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Molecularly Imprinted Thin Polymeric Film
as a Fluorescent Sensor for Nucleotides

Maja Sadowska and Barbara Wandelt
Department of Molecular Physics, Faculty of Chemistry,
Technical University of Lodz, Lodz, Poland

The technology of molecular imprinting of polymers (MIPs) was used to obtain
optical sensors for nucleotides. The methacrylates were used as functional mono-
mers and 1,3-diphenyl-6-vinyl-1H-pyrazole-[3,4-b]-quinoline (PAQ) was used as
a fluorescent receptor and the nucleotides: guanosine 30,50-cyclic monophosphate
(cGMP) and adenosine 30,50-cyclic monophosphate (cAMP) were a template. The
optical sensor obtained as a thin-layer polymeric films was investigated by
steady-state fluorescence spectroscopy. The calculated association constant of the
cGMP imprinted sensor is Ka ¼ 1.7�104 M�1 and of cAMP imprinted sensor
Ka ¼ 9.9�104 M�1.

Keywords: fluorescence spectroscopy; MIPs; nucleotides; optical sensors; pyrazol-
equinolines

INTRODUCTION

At present, a wide range of optical sensors based on fluorescence
measurements have found application in medicine and biology, mainly
due to their non-invasive character of work [1]. Molecular imprinting
(MIPs) is a technology, which creates template-shaped cavities in the
polymer matrices with memory not only of the shape but also of
the electronic structure of the template molecules. This technology is
based on the recognition system used by enzymes for a substrate,
which is called the ‘‘lock and key’’ model. In recent decades, the
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molecular imprinting technique has been developed for use in recep-
tors, chromatographic separations [2,3], fine chemical sensing, etc.
Taking advantage of the shape selectivity of the cavity [4], the use
in catalysis for certain reactions has also been facilitated [5].

Molecularly imprinted materials are usually prepared using a
template molecule together with functional monomers that assemble
around the template molecule by interaction between functional
groups of both the template and monomers. Then, the mixture is cross-
linked during copolymerisation as shown in Scheme 1. The functional
monomers are polymerized to form an imprinted matrix. After polym-
erisation the template molecule is removed from the matrix, leaving
behind a cavity complementary in size and shape to the template.
After extraction the obtained molecular cavity can work as a selective
binding site for a specific template molecule [6]. In the optical sensor
interactions of the template with the receptor group or molecule result
in an analytical signal which gives information on molecular recog-
nition. This effect depends mostly on the mechanisms of interactions
between them.

In the case of a fluorescent receptor the fluorescence signal informs
us about changes inside the cavities and molecular recognition. In the
present study PAQ with the functional vinyl group was used as a
receptor, while cyclic guanosine monophosphate (cGMP) and cyclic

SCHEME 1 Molecular imprinting formation.
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adenosine monophosphate (cAMP) were the template. Our early inves-
tigations indicate quenching of fluorescence in the presence of nucleo-
tides when studied in solution [7]. Pyrazolequinoline derivatives were
investigated as active layers in electroluminescent devices [8].
Recently, we used PAQ as a fluorescent receptor in the polymeric sen-
sory system [9]. This molecule has strong and stable fluorescence
when it is incorporated into the polymer film. The molecularly
imprinted polymeric sensors presented previously [9] were character-
ized by good selectivity and reproducibility. We report here steady-
state fluorescence measurements of optical polymeric sensors with
built-in pyrazolequinoline derivative as a fluorosensor.

EXPERIMENTAL

Materials

2-hydroxyethyl methacrylate (HEMA) as a functional monomer and
trimethylolpropane trimethacrylate (TRIM) as a crosslinking agent
were obtained from Sigma-Aldrich Co. 1,3-diphenyl-6-vinyl-1H-
pyrazole-[3,4-b]-quinoline (PAQ) was prepared as described elsewhere
[10]. A photoinitiator – benzoin ethyl ether (BEE), adenosine 30,50-cyc-
lic monophosphate (cAMP), guanosine 30,50-cyclic monophosphate
(cGMP) used as a template and cytidine 30,50-cyclic monophosphate
(cCMP), guanine (2-Amino-6-hydroxypurine), adenine (6-aminopur-
ine) – compounds used to selectivity investigation, were purchased
from Sigma-Aldrich Co. Structures of these compounds are specified
in Figure 1. Tetrahydrofuran (THF) and methanol were obtained from
Sigma-Aldrich Co. The solvents were of spectroscopic grade and
checked for impurities by absorption and fluorescence measurements.

