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We report on the colorimetric and fluorimetric responses of the cationic water-soluble polythiophene
derivative poly[3-(2-(N-(N0-methylimidazole))ethoxy)-4-methylthiophene] in presence of different
phosphates with a focus on ATP. UV/Vis absorbance and fluorescence measurements show that ATP
concentrations can be determined in aqueous solutions with a sufficient selectivity to other phosphates.
Measurements of circular dichroism reveal that the polymer forms a random coil structure that exhibits
no signal in the CD spectrum. Upon addition of ATP the conformation changes to a helix, yielding in
strong CD peaks. These experimental data suggest that this polymer is an attractive, simple and versatile
colorimetric and fluorimetric probe for nucleoside triphosphates such as ATP.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Conducting polymers have attracted a high attention in recent
years due to their remarkable electrical and optical properties
[1e3]. Extended p-systems are a common feature of suchmaterials.
Hence, aromatic heterocycles are often applied as monomer
building blocks. Polythiophenes (PTs), for instance, have been
implemented in organic LEDs, nonlinear optical devices, photore-
sists, antistatic coatings, batteries, artificial noses and smart or
electrochromic windows [4e7], as well as in electrochemical or
optical chemo- and biosensors [8e12].

Certain phosphates play an important role in biological systems,
in the form of inorganic phosphates, pyrophosphate, nucleotides, as
free species or assembled in the DNA backbone. Adenosine
triphosphate (ATP) represents one of the most important members
of this category of biomolecules, being referred to as the “currency
of energy” of living organisms. This particular source of energy is
featured in a variety of important processes. ATP is accumulated
during metabolic processes such as glycolysis and is harnessed by
enzymes such as different types of ATPases for transportation of
certain ions (e.g. of alkaline and alkaline earth metals or of
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transition metals) and protons through the cell membrane against
the gradient. Additionally, protein kinases are responsible for the
phosphorylation of proteins using ATP as substrate in order to
impact the biological function of the target molecule. On the other
hand, adenylyl cyclases catalyze the production of the important
cellular messenger molecule cyclic AMP (cAMP) from ATP. Thus,
there is a lot of interest in the detection and monitoring of phos-
phates species in order to control the above mentioned processes.
This enables also the screening of drugs for their impact on these
pharmaceutically relevant enzymes.

An abundance of luminescent probes for the determination of
ATP, pyrophosphate or related phosphate compounds have been
designed in the past years [13,14]. Typical examples are zinc dipi-
colylamine [15e19] complexes, 3-hydroxy-40-(dimethylamino)
flavones [20], fluorophores bearing macrocyclic [21] or open chain
polyamine receptors [22], and lanthanide complexes [23,24]. The
advantages of using fluorescent molecular probes are that they can
respond reversibly to ATP, no additional enzymes are required as in
the case of the bioluminescent luciferase reaction, and also no
antibodies as in case of the numerous immunoassays for the
determination of phosphorylated biomolecules. However, all of the
known probes show a limited applicability in complex biological
matrices, because they are prone to interferences and often lose
their selectivity for ATP recognition at physiological conditions.
This is particularly the case for media with millimolar concentra-
tions of Mg2þwhich are required for many enzymatic reactions, e.g.
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for the hydrolases or phosphoryl transferases mentioned above.
Indeed, a luminescent terbium norfloxacin complex was used to
monitor the consumption of ATP by a bacterial adenylyl cyclase and
to study the effect of enzyme regulators [25]. However, this probe
cannot be adapted to other enzymatic reactions as it proved to be
too prone to interferences.

