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Toluene, xylene and styrene are volatile organic solvents that are commonly used in mixtures in many industries. 
Because these solvents are metabolized and then excreted in urine, their urinary metabolites are thought to be 
biomarkers of occupational exposure to these solvents. Therefore, a simple, rapid, and yet reliable analytical 
method for determining the metabolites is required for accurate biological monitoring. In the present study, 
a simple and rapid HPLC-UV method was developed for the simultaneous determination of eight major meta­
bolites of toluene, xylene and styrene: hippuric acid (HA), mandelic acid (MA), o-, m- and p-methylhippuric 
acids (o-, m- and p-MHAs), and o-, m- and p-cresols. A monolithic column was employed as the stationary phase 
and several conditions, including flow rate, composition of mobile phase and column temperature, were variables 
for the optimization of the chromatographic resolution. All eight metabolites were successfully resolved within 
5 minutes in 10% aqueous ethanol containing 0.3% acetic acid and 1.6% p-cyclodextrin, using a flow rate 
gradient of 1.0 - 5.0 mL/min at 25 oC. The performance of this method was validated by linearity, intra- and 
inter-day accuracy, and precision. The linearity was observed with correlation coefficients of 0.9998 for HA, 
0.9999 for MA, 0.9989 for o-MHA, 0.9998 for m-MHA, 0.9991 for p-MHA, 0.9997 for o-cresol, 0.9998 for 
m-cresol, and 0.9986 for p-cresol. The intra- and inter-day precision of the method were less than 5.89% 
(CV) and the accuracy ranged from 92.95 to 106.62%. The validity was further confirmed by analysis of reference 
samples that were prepared by the inter-laboratory quality assurance program of the Korea Occupational Safety 
and Health Agency (KOSHA, Seoul, Korea). All measured concentrations of the analytes agreed with the 
certified values.
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Introduction

Toluene, xylene and styrene are commonly used separately 
or in mixtures in the paint, oil refining, and plastics industries.1 
Occupational exposure to these organic solvents is known to 
have adverse effects on workers' health, producing abnorma­
lities in the central nervous system and development.2 Further­
more, its association with cancer development has previously 
been suggested.3 Therefore, periodic monitoring of the work 
environment together with biological monitoring is necessary 
to protect workers from the hazardous effects of these solvents.4 
The majority of these solvents are metabolized in the micro­
somes of the liver and excreted in urine after absorption; thus 
the metabolite levels in urine reflect the absorbed dose of the 
solvents in humans.5 For this reason, the internal exposure 
levels to these solvents are often estimated by measuring the 
levels of their metabolites in urine.

Toluene is either metabolized via oxidization and conjugation 
to hippuric acid or metabolized to o-, m-, or p-cresol by hydro­
xylation (Figure 1). In the same fashion, xylene, which exists 
as three isomers, o-, m-, or p-, is excreted in the urine as the 
corresponding o-, m-, or p-methyl hippuric acid (o, m, p-MHA). Figure 1. Urinary metabolites of toluene, xylene and styrene. The 

compounds that were analyzed in this study are in bold and numbered 
in parentheses and their numbers correspond with those found in 
the chromatograms.aThese authors contributed equally to this work
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Styrene is mostly oxidized to mandelic acid (MA) and partially 
metabolized to phenylglyoxylic acid (PGA).6 Since toluene, 
xylene and styrene are often used in combination in many 
industries, workers may be co-exposed to the solvents, and 
therefore comprehensive determination of the individual meta­
bolites is desired for accurate estimation of the internal exposure 
to these solvents.

