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was obtained in the range of 0.2–20 µg/mL (R2 = 0.9994). 
The extraction recovery was more than 88.8%. The limit of 
detection and the limit of quantitation were 0.06 and 0.2 µg/
mL, respectively. The intra- and inter-day precisions were 
in the range of 3.6–4.7% and 3.8–5.1%, respectively. The 
accuracy was −8.4 to −11.1%. The optimized procedure was 
selective, sensitive, and rapid, and it was both user friendly 
and environmentally friendly. The sample preparation pro-
cess took only about 5 min, so the MIMEPS–HPLC–UV 
procedure is recommended as an alternative for the biomoni-
toring of workers exposed to ethylbenzene and/or styrene.

Keywords High-performance liquid chromatography · 
Microextraction by packed sorbent · Molecularly imprinted 
polymer · Mandelic acid · Urine sample

Introduction

Mandelic acid (MA) is a metabolite of ethyl benzene (EB) 
and styrene. EB is primarily used for the production of 
styrene, a monomeric unit for polystyrene materials, and 
it is ubiquitous in ambient air. Styrene is used extensively 
in plastics, latex paints and coatings, synthetic rubber, and 
polyester resins (Collins and Richey 1992; ATSDR 2010a). 
Some people are exposed to EB and styrene in their occu-
pations, and many people are exposed to these chemicals 
every day through routine activities, such as the use of auto-
mobiles, boats, aircraft, and gasoline-powered tools and 
equipment. Paints, varnishes, and solvents release EB into 
the environment (Bahrami 2001; ATSDR 2010a, b). Both 
EB and styrene have been classified as group 2B carcino-
gens (possible carcinogens) by the International Agency for 
Research on Cancer (IARC 2002, 2006). The main route of 
exposure to EB and styrene is inhalation. Once inside the 
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human body, these organic compounds are metabolized to 
yield the main urinary metabolites, MA and phenylglyoxylic 
acid, which are used as biomarkers of exposures to EB and 
styrene (Šperlingová et al. 2004; ACGIH 2016).

Various analytical methods are used to analyze MA in 
urine samples, including conventional solid phase extrac-
tion (SPE) (Lee et al. 2010; Mao et al. 1996), hollow-fiber 
liquid-phase microextraction (Bahrami et al. 2017), and 
liquid–liquid extraction (LLE) (Inoue et al. 1995; Ohashi 
et al. 2006; Wang et al. 2006). Also, the “dilute-and-shoot” 
approach, which does not require a sample preparation step, 
is used (Manini et al. 2002; Šperlingová et al. 2004; Paci 
et al. 2013). In addition, to the best of our knowledge, there 
has been only one study regarding the use of MIP as the 
stationary phase in high-performance liquid chromatogra-
phy (HPLC) column to chiral separation of diastereoisomers 
of MA (Hung et al. 2005). However, the sample prepara-
tion using SPE and LLE methods is a bottleneck of these 
analytical methods (including the derivatization step in 
GC (Ohashi et al. 2006; Lee et al. 2010) and some HPLC 
analytical methods (Wang et al. 2006), since it is time and 
labor consuming). When conventional SPE columns were 
introduced to the market, they were well accepted because 
of their superiority over LLE methods. However, the lack of 
selectivity, which is the main drawback of the conventional 
SPE sorbents (e.g., C2, C8, C18, and SAX), led research-
ers to use selective sorbent materials, such as molecularly 
imprinted polymers (MIPs). MIPs are smart sorbents that 
have a defined selectivity for a given analyte or structur-
ally related compounds (Chen et al. 2016). The main advan-
tages of MIPs are their high selectivity, low cost, robustness, 
resistance to a wide range of pH values and temperatures, 
and their high mechanical strength (Qiao et al. 2006; Dop-
ico-Garcio et al. 2011).

