small; µapp = µeff + µeof.  Migration times were
long (> 9 min) and the ttMA peak was broad under free solution CE conditions
(data not shown).  When pH < 6, the effective mobility of ttMA toward the
anode decreases as its overall negative charge is reduced.  However, the
concomitant decrease in EOF at lower pHs lead to elution times of 16 min or
more for ttMA.  As Kaneta et al.32 point out, control of the electroosmotic
mobility and solute charge are very important for improving separations and
minimizing analysis time.  The fastest elution time we achieved for ttMA was
9.3 min for a pH 7.0 BGE.  The neutral EOF marker, MO, eluted well ahead of
this at 2.7 min.  Given the complexity of urine and its numerous UV–absorbing
components, free solution CE (no micelles) conditions would have led to elution
of ttMA in a crowded region of the electropherogram.33

It is well documented that cationic surfactants adsorb on the inner capillary
surface by dynamic electrostatic interactions with the negatively charged free
silanol groups of fused silica.28-30,32,34-36  At low concentrations, the surfactant
monomers tend to shield the negative wall charge and reduce the overall EOF,
as shown in Figure 1a for ≤ 0.03 mM CTAB and in other studies.32,34  Reversing
the polarity of high voltage (inlet = cathode) for analysis at CTAB
concentrations less than 0.02 mM did not permit elution of ttMA, i.e., the
normal EOF was too strong.  However, at the critical micelle concentration
(cmc), a bilayer of cationic surfactant molecules (hemimicelle) is formed at the
capillary wall which essentially makes the inner surface positively charged.  The
electric double layer formed with BGE counterions leads to reversed (anodic)
EOF when potential is applied across the capillary.  This phenomenon
distinguishes cationic-MEKC from free solution CE (no micelles) and is
demonstrated in Figure 1a for CTAB concentrations ≥ 0.04 mM.  Under these
conditions (i.e., 0.05 to 0.5 mM CTAB), ttMA elutes at 2.4 min, well ahead of
the neutral marker (tMO = 6.9 min).

When adding charged surfactants to CE, the mechanism of separation
involves contributions from several interactions owing to the multiple equilibria
involved.  Above the cmc, partitioning or complexation of analyte with micelles
contributes   significantly   to  overall   selectivity.   Below   the   cmc,       analyte–
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Figure 1. Plots of the relationship between apparent (µapp) and effective (µeff) mobility of
ttMA, and electroosmotic mobility (µeof) as a function of CTAB concentration showing
regions of a) flow reversal; b) constant mobility; c) increasing analyte–micelle
interaction.  Separations were run at +15 kV or –15 kV in buffer consisting of 1.8 mM
citric acid, 16.5 mM dibasic sodium phosphate, pH 7.0, with varying concentrations of
CTAB.

surfactant interactions in CE are more poorly defined.35  From Fig. 1a for
CCTAB< 0.04 mM, there appears to be no ion-pair formation between ttMA and
CTAB monomers since a neutral ttMA–surfactant complex would have been
expected to migrate at the same rate as MO, the neutral EOF marker.  This result
was not observed.  When the concentration of cationic surfactant is greater than
the cmc, the reversed EOF has been shown to be largely independent of pH.30  In
our experience, changing the pH from 3.0 to 7.6 had little effect on the
migration times of ttMA in the MEKC separations (results not shown).
However, increased peak tailing seen at pH 9.0 suggests strong interaction
between the ttMA divalent anion and cationic hemimicellar layer.32  Therefore, a
pH 7.0 citrate-phosphate buffer was accepted as a favorable BGE with which to
further explore the effects of CTAB concentration.
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Effect of CTAB Concentration in MEKC

Figure 1a-c shows the effect of CTAB concentration on the electroosmotic
mobility, µeof, and the apparent, µapp, and effective mobilities, µeff, of ttMA
under constant pH for the same ionic strength BGE.  The µeff is a function of the
electrophoretic mobilities of both free ttMA anion and ttMA-CTAB complex.  It
is important to point out the conventions used in plotting our data.  Mobilities
have been defined as positive for cathodic EOF (flow of BGE from anode to
cathode as seen typically in bare fused silica capillaries) and negative for anodic
EOF (flow from cathode to anode).  Thus in Figure 1c, the downward sloping
µeof curve as CTAB is increased from 5–30 mM actually represents an
increasing mobility toward the anode, where detection takes place.