The urinary metabolites of toluene, xylene and styrene 
described above have previously been analyzed by various 
methods, including high-performance liquid chromatography 
(HPLC) with UV detection7-12 and gas chromatography (GC) 
with flame ionization detection13-15 and mass spectrometry 
(MS).16-21 Although GC methods show good resolution for 
most of the metabolites, with a relatively short run time (usually 
less than 15 min), these methods involve time-consuming 
procedures for sample extraction and derivatization of the 
metabolites. HPLC-UV methods are more commonly utilized 
because of the simple sample preparation, which excludes 
extraction or derivatization. These methods, however, are not 
preferable for the analysis of a large number of samples due to 
the long analysis time (usually 20 ~ 50 min). Also, the chromato­
graphic resolution of isomeric metabolites, such as o, m, p-MHAs 
and o, m, p-cresols, is usually not as good as that by GC. There­
fore, it is of great importance to develop a simple and rapid 
method for the simultaneous determination of the prevalent 
metabolites that can be routinely used for efficient biological 
monitoring of a large number of exposed workers.

Previously, we developed a rapid HPLC-UV method using 
a monolithic column, by which HA, MA, PGA and o-MHA 
were simultaneously analyzed within 2 min; however, m- and 
p-MHAs were not completely resolved by this method.22 In 
the present study, we further investigated the HPLC method 
using a monolithic column in order to develop a better method 
by which more metabolites could be analyzed with better 
resolution in a short analysis time. Eight major metabolites of 
toluene, xylene and styrene, ie, HA, o, m, p-cresols, o, m, 
p-MHAs and MA, were targeted for analysis in this study 
(Figure 1).

This is the first report on the simultaneous determination of 
eight metabolites within five minutes using HPLC-UV 
analysis. We also confirmed the validity of the developed 
method by assessing the metabolites in quality assurance 
urine samples23 spiked with known amounts of metabolites.

Expeiimental

Materi시s and instruments. Hippuric acid (98%), mandelic 
acid (99%), o-methylhippuric acid (98%), m-methylhippuric 
acid (98%), p-methylhippuric acid (98%), o-cresol (99%), 
m-cresol (99%), p-cresol (99%) and p-cyclodextrin (98%) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
p-Nitrophenol (99%) was obtained from Kanto Chemical 
(Tokyo, Japan) and acetonitrile, methanol, ethanol and acetic 
acid were from Merck (Darmstadt, Germany). All solvents were 
of analytical grade or HPLC grade. Urine specimens for quality 
assurance were provided by Industrial Safety and Health Re­
search Institute, Korea Occupational Safety and Health Agency 
(KOSHA, Seoul, Korea), and stored at -80 oC until analysis.

For HPLC chromatography, a Hitachi HPLC system (Hitachi 
High-technologies Corp., Tokyo, Japan), comprising a L-2130 
low-pressure pump, a L-2200 autosampler, a L-2300 column 
oven and a L-2400 UV detector, was used. Analytes were chro­
matographed on an Onyx monolithic RP-18 (4.6 乂 100 mm, 
Phenomenex Inc., Torrance, CA, USA), a Luna phenyl hexyl 
(4.5 x 150 mm, 5 卩m, Phenomenex Inc.) or a Hypersil GOLD 
(4.5 x 150 mm, 5 卩m, Thermo Electron Corp., Waltham, MA, 
USA) column with a SecurityGuard column (Phenomenex 
Inc.). The data were obtained with the software, EZChrome 
Elite (Ver. 3.1.3).

Preparation of standard solutions and calibration curves. 
Eight stock solutions of the standards (HA, MA, o-, m-, p-MHA, 
o-, m-, p-cresol) and a stock solution of the internal standard 
(p-nitrophenol) were prepared by dissolving 5 mg of each 
compound in 5 mL of deionized water; these solutions were 
stored at -20 oC until further use. A portion of internal standard 
stock solution was diluted with deionized water to a concen­
tration of 100 卩g/mL to make the internal standard working 
solution. Each stock solutions of the standards were diluted in 
deionized water to produce a series of standard working solu­
tions. The calibration standards were prepared by mixing 475 
卩L of each standard working solution with 25 卩L of internal 
standard working solution to produce a series of standards of 
various concentrations ranging from 0.8 卩g/mL to 12.8 卩g/mL 
(0.8, 1.6, 3.2, 6.4, and 12.8 卩g/mL) for MA and o-, m-, and 
p-cresol; 0.4 卩g/mL 〜6.4 卩g/mL (0.4, 0.8, 1.6, 3.2, and 6.4 
卩g/mL) for o-, m-, and p-MHA; and 2.0 卩g/mL 〜32.0 卩g/mL 
(2.0, 4.0, 8.0, 16.0 and 32.0 卩g/mL) for HA. Plotting the peak 
area ratios of the standard compound to the internal standard 
vs. the analyte concentration generated calibration curves that 
were used for the analysis.