On the other hand, the removal of matrix interferences, 
cleanup and preconcentration, and providing a robust and 
reproducible method are the main objectives of sample prep-
aration. In addition, recent objectives such as miniaturiza-
tion, automation, high-throughput performance, online cou-
pling with analytical instruments, smaller initial volumes of 
samples and solvents, minimizing the amount of glassware 
used, and reducing the time required (Smith 2003; Abdel-
Rehim 2011) have led researchers to develop more advanced 
extraction techniques. From this perspective, microextrac-
tion by packed sorbent (MEPS), which was introduced by 
Abdel-Rehim, has emerged as a powerful sample preparation 
technique with an increasing range of applications (Du et al. 
2014; Moein et al. 2015a; Soleimani et al. 2017).

In MEPS, about 2–4 mg of the sorbent are packed inside 
the barrel of a syringe as a plug or between the barrel and 
the needle as a cartridge, and thus the solvent consumption 
is significantly reduced as compared to conventional SPE 
columns. In MEPS, the sample is passed directly through 

the sorbent with no need for a separate robot, as that noted in 
conventional SPE columns. In addition, in contrast to single-
use conventional SPE columns, MEPS can be used about 
100 times for plasma or urine samples. Working with much 
smaller volumes to fully elute the sorbent is the most impor-
tant benefit of MEPS. Therefore, there is no need for the 
concentration steps that usually result in losses of the analyte 
(Abdel-Rehim 2011; Pereira et al. 2014; Moein et al. 2015a). 
In general terms, compared to SPE or LLE methods, MEPS 
reduces the sample preparation time and solvent consump-
tion. In recent years, according to the selectivity and low 
cost of MIPs and the advantages of MEPS over conventional 
SPE outlined above, the combination of MIPs and MEPS 
(MIMEPS) has been welcomed as a simple, rapid, selec-
tive, sensitive, and both user-friendly and environmentally 
friendly method for sample cleanup and preconcentration of 
analytes in environmental (Prieto et al. 2011a, b), biological 
(Asgari et al. 2017; Daryanavard et al. 2013; Moein et al. 
2014, 2015b; Soleimani et al. 2017), and food samples (Du 
et al. 2014; Fumes et al. 2016).

In this study, for the first time, we developed a novel 
approach based on MIMEPS for the determination of MA 
in urine samples. Fourier transform infrared (FTIR) spec-
tra were used to characterize the polymers. The imprint-
ing effect and selectivity of the synthesized MIP were also 
evaluated. We optimized the important factors that affected 
the performance of MIMEPS, e.g., extraction cycles, sam-
ple volume, type and volume of the washing solution, the 
type and volume of the elution solution, and the pH of the 
sample. Also, we compared the MIMEPS technique with 
other existing methods for the determination of MA in urine 
samples.

Materials and methods

Reagents and materials

All chemicals were of analytical reagent grade. MA, dime-
thyl sulfoxide (DMSO), ethyleneglycol dimethacrylate 
(EGDMA), 2,2ʹ-azobisisobutyronitrile (AIBN), methacrylic 
acid (MAA), hippuric acid (HA), and trans,trans-muconic 
acid (t,t-MA) were all supplied by Sigma-Aldrich (Darm-
stadt or Hohenbrunn, Germany). Methanol, ethanol, acetic 
acid, hydrochloric acid (HCl), and sodium hydroxide were 
purchased from Merck (Darmstadt, Germany). Water was 
obtained from an ultra-water system (TKA, Niederelbert, 
Germany). A 250-µL gastight syringe (Hamilton, Nevada, 
USA) was used as the MEPS syringe. Stock solutions 
(1000 μg/mL) of MA, HA, and tt-MA were prepared in the 
methanol–water (8:2, v/v) mixture. A working standard solu-
tion was prepared daily by diluting the stock solution with 
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water. Blank urine samples were taken from non-smoker 
subjects who did not drink alcoholic beverages.

Instrumentation

The chromatographic system was a Knauer HPLC system 
(Berlin, Germany) equipped with a K-2600 ultraviolet detec-
tor, a K-1001 pump, a D-14163 solvent degasser, and a 3950 
autosampler with a sample loop of 100 µL. A reversed-phase 
C18 column (250 mm × 4.6 mm i.d., 5 µm diameter parti-
cles) maintained at room temperature (25 °C) was used to 
separate MA. A water–methanol–acetic acid (69:30:1, v/v/v) 
solution was used as isocratic mobile phase at a flow rate of 
1.0 mL/min. The injection volume was 10 µL and the detec-
tor was set at 247 nm. To record the FTIR spectra of the 
polymers, prepared by the KBr pellet conventional method, 
a Perkin Elmer Spectrum 65 FTIR spectrophotometer was 
used (4000–500 cm−1).

