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of the metabolite 1-hydroxypyrene from urine prior
to its determination by HPLC
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Abstract The authors describe a method for the extraction of
1-hydroxypyrene (1-OHP) from urine by using a molecularly
imprinted TiO2 gel, and the determination of 1-OHP by
HPLC. This method was applied to determine levels of 1-
OHP in urine of patients in order to estimate the degree of
exposure to polycyclic aromatic hydrocarbons. The molecu-
larly imprinted TiO2 gel (MITiG) was prepared by polycon-
densation of titanium(IV) butoxide in the presence of the tem-
plate 1-OHP. The gel was deposited in the form of a thin film
on a quartz support, and the 1-OHP template was eluted. The
resulting MITiG binds 1-OHP much better than chemically
related species. The MITiG was then applied to prepare micro
beads (with a typical diameter of 500–600 μm) to enlarge the
specific surface. These beads were used to extract 1-OHP
from urine. Following elution of 1-OHP with ethanol, it was
quantified by HPLC with fluorescence detection at excitation/
emission wavelengths of 242/388 nm. Themethod is accurate,
cheaper and faster than the often used enzyme-based method.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs), which are formed
during the incomplete combustion of fossil fuels, are widely
distributed in our environment [1, 2]. Human exposure to
PAHs may occur through smoking, polluted air, food con-
sumption, and occupational contact. Many of them are con-
sidered to be dangerous environmental contaminants with mu-
tagenic and carcinogenic proper t ies . Urinary 1-
hydroxypyrene (1-OHP), a major metabolite of pyrene, has
been shown to exhibit a good relationship with PAH exposure
in various organisms; thus, it has been used as a biomarker in a
number of studies to monitor human exposure to PAHs [3–7].

There are several methods to detect urinary 1-OHP.
Among them, the practical and representative method
used in hospitals until now is the one reported by
Jongeneelen in 1987 [3]. At the Chungbuk National
University Hospital, his method has been used to detect
a patient’s urinary 1-OHP until now [5].

It is very difficult to detect urinary 1-OHP, because the
concentration of 1-OHP in urine is very low and it exists in
urine together with its several ester forms. Therefore, in
Jongeneelen’s method, enzymes such as β-glucuronidase
and arylsulfatase are used for the hydrolysis of the ester forms
to increase the amount of 1-OHP in urine, and high-
performance liquid chromatography (HPLC) is then used to
detect 1-OHP [3]. However, these enzymes are very expensive
and it takes more than 16 h for the hydrolysis of the ester
forms. Therefore, a cheaper, faster, and simpler method for
the detection of urinary 1-OHP is required.
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Molecular imprinting is a technique to create artificial recep-
tors which show mimic biological molecular recognition phe-
nomena [8–12]. This technique is based on the self-assembly of
certain components needed for imprinting, such as templates,
functional monomers, and cross-linking monomers to create a
polymer matrix. The template molecule is then removed from
the matrix under certain conditions, leaving behind a cavity
complementary in size and shape to the template. The obtained
cavity can function as a selective binding site for a specific
template molecule. Molecular imprinting materials have a wide
range of practical applications such as for separation, enzyme
mimicking, chemical sensing, and biosensing [13–16]. In gen-
eral, organic matrices [17–20] using cross-linked polymers, and
inorganic matrices [21–24] such as silica and titania prepared
using sol–gel technology are widely used for molecular im-
printing. Although organic matrices are dominant, inorganic
matrices have attracted practical interests because of their easy
control and simple deposition onto surfaces. In particular,
imprinted inorganic thin films have been applied to sensor
transducers because binding sites for a specific template mole-
cule are not far from the surface and ready access of template
molecules to binding sites is encouraged [25, 26]. In our previ-
ous studies, we have demonstrated the advantages of TiO2 gel
thin films as useful matrices for molecular imprinting; more-
over, molecularly imprinted TiO2 gel matrices showed good
recognition properties with high sensitivity and selectivity to
target analytes [27–30].