Intra- and inter-day accuracy and precision and limit of 
quantification. The intra- and inter-day accuracies were inve­
stigated at the concentrations used to prepare calibration curves 
and were expressed as observed concentration relative to 
nominal concentration. The intra- and inter-day precision of 
the eight standards were examined at the concentrations within 
the linear range of the calibration curves and expressed in relative 
standard deviation (coefficient of variation, CV). The limits 
of quantification were the concentrations at the signal-to-noise 
ratio of 10 with precision of < 20% and accuracy between 80 〜 
120%.24

Quality assurance samples. The quality assurance urine 
samples provided by Industrial Safety and Health Research 
Institute, Korea Occupational Safety and Health Agency, 
were thawed at room temperature and a 475 卩L sample spiked 
with 25 卩L of internal standard working solution (100 卩g/mL 
in deionized water) was used for analysis after vortexing. The 
sample was then diluted 20-fold in deionized water. After 
centrifugation at 4000 rpm for 5 min, the supernatant was 
filtered through a 0.45-卩m membrane filter, and 20 卩L of 
filtrate was injected for HPLC analysis.

Results

Optimization of liquid chromatographic separation of eight 
metabolites. The HPLC conditions were optimized for the rapid
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Figure 2. HPLC chromatograms of eight standard compounds. Chro­
matographic resolution depended on the concentration of p-cyclo- 
dextrin in the mobile phase. The composition of mobile phase was 
fixed at 10% ethanol, 0.3% acetic acid and 90% water while different 
concentrations p-cyclodextrin [0% in (A), 1.1% in (B), 1.6% in (C) 
and 2.0% in (D)] were added to the water. (Detection wavelength: 
225 nm, column temperature: 25 oC, flow gradient: 5 mL/min for 
the initial 1 min, 5 — 1 mL/min over the next 4 min, compound 
numbering: 1. MA, 2. HA, 3. o-MHA, 4. p-Nitrophenol (I.S.), 5. 
p-MHA, 6. m-MHA, 7. p-Cresol, 8. m-Cresol, 9. o-Cresol).

and simultaneous analysis of eight metabolites (HA, o, m, 
p-cresols, o, m, p-MHAs and MA) in a monolithic silica column 
as follows: Analytes were detected at 225 nm in all chromato­
graphy procedures as is routine for analysis of urinary meta­
bolites of toluene, xylene and styrene.9,25,26 Several different 
mobile phases of varied compositions were examined for 
efficient isocratic elution. Ten percent ethanol produced the 
best chromatographic resolution and sensitivity among the 
tested solvents, which included acetonitrile, ethanol and 
methanol as the mobile phase in the presence of 0.3% acetic 
acid (data not shown). At each selected eluent condition, we 
varied the flow rate from 1 mL/min to 5 mL/min under a flow 
rate gradient in order to minimize the elution time while 
retaining the chromatographic resolution of the analytes. The 
chromatographic resolution was dependent on the concentration 
of p-cyclodextrin in the mobile phase (Figure 2). Complete 
separation of all eight compounds was observed when the

Time (min) Time (min)

Figune 3. Temperature-dependence of chromatographic resolution 
on an Onyx monolithic column. Eight analytes were separated using 
a mobile phase composed of ethanol (10%), acetic acid (0.3%) and 
1.6% p-cyclodextrin in water (90%) at 15 oC (A), 20 oC (B), 25 oC 
(C) and 30 oC (D). [1. MA, 2. HA, 3. o-MHA, 4. p-Nitrophenol (I.S.),
5. p-MHA, 6. m-MHA, 7. p-Cresol, 8. m-Cresol, 9. o-Cresol]. For 
the flow gradient, see Table 1.