Preparation of Molecularly Imprinted Polymeric Films

Preparation of the polymeric sensor involves three steps: (1) formation
of a fluorosensor-template complex, (2) light-induced polymerization
with addition of the photoinitiator and (3) extraction and re-adsorption
of the template. The complexation took place in a mixture of 10�5 M
PAQ in THF and 10�5 M cGMP or cAMP in methanol in a 1:1 v=v ratio.
(The solvents had similar boiling point in the range from 65 to 67�C).
Then, the solution was mixed with HEMA, TRIM and benzoin ethyl
ether dissolved in methanol. The final mixture was cast on quartz
plates using the drop-casting method in the presence of argon, and
was exposed to UV irradiation (1 minute) with a maximum at 350 nm.
The films were subsequently stored in a vacuum oven for 24 hours

Polymeric Film as a Fluorescent Sensor for Nucleotides 205=[1247]
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at the pressure of 0.06 cm Hg at 65�C. The corresponding non-
imprinted polymer (NIP) was prepared in the same way, but methanol
was added instead of the template. The films were extracted in
distilled water for 24 hours. An aqueous solution of nucleotide of
appropriate concentration was used for incubation of the film. 24
hours were sufficient for re-adsorption of the template. To determine
association constants, a series of concentrations of nucleotides

FIGURE 1 Structures of component used to MIPs preparation: functional
monomers – HEMA – 2-hydroxyethyl methacrylate, TRIM – trimethylolpro-
pane trimethacrylate, PAQ – 1,3-diphenyl-6-vinyl-1H-pyrazole-[3,4-b]-quinoline,
photoiniciator – BEE – benzoin ethyl ether; templates – cGMP – guanosine
30,50-cyclic monophosphate, cAMP – adenosine 30,50-cyclic monophosphate;
compounds used to selectivity investigation – Guanine, cCMP – cytidine
30,50 cyclic monophosphate, Adenine.
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(10�3, 10�4, 10�5, 10�6 and 10�7 M) in water was prepared for the
analytical process. The non-imprinted polymer was treated using
the same procedure.

RESULTS AND DISCUSSION

The electronic absorption and steady-state fluorescence emission spec-
tra of the PAQ [11] and fluorescence quenching of this molecule in the
presence of nucleotides: guanosine 30,50-cyclic monophosphate (cGMP)
and adenosine 30,50-cyclic monophosphate (cAMP) in solution were
previously discussed [7,12]. The absorption spectrum of the PAQ com-
prises a high-energy strong absorption centred at 290 nm and broad
low-energy band at around 390 nm. This second band is due to a
charge transfer and it is sensitive to the environment of interaction.
The emission spectra were collected at the excitation wavelength of
390 nm.

The quenching of fluorescence from the film after incubation with
nucleotides was observed. The dependence on the concentration of
nucleotide has a linear character in the solvent and allowed us to cal-
culate Stern-Volmer constants. Figure 2 shows integrated fluores-
cence from the thin-layer cGMP imprinted polymeric films during
the step-by-step processing also when the film was incubated in the

FIGURE 2 Integrated intensity of fluorescence of cGMP imprinted polymer
in step by step processing, after incubation in presence of 10�4 M nucleotides
in water.
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presence of different nucleotides. Intensity is normalized in respect to
fluorescence intensity of non-imprinted film (NIP). Molecules, which
were chosen for this experiment, have a similar chemical structure
to the template (structures in Fig. 1). We did not observe a significant
change occur in the shape of the fluorescence spectra during the whole
experimental cycle. We observed only changes of the fluorescence
intensity depending on the molecule which the film was incubated
with. The electronic structure and the distribution of the functional
groups were fixed by the polymerization that the obtained cavities
acted selectively. Cavities present in the polymeric film absorb other
nucleotides, which is connected with the change of fluorescence.

Similar investigations were performed for cAMP-imprinted films.
Figure 3 shows the integrated fluorescence of step-by-step processing.
Molecularly imprinted polymeric sensors are characterized by good
reproducibility. The washing and re-adsorption cycle was repeated
twice and we expect that the material would work longer.

These measurements allow us to calculate selectivity factors from
the following equation:

aTemplate=Quencher ¼
I0 � ITemplate

I0 � IQuencher
ð1Þ

where:

I0 – intensity of MIPs fluorescence after extraction;
ITemplate – intensity of MIPs fluorescence in the presence of mole-

cules used as a template;
IQuencher – intensity of MIPs fluorescence in the presence of other

nucleotides – quenchers.