Over the last decade, various approaches to develop PAH-
imprinted polymer matrices have been proposed. Dickert et al.
reported PAH-imprinted polymers developed using cross-
linked polyurethanes, in which the chemical structure of the
imprinted molecule determines its selectivity [31, 32]. Kirsch
et al. reported a molecular imprinting system for 1-OHP based
on divinylbenzene and styrene, in which binding occurred
only on the basis of hydrophobic interactions [33]. Knopp et
al. reported six kinds of molecularly imprinted polymers
(MIPs) or microspheres for benzopyrene. MIPs using 4-
vinylpyridine and divinylbenzene as functional and cross-
linking monomers showed good recognition toward benzopy-
rene in water and coffee samples [34]. Krupadam et al. report-
ed an MIP-particle adsorbent for carcinogenic PAHs devel-
oped via a non-covalent templating technique by using
methacrylic acid as the functional monomer, and ethylene
glycol dimethacrylate as the cross-linker [35]. MIP particles
exhibited significant binding affinity toward PAHs even in the
presence of environmental parameters. Song et al. [36] and
Guo et al. [37] reported a new kind of inorganic MIP adsor-
bent for PAHs prepared on the basis of a covalent/non-
covalent hybrid strategy by using sol–gel technology.

Research on molecular imprinting started with studies on a
model enzyme reaction system. The most important advan-
tage of molecular imprinting over enzyme systems is that it
can be used under diverse conditions such as different

temperatures, pH values, and solvents. However, a major
drawback of molecular imprinting is that selectivity and turn-
over rate are lower than those in the case of enzyme systems.
In particular, slow turnover rate is a great obstacle to molecu-
lar imprinting research. A slow turnover rate arises when the
substrate is separated from cavities very slowly during molec-
ular imprinting. Therefore, we used a molecular imprinting
system as a tool for collecting 1-OHP. On the basis of this
strategy, we developed a new method for detecting urinary
1-OHP without using expensive enzymes or a long pretreat-
ment time. Our method was used to successfully detect uri-
nary 1-OHP at the Chungbuk National University Hospital. In
this paper, this novel method is introduced and explained.

Experimental

Materials and instruments

Titanium(IV) butoxide (TIBU) was purchased from Acros
Organics, USA. Pyrene, 1-hydroxypyrene (1-OHP), 1-
pyrenecarboxylic acid (PYCA), and 1-pyrenebutyric acid
(PYBA) were obtained from Aldrich, USA (http://www.
sigmaaldrich.com/korea.html). Naphthalene, 2-naphthol,
anthracene, and 2-anthracenecaroboxylic acid (ANCA) were
purchased from Tokyo Kasei, Japan (http://www.tcichemicals.
com/en/jp/index.html). Structures of chemicals used in this study
are shown in Supporting Information Figure S4. Deionized pure
water (18.3 MΩ cm) was obtained by reverse osmosis followed
by ion exchange and filtration (AquaMax™-Ultra, Younglin
Instrument, Korea, http://www.younglin.com). The bead
(Trilite AW90) was obtained from Samyang Co., Korea (http://
www.samyangcorp.com). Trilite AW90, which is a weakly basic
anionic exchange resin, was prepared using polystyrene and
divinylbenzene. The bead size was 400–720 μm, and above
95 % was 500–600 μm, and the homogeneity was less than 1.
2. The density of the bead was 640 g·L−1.

The scanning electronmicroscopy (SEM) analysis was per-
formed using both Hitachi S-2500C and Hitachi S-5200 V
scanning electron microscopes (http://www.hitachi.com).

Molecular imprinting on quartz plates

Titanium(IV) butoxide (TIBU) was used as a precursor of the
TiO2 matrix, and 1-OHP was used as a template molecule in
toluene/ethanol (1:1, v/v). This mixture was used for the prep-
aration of molecularly imprinted films. In order to determine
imprinting conditions in detail, the 1-OHP concentration in
the mixture was varied from 0 to 20 mM against 200 mM
TIBU. Only the 200 mM TIBU solution was used for the
non-imprinted film. Prior to film deposition, a quartz plate
was cleaned with concentrated sulfuric acid (96 %) and thor-
oughly washed with deionized pure water. This was followed
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by sonication (Branson 2210, USA, https://www.bransonic.
com) treatment with 1 wt% ethanolic KOH (ethanol/water
=3:2, v/v) for 30 min, washing with ethanol and water, and
finally drying by flushing N2 gas. The films were prepared by
spin-coating for 30 s at 4000 rpm (358 g) with 10 μL of the
film-forming stock solution on quartz plates under a N2 atmo-
sphere by using a YS-100D spin-coater system (Yooil
Engineering, Korea, http://www.yiengineering.com). The
films were then allowed to undergo hydrolysis and sol–gel
reactions in a 90 % humidity chamber at 25 °C for 12 h.