The dependence of EOF on CTAB concentration (Fig. 1) shows four
domains, similar to that observed previously for cetyltrimethylammonium
chloride (CTAC):32  i) a gradual decrease in EOF as the wall charge is
neutralized by adsorption of CTAB monomers; ii) flow reversal between
concentrations of 0.02 and 0.05 mM CTAB (Fig. 1a) as the hemimicelle layer is
established at the capillary wall; iii) a concentration region where the mobilities
remain virtually unchanged (Fig. 1b); iv) an increasing EOF at high CTAB
concentration (Fig. 1c).  No mobility corrections were made for increasing
viscosity or ionic strength with CTAB concentration.  However, we expected to
see the EOF decrease slightly at high CTAB concentrations (domain iv) due to
increased viscosity and ionic strength; this was not observed.  These factors may
be “self-correcting” in that Joule heating from the higher ionic strength medium
cancels out any viscosity increase arising from addition of CTAB.  Lucy and
Underhill30 also saw an increase in the magnitude of EOF with increasing CTAB
(domain iv) up to a total ionic strength of 50 mM, attributed to an increased
surface concentration of surfactant as the electrostatic repulsion between
surfactant head groups decreased.

By definition, the concentration of surfactant monomers in solution is
constant at the cmc and above.  However, micelle formation occurs within a
transition zone and defining a unique cmc is inexact but convenient.37  From the
data in Figure 1a, the cmc is estimated to be 0.05 mM CTAB, corresponding to
the point where reversed EOF becomes constant.30  This value is three times
lower than we expected for our 18.3 mM citrate-phosphate buffer system
compared to results from CTAC and CTAB studies performed in higher ionic
strength BGEs.30,32  On the other hand, the cmc is slightly higher than that seen
for CTAB in a reported 5 mM BGE solution.31  The discrepancies may arise
from the use of different electrolytes in each study.  For this work, the reversed
EOF was constant (domain iii) from the cmc up to 3 mM CTAB (estimated
graphically), which Kaneta et al. attribute to the onset of multi-layer adsorption
of surfactant at the capillary wall.32
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The effective mobility of ttMA remains essentially constant from 0 to
2 mM CTAB (estimated graphically from a log-linear plot of CCTAB versus
mobility) implying that there are no interactions between analyte and CTAB
monomers or micelles up to this concentration.  A previous study by Shirao et
al. on the determination of endogenous organic acids in urine by CE with
cationic surfactant–induced flow reversal also suggested that the analytes did not
interact with the surfactant.36  This is in contrast to experiments done by Kaneta
et al. who demonstrate that a selection of monovalent organic acids interact with
CTAC monomers based on ion-pairing equilibria and interact with the
hemimicelles formed on the capillary wall.32

In this work, a threshold concentration of CTAB micelles seems to be
required to effect a change in mobility of ttMA.  From 5 to 30 mM CTAB, the
magnitude of the effective mobility of ttMA decreases as complexation with
CTAB micelles occurs, presumably by electrostatic interaction.  We assume the
decreasing mobility is not viscosity related, otherwise a viscosity effect would
be seen at lower CTAB concentrations too (domain iii), and the mobility of
mesityl oxide would decrease.  It is interesting to point out here that the analyte
migrates ahead of the EOF marker, a result that is not often encountered in
MEKC experiments.