MIP and non‑imprinted polymer (NIP) preparation

The bulk polymerization method was used to synthesize 
MIP according to the optimized mole ratio (Table 1). Fig-
ure 1a shows a schematic of the MIP preparation procedure. 
In the first step, 0.11 mmol of MA (0.017 g) was dissolved 
in 2 mL of DMSO, and then 0.8 mmol of MAA (67 µL) was 
added. The solution was ultrasonicated for 15 min. Subse-
quently, 2.2 mmol of EGDMA (415 µL) and 0.25 mmol of 
AIBN (0.041 g) were added. The solution was sonicated for 
an additional 20 min and then purged with nitrogen for 5 min 
to eliminate oxygen. The resulting solution was placed in an 
oil bath at 60 °C for 24 h. After cooling to room temperature, 
the polymer was ground and sieved to obtain particles that 
were <40 μm in size. To remove the template molecule, the 
particles were washed in a methanol–acetic acid solution 
(9:1, v/v) on a shaker for 8 h (8 washing cycles). The pro-
cess of eliminating the template was monitored by UV–Vis 
spectrophotometry. The particles were dried and stored at 

room temperature for later use. The corresponding NIP 
was prepared in the same manner, but without the template 
molecule.

Study of the imprinting effect and selectivity of the MIP

We investigated the selectivity of the MIP for MA in the pres-
ence of HA and tt-MA as interfering compounds. These acids 
were chosen because they are metabolites of toluene and ben-
zene, respectively, chemicals that workers are exposed to con-
currently in workplaces (Online Resource 1). For the experi-
ment, 50 mg of MIP or NIP was added to 20 mL of the binary 
mixtures of MA/HA and MA/tt-MA (1 µg/mL each) prepared 
in water at a pH of 2.0 (see the section of Optimization of 
MEPS procedure—pH of the sample). Each mixture was 
stirred for 20 min at room temperature and then centrifuged 
at 4000 rpm for 5 min. The concentrations of the free analyte 
and interferents in the supernatant were measured at 247, 264, 
and 225 nm for MA, tt-MA, and HA, respectively. The distri-
bution coefficient (Kd), selectivity coefficient (k), and relative 
selectivity coefficient (k′) (Tarley et al. 2011; Andrade et al. 
2014) were calculated according to the following equations:

where Ci and Cf are the initial and final concentrations of the 
analyte, and Vs is the volume of the solution.

(1)Kd =
C
i
− Cf

Cf

×
Vs (mL)

Mass of MIP or NIP(g)
,

(2)kimprinted =
Kd MA

Kd HA or tt - MA

,

(3)knon - imprinted =
Kd MA

Kd HA or tt - MA

,

(4)k
� =

kimprinted

knon - imprinted

,

Table 1  Optimization of 
conditions for synthesizing MIP 
and NIP

a  Based on triplicate analysis

MIP/NIP MA (mmol) MAA (mmol) EGDMA 
(mmol)

AIBN (mmol) Recov-
ery mean 
(RSD)a

MIP1 0.11 0.2 2.2 0.25 51 (3.1)
MIP2 0.11 0.4 2.2 0.25 66 (4.7)
MIP3 0.11 0.8 2.2 0.25 91 (3.9)
MIP4 0.11 1.5 2.2 0.25 85 (5.4)
NIP1 – 0.2 2.2 0.25 15 (3.5)
NIP2 – 0.4 2.2 0.25 19 (4.1)
NIP3 – 0.8 2.2 0.25 23 (3.9)
NIP4 – 1.5 2.2 0.25 28 (4.3)
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In addition, the selectivity of MIP was assessed by ana-
lyzing spiked urine samples with 2 µg/mL of each analyte 
(MA, HA, and tt-MA) using MIMEPS under the same 
conditions. The pH of the spiked samples was adjusted 
to the optimized value of 2.0. The sample was percolated 
through 4 mg of MIP with 8 × 100-µL extraction cycles. 
Then, the analytes were eluted using a methanol–acetic 

acid solution (8:2, v/v). The eluent was injected into the 
HPLC–UV.