Water-soluble poly(3-alkoxy-thiophene)s (PATs) can also
interact with phosphates and enable their fluorescent determina-
tion in aqueous solution around pH 7. In particular, a PAT derivative
with trimethylammonium side chains showed a significant bath-
ochromic shift of its absorbance and undergoes fluorescence
quenching in presence of ATP [26]. Furthermore, it was demon-
strated that supramoleular complexes of this polythiophene
derivative with ATP exhibit a circular dichroism (CD) effect [7].
Though, our own studies revealed that these macromolecular
probes show only limited selectivity in buffer systems containing
physiological concentrations of Mg2þ. The methylimidazolium
derivative PAT-1was reported to undergo structural changes when
being exposed to DNA [28,29]. Again, these are accompanied by
a red shift of the absorbance of the PT backbone, a quenching of its
fluorescence, and the appearance of CD signals. Imidazolium or
naphthimidazolium receptors for selective recognition of phos-
phate anions were used in many different approaches [30e32].

In this study we describe the effect of the single nucleotides
ATP and GTP as well as a series of other phosphate species (ADP,
cAMP, GDP, cGMP, phosphate and diphosphate) on the spectral
properties of PAT-1 in aqueous solution including UV/Vis absorp-
tion, fluorescence emission, and CD. The experiments reveal that
ATP can easily be determined by fluorescence measurements
within a broad dynamic range depending on the added polymer
concentration.

2. Materials and methods

2.1. Reagents

Adenosine-50-triphosphate disodium salt (ATP), adenosine-50-
diphosphate sodium salt (ADP), adenosine-30,50-cyclic mono-
phosphate (cAMP), guanosine-50-triphosphate sodium salt (GTP),
guanosine-50-diphosphate sodium salt (GDP), guanosine-30,50-
cyclic monophosphate (cGMP), 3-methoxy-4-methylthiophene,
2-bromoethanol, sodium methoxide in methanol and 1-
methylimidazole were from Sigma, Magnesium dichloride hexa-
hydrate, tetrasodium pyrophosphate decahydrate (PPi), trisodium
phosphate dodecahydrate (Pi) and ready to use HEPES (2-(4-(2-
Hydroxyethyl)-1-piperazinyl)-ethan sulfonic acid) buffer of pH 7.4
were purchased from Merck KgaA (Darmstadt, Germany).
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Scheme 1. Synthesis of monomer unit 3-(2-(N-(N0-methylimidazole))ethoxy)-4-methylth
2.2. Spectroscopy

All experiments were carried out in 1 cm quartz cuvettes. The
UV/VIS absorption spectra were obtained by a Hitachi U-3000
spectrophotometer, the fluorescence spectra by an Aminco
Bowman Series 2 luminescence spectrometer. The CD spectra were
achieved with a Jasco J-710 spectropolarimeter. All measurements
were performed in a 10 mM HEPES buffer at pH 7.4. The phosphate
solutions were freshly prepared in the same media.

2.3. Microwell plate assay

As an alternative to the measurements in cuvettes with fluo-
rescence spectrometers commonly used microwell plate fluores-
cence readers can be used. In this case, the calibration of the
fluorescence response of PAT-1 in presence of ATP, ADP and PPi was
carried out with a commercially available reader from BMG Labtech
(FLUOstar OPTIMA, equipped with a broadband excitation filter
400e440 nm and a t 520 nm emission filter for detection). The
assays were performed in 96-microwell plates from Greiner Bio-
One GmbH (Frickenhausen, Germany).

2.4. Polymer synthesis

The synthesis of PAT-1 was carried out according to Ho et al [28].
Briefly, the monomer unit 3-(2-(N-(N0-methylimidazole))ethoxy)-
4-methylthiophene 1 was prepared in three steps. First, 3-bromo-
4-methylthiophene was converted to 3-methoxy-4-
methylthiophene with sodium methoxide. This was transformed
to 3-(2-bromoethoxy)-4-methylthiophene with 2-bromoethanol.
Finally, the monomer was obtained by conversion with 1-
methylimidazole. The polymerization was accomplished by oxida-
tion with FeCl3 in anhydrous chloroform under argon atmosphere
(Scheme 1). After stirring of 24 h at room temperature the solvent
was evaporated and the crude product washed three times with
methanol. The polymer was filtered and purified by Soxhlet
extraction with acetone. Afterwards, the polymer was ingested in
methanol and completely solubilized by addition of anhydrous
hydrazine and strong stirring. The resulting product was precipi-
tated by addition of a saturated solution of tetrabutylammonium
chloride in acetone and washed again with acetone, and then dried
under reduced pressure.