To remove template molecules, the prepared films were
immersed in ethanol for 20 min at 25 °C, thoroughly rinsed
with water three times, and dried using N2 gas. This treatment
led to the removal of template molecules, and resulted in the
formation of imprinted cavities in the TiO2 gel films. Their
removal was confirmed by characteristic UVabsorption peaks
for 1-OHP. UV absorption spectra were obtained using a
Lambda 35 UV spectrophotometer, PerkinElmer (http://
www.perkinelmer.com). Guest binding of 1-OHP and other
molecules to the imprinted and non-imprinted films was con-
ducted under the same conditions. Films were incubated in 0.
10 mM guest molecules in a 50 % aqueous methanol solution
at room temperature for 30 min, thoroughly rinsed with water
three times, and dried in a stream of N2 gas.

Molecular imprinting on bead

TIBU (1.360 g, 4.00 mmol) and 1-OHP (0.0681 g,
0.200 mmol) were added to 20 mL of a mixed solution of
ethanol and toluene (1:1, v/v). This solution was stirred for
3 h at 25 °C. Ten grams of the bead was added to the solution
and stirred for 1 h at 25 °C. The bead was then collected and
dried using N2 gas for 3 h. It was then allowed to undergo
hydrolysis and sol–gel reactions in a 90 % humidity chamber
at 25 °C for 12 h. To remove template molecules, the prepared
bead was immersed in 100 mL of ethanol for 30 min at 25 °C,
thoroughly rinsed with pure water and ethanol, and dried
using N2 gas.

Detection of 1-OHP in human urine

Hundred milligrams of the 1-OHP-imprinted bead was condi-
tioned with 1.0 mL of a 50 % methanol solution in a 10 mL
tube. A solution of 1.0 mL human urine and 1.0 mL methanol
was added to the tube, and the resultant mixture was incubated
for 4 h. The bead was then washed with 10 mL of water, and
was extracted with 1.0 mL of ethanol for 1 h.

A high-performance liquid chromatography (HPLC) sys-
tem (Hitachi, Tokyo, Japan), consisting of a pump (L-2130), a
fluorescence detector (L-7485), and an automatic injector (L-
7200), was used. A 150-mm reverse phase column (TSK gel
ODS-80TM, Tosoh, Tokyo, Japan) was used for analysis. The
mobile phase was an 80 % methanol solution. The flow rate

was 0.8 mL·min−1. Excitation/emission wavelengths used in
the detection were 242/388 nm.

Results and discussion

Molecular imprinting on quartz plates

The molecular imprinting was conducted usually using the
organic polymers as basic compounds. Recently, inorganic
polymers such as silicone oxide and titanium oxide were tried
to use as the basic compounds for molecular imprinting.
Silicone oxide was used more frequently than titanium oxide
because many kinds of the monomeric compounds for the
silicone oxide were existed. But we chose titanium oxide be-
cause the thin membrane using titanium oxide can be formed
more easily than silicone oxide.

In the first stage of this study, we attempted molecular
imprinting on quartz plates because the UV spectrum was
directly obtained; therefore, the extent of binding and removal
of substrates was easily estimated. Figure 1 shows a schematic
illustration of the molecular imprinting and rebinding proce-
dure for 1-OHP in TiO2 gel matrices; in addition, it also shows
a photograph of the stock solutions used: a) 200 mMTIBU, b)
10 mM 1-OHP, and c) a mixed solution of 200 mM TIBU and
10 mM 1-OHP. TIBU and 1-OHP solutions were colorless
and pale yellow, respectively. However, the mixed solution
was deep orange in color. This deep orange color was due to
the formation of a complex of TIBU and 1-OHP. These solu-
tions were deposited by spin-coating on a quartz plates, and a
1-OHP template was embedded in TiO2 gel matrices via a sol–
gel reaction. The sol–gel reaction was carried out in a 90 %
humidity chamber. After the completion of this reaction, the 1-
OHP template was removed via ethanol treatment. After tem-
plate removal, the remaining cavities provided specific bind-
ing sites for 1-OHP in TiO2 gel matrices.