Table 1. Optimized conditions for the HPLC-UV analysis of eight 
metabolites

Column Onyx monolithic RP-18 
(4.6 x 100 mm)

Column temperature 25 oC
UV detection wavelength 225 nm

Mobile phase Ethanol/Acetic acid/1.6% p-cyclodextrin 
in water = 10/0.3/90

Flow rate gradient 0 min — 1 min: 5 mL/min
1 min — 5 min: 5 — 1 mL/min

analytes were eluted in 10% ethanol, 0.3% acetic acid and 
90% water containing 1.6% p-cyclodextrin, using a flow rate 
gradient of 5 mL/min for the initial 1 min, which was decreased 
to 1 mL/min over the following 4 min (Table 1).

We also examined the effect of column temperature on the 
chromatographic performance. A column temperature of 25 
oC yielded the best resolution among the tested temperatures 
from 15 oC to 30 oC (Figure 3). In the final optimized chro-
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Figure 4. HPLC chromatograms of eight standards chromatographically 
resolved on a Hypersil GOLD column (A), a Luna phenyl hexyl 
column (B) and an Onyx monolithic column (C) in ethanol/acetic 
acid/1.6% p-cyclodextrin in water (10/0.3/90) at 25 oC column tem­
perature at a flow rate of 1 mL/min. Analytes were detected at 225 
nm. [1. MA, 2. HA, 3. o-MHA, 4. p-Nitrophenol (IS), 5. p-MHA, 6. 
m-MHA, 7. p-Cresol, 8. m-Cresol, 9. o-Cresol].

matographic conditions, displayed in Table 1, all eight meta­
bolites were completely resolved within less than 5 min 
(Figure 5A).

We compared the chromatographic performance of the 
Onyx monolithic column with that of two conventional HPLC 
columns that were packed with particles (Hypersil GOLD, 
Luna phenyl hexyl) (Figure 4). The flow rate gradient that was 
used for the monolithic column was not applicable to the two 
particulate columns because of the high back-pressure involved. 
Therefore the analysis was performed using the optimized 
conditions described above except that the flow rate was fixed 
at 1 mL/min for all three columns. The Hypersil column

Time (min) Time (min)

Figure 5. Simultaneous analysis of eight metabolites in urine speci­
mens with known concentrations of metabolites prepared for quality 
assurance. HPLC chromatograms of the standards (A), a urine sample 
from an unexposed healthy individual (B), urine samples containing 
high (C) or low (D) concentrations of metabolites of toluene, xylene 
and styrene. For chromatographic conditions, see Table 1. [ 1. MA, 2. 
HA, 3. o-MHA, 4. p-Nitrophenol (I.S.), 5. p-MHA, 6. m-MHA, 7. 
p-Cresol, 8. m-Cresol, 9. o-Cresol].

successfully resolved all eight compounds but required about 
22 min (Figure 4A). The phenyl hexyl column required almost 
40 min for the analysis with incomplete separation of the com­
pounds (Figure 4B). In the monolithic column, however, total 
analysis with complete resolution of the eight compounds was 
accomplished in less than 12 min (Figure 4C).

Validation of the developed analytical method: linearity, in­
tra- and inter-day accuracy and precision and limit of quantifi­
cation. The HPLC method in the present study was validated by 
assessing the linearity, intra- and inter-day accuracy, precision 
and limit of quantification. Linearity was observed for all eight 
standard compounds within the tested concentration ranges, 
as represented by their high correlation coefficients (r2) of 
0.9998 for HA, 0.9999 for MA, 0.9989 for o-MHA, 0.9998 
for m-MHA, 0.9991 for p-MHA, 0.9997 for o-cresol, 0.9998 
for m-cresol, and 0.9986 for p-cresol (Table 2).