3. Results and discussion

The water-soluble cationic polymer PAT-1 was synthesized
via oxidative polymerization of 3-(2-(N-(N0-methylimidazole))
ethanol

ne

-

FeCl3

CHCl3

PAT-1

iophene and oxidative polymerization to PAT-1. NMP ¼ N-Methyl-2-pyrrolidon [24].



Fig. 1. Absorption (A) in arbitrary units of PAT-1 at a concentration of c ¼ 100 mmol L�1 based on monomer unit in absence and presence of different concentrations of ATP (A), ADP
(B), PPi (C), and Pi (D) in a 10 mM HEPES buffer at pH 7.4, T ¼ 25 �C.
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ethoxy)-4-methylthiophene with FeCl3 in chloroform [28,29].
Usually, this method leads to polymers with an average molecular
weight of 6e10 kDa [33,34].

The absorption spectra for PAT-1 in aqueous solution are pre-
sented in Fig. 1A. The maximum at 400 nm represents the
absorption of the random coil form of the polymer [26,28]. The
torsion of its backbone leads to a reduced effective conjugation
length. Upon addition of ATP this absorption band decreases while
three new maxima at 495, 530 and 580 nm can be observed. Thus,
a conformational change of the polymer backbone occurs due to
the interaction with ATP. The bathochromic shift of the absorption
indicates an elongation of the effective conjugation length. The
phosphate anions shield the repulsion of the positively charged
methylimidazolioum units which enables the formation of higher
ordered structures. Solvatochromic studies of a polythiophenewith
oligo(ethylene oxide) side chains revealed the same effect [35]. A
red shift of the absorbance was observed after addition of water to
Fig. 2. Absorption (A) in arbitrary units of PAT-1 (c ¼ 100 mmol L�1 based on monomer unit
7.4, T ¼ 25 �C.
a solution of the polymer in THF. Alike, the new absorption band
showed a vibronic fine structure. This can be attributed to an
aggregation of the polymers which leads to an extended confor-
mation and a planarization of adjacent monomer units due to p-
stacking interactions [36]. This aggregation is particularly strong in
presence of the triphosphate ATP and less pronounced after addi-
tion of ADP (Fig. 1B) or pyrophosphate (PPi) anions (Fig. 1C), in
which cases much higher concentrations are required to achieve
a shift of the absorption band. Similar, but slightly higher responses
can be observed for GTP and GDP, respectively (see Fig. 2). The
conformational changes of cationic polythiophenes induced by
interactions with nucleotides have been discussed by Ho et al [37].

This indicates that the number of negatively charged phosphate
groups is the dominating factor for the formation of supramolec-
ular aggregates. The nucleotide is not important for the shift of the
absorption spectrum as can be deduced from the comparison
between the responses for ADP and PPi. This is in coincidence with
) in absence and presence of GTP (left) and GDP (right), in a 10 mM HEPES buffer at pH



Fig. 3. Fluorescence emission (F) in arbitrary units of PAT-1 (c ¼ 10 mmol L�1 based on monomer unit) in absence and presence of different concentrations of ATP (A), ADP (B), Pi (C)
and PPi (D) in 10 mM HEPES buffer at pH 7.4, lex ¼ 405 nm, T ¼ 25 �C.
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the behaviour of the trimethylammonium-derived polythiophene
studied by Li et al [26]. The addition of phosphate (Pi, Fig. 1D) as
well as of AMP, cAMP or cGMP (results not shown) did not induce
any spectroscopic changes. ATP concentrations ranging from
Fig. 4. Quenching of the fluorescence emission (F) of PAT-1 (c ¼ 10 mmol L�1 based on
monomer unit) in presence of ATP (-), ADP (:), and PPi (C), in 10 mM HEPES buffer
at pH 7.4, lex/lem ¼ 405/520 nm, respectively, T ¼ 25 �C. The values are referenced
against the fluorescence intensity of PAT-1 (F0). The single plots can be fitted
sigmoidally, which is shown exemplarily for ATP.
10 mmol L�1 to 500 mmol L�1 can be determined with PAT-1
concentrations of 100 mmol L�1 in relation to the monomer unit
with high selectivity to other phosphate species by measuring the
increase of the longwave absorption.