Figure 2a and 2b show UV absorption spectra changes at
242 nm due to the removal and rebinding of 1-OHP, respec-
tively, on the quartz plates. All the UV spectra are shown in
Supporting Information Fig. 1S. The maximum absorbance of
1-OHP at 242 nm decreased rapidly upon incubation in etha-
nol. Eventually, the 1-OHP template in the TiO2 gel matrix
was completely removed within 10 min. The UV spectrum of
the film corresponding to after 1-OHP template removal
showed only TiO2 gel absorption, indicating that the template
molecules were completely removed from the TiO2 gel ma-
trix. In the rebinding experiment, the maximum absorbance of
1-OHP at 242 nm increased rapidly within 10 min. This ob-
servation indicated that 1-OHP binding occurred well in the
rebinding process. In the removal process, the absorbance at
242 nm decreased to −0.248; further, in the first rebinding
process, the absorbance at 242 nm increased to 0.267. These
values were recorded during the seven repetitions of removal
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and rebinding processes, and are shown in Fig. 2c and d,
respectively. In the seven repetitions of the rebinding process,
the average value of absorbance at 242 nm was
0.267 ± 0.0063; in the seven repetitions of the removal pro-
cess, the average value was −0.264 ± 0.0067. Thus, almost an
equal value was observed in both the removal and rebinding

processes. This indicates that the two processes occurred re-
peatedly in exactly the same manner.

The removal and rebinding processes were also investigat-
ed by IR spectroscopy. The procedure is shown in Supporting
Information, and the results are shown in Supporting
Information Fig. 2S.

Fig. 1 A schematic illustration
for molecular imprinting and
rebinding procedure of a 1-OHP
template in TiO2 gel matrices, and
a photograph of stock solutions
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Fig. 2 a UVabsorption changes
at 242 nm with time due to 1-
OHP removal from the imprinted
film. b UVabsorption changes at
242 nm with time due to 1-OHP
rebinding with the imprinted film.
c UVabsorption increase for re-
bound 1-OHP at 242 nm during
the repeated rebinding process. d
UVabsorption decrease for re-
moved 1-OHP at 242 nm during
the repeated removal process
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The surface morphology of the 1-OHP-imprinted films was
investigated from micrographs on the basis of atomic force
microscopy (AFM) measurements. The results are shown in
Supporting Information Fig. 3S. AFM micrographs indicated
that the films scarcely showed a change in their overall mor-
phology before and after template removal. The film surfaces
were extremely smooth and uniform over large areas with a
root mean square roughness of 0.211 nm and 0.240 nm before
and after template removal, respectively.

In order to determine the optimal imprinting conditions for
preparing 1-OHP-imprinted TiO2 gel plate, the template con-
centration in the mixture was varied from 0 to 20 mM against
200 mMTIBU. Figure 3a shows the UV spectrum of the plate
after 1-OHP rebinding according to the 1-OHP template con-
centration for molecular imprinting. An increased UV absor-
bance value was observed at 242 nm, as shown in Fig. 3b. The
figure shows a bell shape profile for the curve, and the max-
imum UVabsorbance increase was observed at a 1-OHP tem-
plate concentration of 10 mM. These results can be explained
on the basis of Fig. 4. The number of binding sites increased
with increasing template concentration. However, when the
template concentration was increased beyond the optimum
value, the template molecules overlapped (Fig. 4). The extent
of binding could be reduced by forming such overlapped sites.

It was concluded that 10 mMwas the optimum value of the 1-
OHP template concentration against 200 mM of TIBU for
achieving maximum 1-OHP binding.

Generally, during molecular imprinting, nonspecific bind-
ing occurs along with specific binding. Therefore, we pre-
pared a non-imprinted film and estimated the extent of non-
specific binding. The results are shown in Fig. 3c. The UV
absorbance increase at 242 nm for the non-imprinted plate was
0.11, whereas that for the 1-OHP-imprinted plate was 0.27.
This large difference indicated that imprinted sites were
formed on the latter plate.