Determination of ttMA in Urine

In general, increasing the concentration of surfactant in MEKC is expected
to improve separation selectivity compared to free solution CE for components
of a complex sample like urine.  For example, as CTAB concentration is
increased, uncharged hydrophobic species should partition with the micelles and
show decreasing apparent mobility.  Organic anions are also expected to show
decreased apparent mobility, whereas cationic species should show little change
in mobility as the amount of cationic surfactant is increased.  However, because
the magnitude of the EOF increased with increasing CTAB concentration above
0.5 mM, the apparent mobility of ttMA and presumably other anions decreased
only slightly (Fig. 1c).  Given that we observed four domains of EOF behavior
and two distinct regions of ttMA migration behavior, the choice of MEKC
conditions for urine analysis was not intuitively obvious.

In the previous report employing 0.1 mM CTAB24 for free solution CE, the
surfactant was used simply to reverse EOF rather than capitalize on global
effects that it might have for MEKC analysis of ttMA in urine.  Therefore, we
used a ttMA–doped urine sample to investigate the effect of CTAB
concentration on the separation of analyte from the components in the urine
matrix. These results are shown in Figure 2a–e.
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Figure 2. Electropherograms of a ttMA standard (top panel), blank urine sample (middle
panel), and urine doped with 6.5 mg/L ttMA (bottom panel) showing the effect of
different CTAB concentrations on separation selectivity at: a) 0.05 mM CTAB; b) 0.5
mM CTAB; c) 5 mM CTAB; d) 15 mM CTAB; e) 30 mM CTAB.  All other conditions
were the same as in Fig. 1.
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Figure 2a shows that ttMA migrated much faster than the major UV–
absorbing matrix components (unidentified) in urine when the CTAB
concentration (0.05 mM) was near the cmc.  A similar urine profile was
observed when the CTAB concentration was increased to 0.5 mM (Fig. 2b).  In
both cases a few urine–based peaks eluted between 2 and 3 min indicating the
potential for interference with ttMA determination.  For example, in the report
by Tavares et al.24 using 0.1 mM CTAB, ttMA eluted in a region crowded by
peaks from a normal urine sample.  These interferents could be either minor
urine constituents or major constituents poorly detected by, in our case, TOA at
λ=248 nm.  At 5 mM CTAB, well above the cmc, the migration time of ttMA
was again faster than the major urine matrix peaks but with little additional
interference from early eluting urine components (Fig. 2c).  On the other hand,
the separation of ttMA from endogenous components completely deteriorated
when the CTAB concentration was increased to 15 mM (Fig. 2d).  Further
increasing the CTAB concentration to 30 mM (Fig. 2e) caused the ttMA peak to
elute in a region crowded by major urine component peaks.  Although ttMA was
resolved from the components of normal urine at 30 mM CTAB, other
biological metabolites might exist in this elution region contributing to
interference with ttMA determination.  Clearly, conditions that forced ttMA to
migrate well away from a crowded chromatographic region were considered the
most desirable for unambiguous determination of the analyte.

On the basis of these results, the best buffer for ttMA determination was
chosen to be 5 mM CTAB, 1.8 mM citrate, 16.5 mM phosphate, pH 7.0.  Since
electrophoretic and electroosmotic mobility occur in the same direction, analysis
times for ttMA were short (< 3 min) for a 40-cm-long effective capillary length.
Quantification and recovery studies of ttMA in urine were carried out using the
conditions of analysis above.  A calibration curve based on peak heights of  five
ttMA standards injected in triplicate was constructed (y = 33.9± 2.6 µV/ppm x –
5.9 ± 2.2 µV; R2 = 0.982) to estimate the limit of detection of the MEKC-TOA
analysis technique.  The standard deviation of the regression fit was 1.65.  For a
signal-to-noise ratio of 3 and sensitivity of 0.0339 mV/ppm, the concentration
detection limit was 0.1 mg/L (7×10-7 M) ttMA and the absolute detection limit
was 0.6 pg (4 fmol).  The linear dynamic range of the measurement technique
extended to 50 mg/L ttMA.