MEPS procedure

Figure 1b shows the MIMEPS procedure. The extraction 
was performed manually by packing approximately 4 mg 

Fig. 1  Schematic illustra-
tion of a the MIP preparation 
procedure and b the MIMEPS 
procedure
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of MIP between two polyethylene frits inside the barrel of 
a 250-µL Hamilton syringe. After conditioning the MIP 
with 3 × 100 µL of methanol, followed by 3 × 100 µL 
of water, the urine sample was percolated through the 
MIP sorbent eight times (8 × 100 µL) at the speed of 
10 µL/s (extract–discard mode). Then, the sorbent bed 
was washed once with 100 µL of water. In the next step, 
the analyte was eluted by 2 × 100 µL of methanol–acetic 
acid (8:2, v/v) solution. An aliquot of 10 µL was injected 
into the HPLC system. To avoid carryover, the MIMEPS 
bed was cleaned with 4 × 150 µL of the elution solu-
tion, followed by 4 × 150 µL of the washing solution 
between extractions. The same MIP was used about 70 
times without the loss of extraction efficiency and/or the 
MIP clogging.

Validation of the method

Method validation was performed according to the Food and 
Drug Administration guidelines for bioanalytical method 
validation (FDA 2001). The selectivity of the method was 
investigated to ensure that no interfering peaks occurred by 
comparing the chromatograms of five different blank urine 
samples with the chromatograms of urine samples spiked 
with MA. For the determination of linearity, a six-point 
calibration curve was established using spiked urine sam-
ples that contained 0.2–20 µg/mL of MA (five replicates of 
each, n = 30). The calibration curve was prepared by plotting 
the MA peak areas against MA concentrations. Intra-day 
precision [expressed as percent relative standard deviation 
(%RSD)] and accuracy [expressed as the degree of devia-
tion of the determined value from the nominal value] were 
obtained on the same day by the determination of five repli-
cates of each quality control (QC) sample [0.2 µg/mL (low 
QC), 1 µg/mL (medium QC), and 10 µg/mL (high QC)]. To 
calculate inter-day precision and accuracy, five replicates 
of the QC samples were investigated over three consecutive 
days.

Limit of detection (LOD) and limit of quantitation (LOQ) 
were estimated based on signal-to-noise ratios of 3:1 and 
10:1, respectively. The extraction recoveries of MA in the 
three QC levels were obtained by measuring the concen-
tration after the MIMEPS procedure and dividing it by the 
concentration before the MIMEPS procedure multiplied by 
100 (after MIMEPS/before MIMEPS × 100).

Collection and analyses of urine samples

The subjects signed an informed consent form before the 
collection of their urine samples. In addition, the protocol 
of the study was approved by the university’s Ethics Com-
mittee (Approval No. IR.UMSHA.REC.1394.371). End-of-
shift urine samples were obtained from eight workers who 

had been exposed to EB in a petrochemical plant. The urine 
samples were collected in polypropylene bottles and stored at 
−20 °C until they were analyzed. Aliquots of the urine sam-
ples were acidified and adjusted to pH 2.0, as described in the 
section of Optimization of MEPS procedure—pH of the sam-
ple. The levels of MA in the urine samples were determined 
by the MIMEPS–HPLC–UV method that we developed.

Results and discussion

MIP characterization, the study of imprinting effect, 
and selectivity of the MIP

The FTIR spectra of the MIP (with template removal), MIP* 
(without template removal), and NIP are provided in Online 
Resource 2. An apparent broad O–H stretching vibration 
peak was observed for both MIP and NIP at 3454 cm−1, indi-
cating the presence of hydroxyl (O–H) bonds that are attrib-
uted to the MAA carboxylic group (COOH). The stretching 
peaks at 2995 and 2953 cm−1 for both MIP and NIP are 
related to the stretching vibration of the C–H bonds in the 
methyl groups. The carbonyl group C=O stretching peak 
was observed at 1728 cm−1 for both NIP and MIP, and this 
peak might have originated from MAA and EGDMA.