In biological assays and in optical sensing fluorimetric tech-
niques are preferred compared to colorimetric methods because of
Fig. 5. Quenching of the fluorescence emission (F) of PAT-1 (c ¼ 10 mmol L�1 based on
monomer unit) in presence of ATP (-), ADP (,), and PPi (C), in 10 mM HEPES buffer
at pH 7.4, T ¼ 25 �C obtained by a microwell plate reader. The values are referenced
against the fluorescence intensity of PAT-1 (F0). lex/lem ¼ 400e440/520 nm.



Fig. 6. Quenching of the fluorescence emission (F) of PAT-1 (c ¼ 10 mmol L�1 based on
monomer unit) in presence of GTP (-) and GDP (:), with sigmoidal fits, in 10 mM
HEPES buffer at pH 7.4, lex/lem ¼ 405/525 nm, respectively, T ¼ 25 �C. The values are
referenced against the fluorescence intensity of PAT-1 (F0).

Table 1
Quenching efficiency F/F0 for PAT-1 of different nucleotides at a molar ratio of 1:2 of
nucleotide to monomer unit.

Nucleotide ATP GTP ADP GDP

F/F0a 0.20 0.09 0.88 0.77

a Fluorescence intensity of PAT-1 in absence of quencher.

Fig. 7. Fluorescence emission (F) in arbitrary units of PAT-1 (c ¼ 10 mmol L�1 based on mono
cGMP (C) in 10 mM HEPES buffer at pH 7.4, lex ¼ 405 nm, T ¼ 25 �C.

C. Spangler et al. / Dyes and Pigments 95 (2012) 194e200198
their higher sensitivities. Therefore, we studied the fluorescence
response of PAT-1 in presence of different phosphate species. The
resulting emission spectra are presented in Fig. 3. Excitation at
405 nm leads to an intense fluorescence emissionwith a maximum
at 525 nm. Upon addition of ATP the emission intensity decreases
depending on the concentration of ATP (Fig. 3A). Hence, the
formation of planar conformations and polymer aggregates causes
a strong quenching of the polythiophene fluorescence due to p-p
interactions. Again, the quenching in presence of ADP (Fig. 3B) and
PPi (Fig. 3C) is much weaker. No fluorescence quenching can be
observed in presence of Pi (Fig. 3D), and cAMP (data not shown).
The resulting response curves are displayed in Fig. 4. The referenced
fluorescence intensity F/F0 at l ¼ 525 nm decreases approximately
linearly up to concentrations of 5 mmol L�1 of ATP, where quenching
reaches saturation. This point represents a ratio of 1:2 of ATP to
monomer unit. The assays can also be performed in a conventional
microwell plate fluorescence reader which shows similar response
curves (Fig. 5).

The guanosine phosphates GTP and GDP quench the fluores-
cence similarly to ATP and GDP, respectively. However, the
quenching efficiencies are significantly higher compared to the
corresponding adenosine phosphates (Fig. 6, Table 1). In contrast to
cAMP, cGMP quenches the fluorescence slightly, whereas no red-
shifted absorption bands can be observed in presence of cGMP.
The corresponding fluorescence spectra are shown in Fig. 7. These
findings indicate that the guanosine unit exerts an additional
quenching effect which is independent from structural changes. It
exhibits a lower oxidation potential than the other nucleosides and,
therefore, can induce a nonradiative relaxation of the excited state
of the fluorophor by photoinduced electron transfer processes
mer unit) in absence and presence of different concentrations of GTP (A), GDP (B), and
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[38,39]. However, as the response of the red-shifted absorption is
also more distinct in case of GTP and GDP (Fig. 2) compared to ATP
and ADP (Fig. 1A and B), respectively, also other factors must be
involved and the occurrence of electron transfer processes remains
as a hypothesis.