Recovery studies of added analyte were performed for six assays of three
different concentrations of ttMA doped in urine, as described in the
experimental section.  These results are summarized in Table 1.  We assume that
the low recoveries (83–85%) originate from comparing the urine matrix to low
salt standards (i.e., in BGE) in which some stacking during injection has biased
the peak heights and areas.  Urine samples were diluted only 2-fold in pure
water to cut the high salt content without sacrificing detectability.
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Table 1

Recovery of Added Analyte and Repeatability for the Determination
of ttMA in Urine

Added ttMA Mean CttMA Mean Recovery RSD(%)
to Urine Blank Found (µg/mL)* % C ttMA tm

0.80 mg/L 0.66 83 5.7 1.5
1.3 mg/L 1.1 85 6.3 2.8
6.5 mg/L 5.5 85 7.8 4.0

__________________
* n = 6.

Using 80% as a conservative estimate of ttMA recovery from urine, a more
reliable estimate of the limit of detection (3 SD) of ttMA in urine is 0.13 mg/L
(9×10-7 M) based on external calibration.  These results are five times worse
than those reported by Tavares et al.24 who determined a lower limit of 0.025
mg/L ttMA from calibration standards using a 3-mm-pathlength detection cell
and 90 nL injection volume.  However, our absolute detection limit was about 4
times better than theirs.  We found relative standard deviations in migration time
and peak height as high as 4% and 7.8%, respectively (Table 1).  With
automated pressure injection and a thermostated capillary (available in
commercial CE instruments), reproducibility in migration time and
quantification on the order of 1% are expected.

In comparison with previously reported chromatographic techniques for
ttMA determination, our concentration limit of detection ranges from equivalent
or 50 times poorer for some GC-MS and modified HPLC methods.4,11-16  On the
other hand, absolute detection limits were more than 2 orders of magnitude
better than all HPLC methods reported.  It is important to note that non-CE-
based methods required extensive sample preparation, such as ttMA extraction
and up to 20–fold preconcentration on solid phase ion-exchange media and/or
time-consuming derivatization for GC analysis.  In addition, interfering peaks in
the chromatograms of these studies were problematic.11,13-15  The proposed
MEKC method ensures that ttMA elutes in a region essentially free of
endogenous urinary components.  The addition of a simple preconcentration
step38 with an added internal standard for precise recovery quantification39

should give a 10-fold increase in detection sensitivity.  This would bring the
technique in line with the detection limits reported for GC-MS (0.01 mg/L) and
within the background levels of ttMA reported for non-smokers who are not
occupationally exposed to benzene (0.023–0.124 mg/L).12,24
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Reports on biological monitoring of exposure to benzene typically measure
the mass of urinary metabolites per gram of creatinine, a major endogenous
constituent of urine.  This method provides an absolute or “corrected” measure
of ttMA.  For example, people with occupational exposure to less than 1 ppm
benzene have urinary ttMA concentrations ranging from 0.03 to 1.7 mg/g
creatinine.2,6,11,15  In the present study, this technique was not used, as justified in
a previous report.24  Nonetheless, there are several methods described for
creatinine determination in urine by CE40-42 and the present MEKC method
could be adapted for simultaneous ttMA and creatinine quantification.

CONCLUSION

A rapid method for the separation and determination of ttMA by MEKC–
TOA detection under cationic surfactant (CTAB)–induced flow reversal
conditions has been described.  In this study, the effects of cationic surfactant on
EOF, ttMA mobility, and the resolution of ttMA from the major endogenous
components in urine were investigated.  The proposed MEKC procedure is
faster than current chromatographic methods in terms of total analysis time
including sample preparation.  The reduction in sample pretreatment with CE-
based analyses makes it an attractive alternative to traditional chromatographic
techniques, particularly for rapid screening of large numbers of samples.  In
addition, the ability to rinse a fused silica capillary with a few microlitres of
NaOH to regenerate the capillary surface makes it ideal for biofluid analyses
where sample matrix components tend to foul the separation column.  About 4–
fold lower mass detectability of ttMA was achieved with TOA detection
compared to the only other photometric technique reported for CE.

We believe that MEKC–TOA detection with preconcentration would be
suitable for the determination of ttMA in urine of those chronically exposed to
benzene and could be used to develop a protocol for monitoring such exposure.
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