The intra- and inter-day accuracy and intra- and inter-day 
precision were assessed from repeated experiments (n = 5) at 
five different concentrations of the eight standards. These are
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Table 2. Calibration curve parameters for the analysis of eight 
metabolites

Com­
pounds

Linear
Range 

(卩g/mL)
Regression Equation

Correlation
Coefficient

(r2)

HA 2.0 ~ 32.0 y = 0.3798x + 0.0834 0.9998
MA 0.8 ~ 12.8 y = 0.0870x + 0.0151 0.9999

o-MHA 0.4 ~ 6.4 y = 0.1285x - 0.0183 0.9989
m-MHA 0.4 ~ 6.4 y = 0.1207x - 0.0115 0.9998
p-MHA 0.4 ~ 6.4 y = 0.1640x - 0.0179 0.9991
o-Cresol 0.8 ~ 12.8 y = 0.0458x - 0.0070 0.9997
m-Cresol 0.8 ~ 12.8 y = 0.0739x - 0.0093 0.9998
p-Cresol 0.8 ~ 12.8 y = 0.1333x - 0.0319 0.9986

Table 3. Intra- and inter-day precision and accuracy of the developed 
HPLC-UV method (n = 5)

Com- Concentra­
tions 

(卩g/mL)

Precision (CV, %) Accuracy (%)
pounds Intra-day Inter-day Intra-day Inter-day

2 0.96 1.57 103.59 103.50
4 0.67 1.44 101.22 101.77

HA 8 0.42 0.88 100.79 100.64
16 0.75 0.22 100.02 100.36
32 1.06 0.41 100.51 100.48

0.8 3.27 1.24 101.65 101.68
1.6 0.90 0.42 99.99 100.90

MA 3.2 1.23 0.74 101.12 100.54
6.4 0.93 1.09 99.98 100.76

12.8 0.55 0.32 99.95 99.85
0.4 1.61 3.49 106.48 106.13
0.8 3.85 4.05 103.39 102.25

o-MHA 1.6 2.76 1.72 101.81 100.74
3.2 0.85 1.54 100.34 101.29
6.4 0.36 0.95 100.44 99.69
0.4 2.75 3.50 94.91 102.75
0.8 4.91 3.76 97.68 100.55

m-MHA 1.6 4.29 0.99 99.25 101.24
3.2 2.89 2.07 98.61 99.93
6.4 2.42 1.60 98.82 100.58
0.4 5.70 5.89 98.22 93.94
0.8 4.00 2.71 95.15 92.95

p-MHA 1.6 2.63 3.97 95.51 99.09
3.2 0.92 1.87 98.42 99.72
6.4 0.83 1.20 100.51 100.79
0.8 3.75 3.16 100.03 101.49
1.6 1.59 1.67 100.53 101.66

o-Cresol 3.2 1.01 0.26 100.55 100.42
6.4 1.18 1.13 99.58 100.68

12.8 0.90 0.37 99.74 99.89
0.8 0.65 1.26 101.53 101.23
1.6 1.62 3.38 102.52 101.55

m-Cresol 3.2 0.92 1.18 100.43 100.69
6.4 0.70 0.68 100.14 100.57

12.8 0.36 0.37 100.18 100.17
0.8 2.24 3.97 106.62 103.05
1.6 1.93 1.96 105.68 103.20

p-Cresol 3.2 1.83 1.84 101.91 100.86
6.4 3.57 1.45 102.26 99.86

12.8 3.51 0.76 104.12 100.32

Table 4. Determination of the metabolites in a urine sample from a 
healthy unexposed individual (A) and in urine samples spiked with 
high (B) or low (C) concentrations of metabolites. Total MHA 
indicates the combined amount of o-, m- and p-MHAs

Sample Analyte
Measured 

Conc. 
(g/L)

Reference 
Value 
(g/L)

Tolerance
Range 
(g/L)

HA < LOQ N.A.a N.A.
A MA < LOQ N.A. N.A.

Total MHA < LOQ N.A. N.A.