Guest selectivity

The guest binding and selectivity of 1-OHP-imprinted plates
prepared using 10 mM template and 200 mM TIBU were de-
termined by UV spectroscopy measurements. The absorption
coefficient of each analyte used in the binding study was esti-
mated. All guest molecules were subjected to the intrinsically
same guest binding process. The binding density (mol cm−2) of
all guest molecules on each imprinted film was calculated from
their molecular extinction coefficients, and the relative binding
efficiency was defined as the molar ratio of the bound guest and
template molecules (νguest/νtemplate). The results for relative
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binding are listed in Table 1. The 1-OHP-imprinted plate
showed higher selectivity toward 1-OHP than toward
other guest molecules. The binding efficiency of the 1-
OHP-imprinted plate decreased in the following order:
1-OHP > 1-pyrenecarboxylic acid (PYCA) > 2-naphthol
>2 -an th raceneca roboxy l i c ac id (ANCA) > 1-
pyrenebutyric acid (PYBA) > pyrene > naphthalene >
anthracene. Guest molecules that possess a hydroxyl (2-
naphthol) or carboxylic functional group (PYCA,
ANCA, and PYBA) showed relatively higher binding
efficiency than pyrene, naphthalene, and anthracene,
which only possess an aromatic ring.

Molecular imprinting on bead

Using the data obtained from 1-OHP-imprinted plates, molec-
ular imprinting was conducted on a bead for detecting the 1-
OHP amount in human urine. The reason for selecting a bead
was to enlarge the imprinted surface area. We considered that
an enlarged surface area would be helpful in exactly detecting
the 1-OHP amount in human urine. We conducted 1-OHP
imprinting on the bead under the same conditions employed
in the previous experiment for plates. After 1-OHP imprinting
on the bead, SEM images were obtained and are shown in Fig.
5a. The coating surface can be observed in the SEM image; a

Table 1 Relative binding
efficiency of 1-OHP-imprinted
film for guest molecules

Guest λmax

(nm)
ɛa

(cm−1 M−1)
ΔAbs Binding density

(M cm)
Relative binding
efficiencyb

1-OHP 242 40,780 0.269 6.60 × 10−6 1.00

Pyrene 240 59,330 0.0101 1.70 × 10−7 0.026

Naphthalene 220 85,050 0.012 1.41 × 10−7 0.021

2-naphthol 225 68,430 0.174 2.54 × 10−6 0.38

Anthracene 252 179,040 0.0102 5.60 × 10−8 0.0085

ANCA 258 89,520 0.239 2.67 × 10−6 0.40

PYBA 242 60,320 0.0761 1.26 × 10−6 0.19

PYCA 243 46,490 0.142 3.05 × 10−6 0.46

a Absorption coefficient
b Relative binding efficiency of each analyte defined as the molar ratio of bound guest to bound 1-OHP

Fig. 4 Schematic illustrations of
TiO2-gel imprinted sites
according to template
concentration
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wrinkled pattern that was formed during the sol–gel reaction
can be observed in the enlarged image (Fig. 5b).

A confocal image for the 1-OHP-imprinted bead obtained
after 1-OHP rebinding is shown in Fig. 5c. The fluorescence at
the surface of the bead is due to the rebound 1-OHP.

Detecting 1-OHP in urine

The purpose of this study is to introduce a new method for
detecting 1-OHP in urine that is cheaper and simpler than
previously used methods. First, we check that the prepared

1-OHP-imprinted bead can be used to detect 1-OHP. For this,
100 mg of the prepared bead was incubated in a 1.0 mL 50 %
aqueous methanol solution containing 10.0 ng of 1-OHP for
3 h. The bead was then washed with water three times.
Thereafter, the bead was extracted using 1 mL of ethanol for
1 h, and the amount of recovered 1-OHP in ethanol was esti-
mated by HPLC. The results showed that the average recov-
ered amount of 1-OHP in seven repeated experiments was
9.81 ± 0.22 ng. The detailed data are shown in Supporting
Information Table 1S. The results show that 98.1 % of 1-
OHP was recovered.