Both MIP and MIP* had similar typical peaks, which 
indicated that they had similar backbone structures. As 
a result of the formation of hydrogen-binding bonds, the 
electric cloud density of OH and C=O decreased, lead-
ing to decreasing the frequency of vibration. Therefore, 
the C=O stretching and the O–H stretching peaks at 1730 
and 3460 cm−1, respectively, in MIP* (without template 
removal) were shifted to 1728 and 3454 cm−1 in the related 
MIP (with template removal), respectively. In addition, in 
the MIP*, there was one band with the high relative inten-
sity at 1466 cm−1 that was observed at 1459 cm−1 in the 
MIP. The weak combination bands from 1635 to 1259 cm −1 
and the sharp band at 1159 cm−1, specifically on the MIP* 
spectra, indicated the presence of an aromatic ring of the 
template, which was removed successfully by washing MIP* 
with methanol–acetic acid (9:1, v/v).

The results of the cross-selectivity assessment of the MIP 
are shown in Table 2. The following observations indicate 
the successful imprinting effect on the polymer and the 
selectivity of the MIP: (1) the higher values of Kd for MA 
in MIP than in NIP (distribution coefficients of 198 vs. 59 
and 189 vs. 48 for the binary mixtures of MA/tt-MA and 
MA/HA, respectively); (2) the higher Kd values for MA in 
MIP compared to those of the interferents (distribution coef-
ficients of 198 vs. 28.5 for tt-MA and 189 vs. 99 for HA); 
(3) the higher values of k for MA in MIP than in NIP, which 
indicated the good ability of MIP to discriminate between 
MA and the interferents (selectivity coefficient of 6.95 vs. 
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0.63 for tt-MA and 1.91 vs. 0.55 for HA); and (4) the calcu-
lated kʹ, which evaluates the imprinting effectiveness of MIP. 
The values of kʹ for both binary mixtures (11.03 and 3.47) 
were greater than 1, confirming the successful imprinting 
effect of the MIP.

The evaluation of the recovery of MA in the presence of 
interferents (tt-MA and HA) using MIMEPS showed that the 
recoveries of MA, tt-MA, and HA were 89.6, 18, and 29%, 
respectively. The higher recovery of MA can be attributed to 
the presence of selective sites in the MIP structure.

Optimization of MEPS procedure

For the MEPS procedure, approximately 4 mg of the MIP 
was packed manually between two polyethylene frits inside 
a 250-µL syringe. The various parameters that affect the 
extraction efficiency of MEPS were optimized, including 
the number of extraction cycles, sample volume, type and 
volume of the washing solution, type and volume of the elu-
tion solution, and the pH of the sample. All procedures were 
performed in triplicate.

Extraction cycles and sample volume

Figure 2a shows the effects of the number of extraction 
cycles and the sample loading volumes on the recovery of 
MA. Five extraction cycles (2, 4, 6, 8, and 10 cycles) and 
three sample volumes (25, 50, and 100 µL) were investi-
gated. We used sample loadings of 10 µL/s measured by 
a chronometer to ensure better interactions between the 
analyte and MIP (Abdel-Rehim 2011). The recovery 
increased from 22.4% (2 × 25 µL sample loading) to 91.8% 
(8 × 100 µL sample loading). Increasing the number of sam-
ple loadings from 8 × 100 µL to 10 × 100 µL did not result 
in any additional increase in the extraction recovery. Thus, 
the sample loading of 8 × 100 µL was selected for the rest 
of the optimization process.

Washing solutions

An appropriate washing solution must be chosen to remove 
the unwanted components from the sorbent, minimize the 
loss of the analyte, and achieve a clean extract. In this study, 
1 × 100 µL of water and different aqueous solutions of meth-
anol (water–methanol 9:1, 8:2, and 7:3, v/v) were investi-
gated to remove the interferences and to assess their effects 
on the recovery of the analyte (Fig. 2b). When water–metha-
nol mixtures (8:2 and 7:3, v/v) were used, some losses of 
the analyte were noted. However, when water–methanol 
(9:1, v/v) or water was used, no losses of the analyte were 
observed. Therefore, an aliquot of 1 × 100 µL of water was 
selected as the washing solution for further experiments.