HA 1.77 1.75 1.57 - 1.93
B MA 0.87 0.94 0.85 - 1.03

Total MHA 1.24 1.21 1.06 - 1.36

HA 0.87 0.85 0.67 - 1.03
C MA 0.53 0.55 0.46 - 0.64

Total MHA 0.75 0.74 0.62 - 0.86

a : not applicable.

summarized in Table 3. The intra-day accuracy was 94.91 ~ 
106.62% and the inter-day accuracy was 92.95 ~ 106.13%. 
The intra-day precision was 0.36 ~ 5.70% and the inter-day 
precision was 0.22 ~ 5.89%. The limit of quantification was 2 
卩g/mL for HA, 0.8 卩g/mL for MA, 0.4 卩g/mL for o-, m- and 
p-MHAs, and 0.8 卩g/mL for o-, m- and p-cresols (Table 2).

Confirmation of the validity of the developed method. The 
method was applied to the determination of the metabolites of 
toluene, xylene and styrene in human urine samples in order 
to evaluate its validity. Three different specimens prepared by 
the inter-laboratory quality assurance program from Korea 
Occupational Safety and Health Agency (KOSHA, Seoul, Korea) 
were analyzed: one specimen was from a non-exposed healthy 
individual and the other two contained known amounts of 
HA, MA and MHAs at high or low concentrations. As shown 
by the chromatograms of the three samples in Figure 5, we 
successfully detected the individual metabolites in the two 
urine samples containing high or low concentrations of the 
metabolites, but detected no significant levels of any meta­
bolites in the sample from a non-exposed healthy individual. 
Because the reference values for MHAs were given as a mixture 
of three structural isomers (o-, m- and p- MHAs), we combined 
the measured values of the individual isomers of MHA to com­
pare the numbers to the reference. Compared to the reference 
values given by the specimen provider (KOSHA), all of our 
measured values for HA, MA and MHAs fell within the tolerance 
range (Table 4).

Discussion

Many industrial workers are likely to be co-exposed to 
toluene, xylene and styrene because these solvents are often 
used in combination in a variety of industries. For effective 
biological monitoring of their occupational exposure, an accurate 
and comprehensive evaluation of the individual metabolites 
of the solvents is preferable and a simultaneous determination 
of as many metabolites as possible in a single, short run is 
ideal for automated analysis of a large number of samples. For 
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this purpose, we developed a time- and cost-effective method 
based on the HPLC-UV system.

Monolithic columns, which are made of single piece of 
porous silica, are increasingy used in the analyses of drugs 
and metabolites because they allow higher flow rates and 
therefore faster separations than particulate columns.27-30 In 
the present study, we compared the metabolite analysis using 
the Onyx monolithic column with two particulate columns 
under the same chromatographic conditions using a flow rate 
of 1 mL/min. The monolithic column was superior to the other 
two columns, providing a much faster elution pattern with a 
fair chromatographic resolution (Figure 4). When an eluent 
flow rate gradient31,32, which cannot be performed in conven­
tional packed columns because of high back-pressure, was 
applied to the monolithic column, the total analysis time was 
markedly reduced without compromising the resolution.

卩-Cyclodextrin, a cyclic oligosaccharide composed of seven 
glucose molecules, is occasionally used as a mobile phase 
additive for separation of structural isomers.33-35 We have 
shown, for the first time, that the combined use of the mono­
lithic column, eluent flow rate gradient and 卩-cyclodextrin in 
the mobile phase allowed for the simultaneous determination 
of eight metabolites within less than 5 min. Optimized column 
temperature also further improved the chromatographic per­
formance by increasing the sensitivity and chromatographic 
resolution.

The validity of the developed method was confirmed when 
we analyzed human urine samples that had been prepared by 
KOSHA for quality assurance purposes.

The relatively long analysis time that has been the biggest 
pitfall for HPLC methods was overcome through the use of a 
monolithic column, and the use of a flow rate gradient instead 
of an eluent gradient could save a huge amount of time when 
many samples are analyzed because the eluent will not need to 
be equilibrated after each run. On the whole, our newly-deve­
loped method offers a very efficient analysis of the metabolites 
of toluene, xylene and styrene in a time-, cost- and perfor­
mance-effective manner.
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