Fig. 6 HPLC results for 1-OHP measurement in urine for a) enzyme-based method, and b) molecular imprinting method

a       b                          

c

70 m 1 

Fig. 5 a SEM image of 1-OHP-
imprinted bead, b SEM image of
the surface of 1-OHP-imprinted
bead, and c confocal image of 1-
OHP-imprinted bead after 1-OHP
rebinding
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In the next experiment, PYCA, 2-naphthol, ANCA,
PYBA, pyrene, naphthalene, anthracene, and 1-OHP (5.0 ng
of each) were incubated with 100 mg of the 1-OHP-imprinted
bead in a 1.0 mL 50% aqueous methanol solution for 3 h. The
bead was then extracted using 1 mL of ethanol for 1 h. The
amount of recovered 1-OHP in ethanol was estimated by
HPLC. The results showed that the average recovered amount
of 1-OHP in seven repeated experiments was 4.71 ± 0.08 ng.
The detailed data are shown in Supporting Information Table
2S. The results indicate that 94.2 % of 1-OHP was recovered.
This value is slightly lower than the previous result; however,
94.2 % can still be considered a significant value.

In the next experiment, we attempted to use the imprinted
bead to detect 1-OHP in human urine. The obtained results
were compared with those obtained using an enzyme-based
method [5]. The enzyme-based method was used at the
Chungbuk National University before our method was intro-
duced. The obtained HPLC profiles are compared in Fig. 6.
Figure 6a and b show the results for the enzyme-basedmethod
and our method using the 1-OHP-imprinted bead,

respectively. In Fig. 6a, many peaks can be observed in the
HPLC profile; moreover, the 1-OHP peak is positioned be-
tween large peaks. However, in Fig. 6b, not many peaks are
observed; therefore, the 1-OHP peak can be observed very
clearly.

The amount of 1-OHP was estimated using both our meth-
od and the enzyme-based method in 12 urine samples. The
results are shown in Table 2. In order to determine the corre-
lation between the two methods, plotting results are shown in
Fig. 7. In this figure, the correlation coefficient is 0.939. This
value indicates that the efficiency of our method is comparable
to that of the enzyme-based method.

The 1-OHP amount estimated using our method is relevant
to 46 % of that estimated using the enzyme-based method. In
the human body, pyrene is changed to 1-OHP and its ester
forms via a metabolic process. In the enzyme-based method,
some ester forms were changed to 1-OHP by reacting with the
enzyme. Because the amount of pure 1-OHP in urine is very
small, hydrolyzing enzymes must be used in the enzyme-
based method to increase the 1-OHP amount. In contrast, in
the case of our method, in which no enzymes are used, a clear
1-OHP peak was observed in the HPLC profile without
supporting the hydrolyzing enzymes.

In conclusion, an easy and cheap method for detecting 1-
OHP in urine without using enzymes and a long time pretreat-
ment process was introduced in this paper. But in order to be
used for 1-OHP detection more frequently at many organiza-
tions, our method must be standardized for mass production.
Especially the coating technique to control the coating thick-
ness had to be studied for mass production. It will be studied
next time.

Conclusions

As a basic experiment, 1-OHP-imprinted TiO2 gel films were
fabricated and used for detecting 1-OHP. These films showed
good guest selectivity and binding affinity to 1-OHP compar-
ing with other similar organic molecules, whose relative bind-
ing efficiencies were 0.0085–0.46. The obtained results were
utilized to use bead materials for practically detecting 1-OHP
in urine. The bead showed good extraction ability for 1-OHP
in artificial samples which contained 10.0 ng of 1-OHP in
1.0 mL solution, or contained 1-OHP and other similar organ-
ic molecules (5.0 ng of each) in 1.0 mL solution. Finally, this
bead was used for detecting 1-OHP in urine of 12 persons.
Our method showed the comparable 1-OHP detecting results
comparing with the enzyme-based method. Our method is
cheaper and simpler than the enzyme-based method for 1-
OHP detection.

Compliance with ethical standard The authors declare that they have
no competing interests.
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Fig. 7 Comparison of 1-OHP concentration in the case of molecular
imprinting method and enzyme-based method

Table 2 Urinary 1-OHP level measured bymolecular imprinting meth-
od and enzyme-based method

Sample No Enzyme method Molecular imprinting method

1 0.82 0.39

2 0.81 0.44

3 0.79 0.48

4 0.88 0.52

5 1.29 0.63

6 1.39 0.68

7 1.38 0.76

8 1.57 0.78

9 1.71 0.83

10 1.73 0.86

11 1.80 0.91

12 1.79 0.93
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