Elution solutions

The elution step is critically important for displacing the 
target analyte from the solid sorbent at the lowest possible 
volume. In this study, we investigated the efficacy of several 
elution solutions for the recovery of MA, i.e., ethanol, etha-
nol–acetic acid (1:1, v/v), methanol, methanol–acetic acid 
(1:1, v/v), and methanol–HCl (1:1, v/v) (Fig. 2c). Among 
these solutions, methanol–acetic acid (1:1, v/v) provided the 
highest extraction recoveries. Further optimization indicated 
that, among the different ratios of methanol–acetic acid (i.e., 
9:1, 8:2, and 7:3, v/v), the ratio of 8:2 (v/v) was the most 
effective in eluting the analyte (Fig. 2c). The recovery of MA 
increased from 39.8 to 91.6% as the volume of the elution 
solution increased from 1 × 50 µL to 2 × 100 µL. However, 
recoveries remained constant when the volume of the elution 
solution increased from 2 × 100 µL to 4 × 100 µL. There-
fore, an aliquot of 2 × 100 µL of methanol–acetic acid (8:2, 
v/v) was chosen as the eluent.

Table 2  Selectivity parameters [distribution coefficient (Kd), selectivity coefficient (k), and relative selectivity coefficient (kʹ)] for the MIP and 
NIP (MA is used as template)

a  The ratio of Kd for MA to Kd for tt-MA or HA
b  The ratio of kimprinted to knon-imprinted

Binary mixture Polymer Kd (mL/g) ka kʹb

MA tt-MA

1 MIP 198 28.5 6.95 11.03
NIP 59 94 0.63

Binary mixture Polymer Kd (mL/g) ka kʹb

MA HA

2 MIP 189 99 1.91 3.47
NIP 48 87 0.55
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pH of the sample

The pH is a critical parameter to achieve reproducible data. 
Therefore, the effect of pH on the recovery of MA was inves-
tigated in the pH range of 2–10 (Fig. 2d). Hydrochloric acid 
or sodium hydroxide solution was used to adjust the pH to 
the desired values. Figure 2d shows that good extraction 
recoveries occurred from pH values ranging from 2 to 5 with 
the highest recovery at pH 2.

Carryover

Carryover is a well-known problem in bioanalysis. In MEPS, 
since a small amount of a sorbent is used, it can be easily 
and effectively cleaned between injections to avoid carryover 
(Abdel-Rehim 2011; Moein et al. 2015a; Soleimani et al. 
2017). Therefore, MEPS is not disposable as compared to 
single-use SPE columns. Therefore, it is critical to choose 
a suitable cleanup solvent between injections to reduce or 

eliminate the possibility of carryover. In this study, carryo-
ver was investigated by analyzing a blank urine sample after 
injection of the highest standard (20 µg/mL). We investi-
gated several wash–discard cycles with the elution solution, 
i.e., 1 × 150, 2 × 150, 4 × 150, and 6 × 150 µL, followed by 
the washing solution. The 4 × 150 µL wash–discard cycles 
essentially eliminated carryover by reducing the level to 
only 0.3%, and the 6 × 150 µL wash–discard cycles gave 
approximately the same result. Thus, the use of 4 × 150 µL 
wash–discard cycles with the elution solution, followed by 
4 × 150 µL of the washing solution, was considered as a 
suitable procedure to avoid carryover.