Values of calculated selectivity factors for cGMP-imprinted poly-
meric films and cAMP-imprinted films are shown in Tables 1 and 2,
respectively. Factor a obtained for cAMP-imprinted film incubated
with cGMP is lower than one. This suggests that in spite of cavities
produced by cAMP, cGMP better interacts with the pyrazolequinoline
receptor. As we know from our previous studies, in solution cGMP is a
stronger quencher than cAMP. This is proved by Stern-Volmer con-
stants determined from the linear dependences of relative intensity
change with the concentration of these nucleotides. The Stern-Volmer
constants are KSV(cGMP) ¼ 3.1� 103 M�1, KSV(cAMP) ¼ 1.2� 103 M�1.
This is compatible with the result obtained for the polymeric sensory
system. Significant quenching was observed for cGMP-imprinted film
in contrast with cAMP-imprinted film.

208=[1250] M. Sadowska and B. Wandelt
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Dependence of I0=I versus concentrations of the used nucleotide is
shown in Figure 4. One can see that the quenching process has
non-linear character. The graph in Figure 4 may be described by the
modified Stern-Volmer equation [13].

I0

I
¼ 1þKa½Q�

1þ kFQ

kF
Ka½Q�

ð2Þ

where:
I0 – fluorescence intensity without the quencher (nucleotides);
I – fluorescence intensity in the presence of nucleotides;
Ka – association constants;
kFQ – process rates of fluorescence from F-Q complex;
kF – process rates of fluorescence from the fluorophore.

FIGURE 3 Integrated intensity of fluorescence of cAMP imprinted polymer
in step by step processing, after incubation in presence of 10�4 M nucleotides
in water.

TABLE 1 Selectivity Factor for cGMP-Imprinted Film
in Presence of Different Nucleotides

cGMP=Nucleotide a

cGMP=cAMP 2.38
cGMP=cCMP 4.07
cGMP=Guanine 1.90

Polymeric Film as a Fluorescent Sensor for Nucleotides 209=[1251]
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As we can see in Figure 4, incubation of polymeric film in series of
solutions caused a decrease of fluorescence intensity in almost every
case. Exception was incubation in 10�7 M solution. In this case the
concentration is probably too small and the molecules of nucleotides
are not visible to the sensory system. This solution acts as a solvent
which washed the rest of adsorbed nucleotides.

Equation (2) was used to fit the plot and to calculate the association
constants. Calculated Ka-values are given in Table 3. A reference sam-
ple was a non-imprinted polymeric film (NIP) treated in the same way
as the imprinted film. Significant differences of Ka for cGMP and cAMP
imprinted films may be cause by different mobility of the compounds
during of the processing. The driving forces are certainly responsible
for enhanced Ka for cAMP, but the reason is not known yet.

CONCLUSIONS

Molecularly imprinted polymeric sensors are characterized by good
reproducibility and this material may be used repeatedly. The

FIGURE 4 Dependence I0=I versus concentration of nucleotides, adsorption
for (a) cGMP-imprinted films incubated with cAMP; (b) cAMP-imprinted poly-
mer incubated with cGMP. Plot was fitted by modified Stern-Volmer equation.

TABLE 2 Selectivity Factor for cAMP-Imprinted Film
in Presence of Different Nucleotides

cAMP=Nucleotide a

cAMP=cGMP 0.53
cAMP=cCMP 5.00
cAMP=Adenine 1.25

210=[1252] M. Sadowska and B. Wandelt
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imprinted films are able to recognize the molecule, the structure of
which was imprinted before, so that they selectively adsorb this mol-
ecule. The steady-state fluorescence measurements show quenching
of fluorescence when the nucleotide=template was adsorbed into the
imprinted cavity. Although the selectivity of adsorption of the tem-
plate (cGMP or cAMP) when measured against some other nucleotides
is satisfactory, the fluorescence quenching in the presence of another
nucleotide is still noticeable. Calculated selectivity factors correspond
to the factors obtained for the pyrazolequinoline molecule put into
poly(methyl methacrylate) matrix. The pyrazolequinoline receptor
incorporated in the polymer makes a possibly non-invasive measure-
ment of the film. Calculated value of association constants for pyrazo-
lequinoline receptor are comparable to the value obtained for other
similar systems (e.g., vinylpyridine receptor [14]).
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