Method validation

Figure 3 shows the representative chromatograms of a blank 
urine sample, a spiked urine sample with MA at LOQ, a 
urine sample from a worker who had been exposed to EB, 
and the chromatogram of a blank sample spiked with MA, 
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HA, and tt-MA at 2 µg/mL concentrations. No interfering 
peaks were observed at the retention time of MA when the 
standards, the QC samples, and the samples of EB-exposed 
workers were analyzed (Figs. 3a–c). In addition, in the pres-
ence of the interferents (HA and tt-MA), as described in 
the section of Study of the imprinting effect and selectivity 
of the MIP, no overlap was observed in the chromatogram 
(Fig. 3d), indicating good selectivity and the ability of the 
MIMEPS to remove interfering compounds and to enrich the 
MA to sufficient purity. A calibration curve was constructed 
for six concentrations ranging from 0.2 to 20 µg/mL. Under 
the optimized MIMEPS–HPLC–UV conditions, a close rela-
tionship between concentration and peak area was observed 
in the range we studied (R2 = 0.9994) (Table 3). The accu-
racy and precision were determined at three QC samples 
(0.2, 1, and 10 µg/mL). The accuracy of the method was 
within the range of −8.4 to −11.1%. Intra- and inter-day 
precisions (RSD%) varied from 3.6 to 4.7% and 3.8 to 5.4%, 
respectively, which indicated that the MIMEPS–HPLC–UV 
method had acceptable precision and accuracy (Table 3). 

LOD and LOQ were estimated to be 0.06 and 0.2 µg/
mL, respectively. The precision and accuracy of the LOQ 
concentration were 5.2 and −11.1%, respectively. Extraction 

recovery was determined by five replicates of the QC 
samples. The recovery values ranged from 88.9 to 91.6% 
(Table 3).

The method application for urine samples

The optimized MIMEPS–HPLC–UV procedure was applied 
for the determination of MA in urine samples from eight 
male workers who had been exposed to EB in a petrochemi-
cal plant. The urine samples were analyzed in triplicate. The 
results of the analyses are shown in Online Resource 3. The 
concentrations of MA measured in the workers’ urine sam-
ples were in the range of 1.0–14.7 µg/mL with %RSD <5.2.

Comparison of methods

Online Resource 4 provides a comparison of the results 
acquired using our technique with the results of other previ-
ously published methods for analyzing MA in urine samples. 
Sample preparation is still a bottleneck in the analytical tech-
niques that use the SPE or LLE methods for the determina-
tion of MA in urine samples (Inoue 1995; Mao et al. 1996; 
Ohashi et al. 2006; Wang et al. 2006; Lee et al. 2010) as 

Fig. 3  HPLC chromatograms 
of a blank urine sample of a 
non-smoker who did not drink 
alcoholic beverages, b the same 
blank sample spiked at LOQ, c 
urine sample of an EB-exposed 
worker, and d a blank urine 
sample spiked with MA, HA, 
and tt-MA (2 µg/mL each) after 
the MIMEPS procedure

Table 3  Method validation results

a  Relative standard deviation

QC (µg/mL) Linearity LOD (µg/mL) LOQ (µg/mL) Recovery (%) Mean con-
centration 
(n = 6)

Accuracy (%) Precision (%RSD)a

Intra-
day 
(n = 5)

Inter-day 
(n = 15)

0.2 y = 65234x − 88 
(R2 = 0.9994)

0.06 0.2 88.9 0.178 −11.1 4.7 5.1
1.0 90.1 0.900 −10.0 4.1 5.4
10 91.6 9.162 −8.4 3.6 3.8
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well as in the techniques that involve the derivatization step 
before GC and/or LC analysis (Ohashi et al. 2006; Wang 
et al. 2006; Lee et al. 2010). The MIMEPS–HPLC–UV 
method provided good recovery of MA, and the LOD and 
LOQ were similar or better than those reported in other 
published studies. In addition to having similar sensitivity 
to other methods, our procedure offers several advantages, 
including the lowest consumption of the solvent, the low-
est amount of sorbent material, the shortest sample prep-
aration time (about 5 min), high selectivity, and reuse of 
the sorbent for as many as 70 extractions. Therefore, the 
MIMEPS–HPLC–UV method can be a promising alternative 
for the determination of tt-MA in urine samples.

Conclusions

In our study, for the first time, a new sample preparation 
technique using the combination of MIP and MEPS was 
introduced for the determination of MA in urine samples. 
The MIMEPS–HPLC–UV method we used is selective, sen-
sitive, fast, inexpensive, and both user friendly and environ-
mentally friendly. Since MIMEPS is faster, simpler, and uses 
much smaller volumes of organic solvents than LLE and 
conventional SPE columns, it is suggested as an alternative 
to these methods for the biomonitoring of workers who are 
exposed to EB and/or styrene.
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