These data show that this macromolecular probe is applicable to
the fluorescent determination of ATP with high sensitivity and
sufficient selectivity compared to other phosphate species. The
dynamic range of the response can be adjusted by changing the
polymer concentration. Furthermore, the magnitude of fluores-
cence quenching at a certain concentration of ATP exhibits a good
reproducibility with low standard deviations. The changes in
absorbance and fluorescence emission occur immediately.

The appearance of circular dichroism (CD) in presence of ATP is
another noticeable effect to study conformational changes of the
polymer backbone. The CD spectrum of PAT-1 is presented in
Fig. 8.The random coil structure of the polymer shows no CD signal,
as expected. But as the 3D structure is changed upon addition of
ATP, a strong split-type CD of the pep* transition band can be
observed. The CD spectrum of the supramolecular complex
between ATP and PAT-1 displays two maxima at 540 and 575 nm
with a negative CD, and a third maximum at 460e470 nm,
depending on the ATP concentration, with a positive CD. Thus,
the vibronic fine structure of the absorption spectrum is retained.
The zero crossing points are in the range between 500 and 515 nm.
The reverse CD bands are a hint for the formation of a right-handed
helical form and exciton coupling between aggregated polymer
chains [36,40]. The CD signal in presence of ATP is specific because
no signals can be obtained with ADP, cAMP and PPi up to concen-
trations of 500 mmol L�1. Thus, the interaction with the nucleoside
triphosphate is essential for the formation of the chiral supramo-
lecular complexes. It can be assumed that p-stacking interactions
between the nucleobases and the methylimidazolium units induce
the helical superstructure of the polymer chains [27,40].

It has to be emphasized that the response to ATP (and also GTP)
is significantly decreased and the selectivity compared to ADP and
PPi disappears if the concentration of Mg2þ exceeds 0.5 mmol L�1.
This applies likewise to the colorimetric, fluorescent, and CD based
assay. Thus, the probe is not suitable to determine ATP selectively in
more complex biological samples or to monitor certain enzymatic
ATP conversions, as the corresponding enzymes (e.g. kinases, ade-
nylyl cyclases or ATPases) require mmolar concentrations of Mg2þ.
The concentration of Mg2þ in plasma is usually between 0.75 and
Fig. 8. CD spectra of PAT-1 (c ¼ 100 mmol L�1 based on monomer unit) in absence and
presence of different concentrations of ATP in 10 mM HEPES buffer at pH 7.4, T ¼ 25 �C.
1.1 mmol L�1. This loss of response was also observed for the tri-
methylammonium analogue of the polymer. Nevertheless, this
probe is applicable to the fluorescent determination of ATP if the
concentration of Mg2þ can be kept below 0.5 mmol L�1 in form of
cheap and straightforward assays. It is also appropriate for high-
throughput analysis using conventional fluorescence microwell
plate readers.

4. Conclusions

We have examined the potential of the water-soluble poly-
thiophene derivative PAT-1 as a probe for colorimetric and fluo-
rescent determination of ATP. The selectivity of the spectral
response in comparison with other phosphate species such as ADP,
cAMP, Pi, and PPi has been studied. The findings demonstrate that
this probe has a sufficient sensitivity and selectivity for the deter-
mination of ATP in buffered aqueous solution if the concentration of
Mg2þ is lower than 0.5 mmol L�1, particularly, if the fluorescence
quenching effect is used as detection method. The response occurs
very fast and can be utilized for rapid and easy to perform assays
also in a high-throughput screening mode. Maximum quenching is
achieved at a molar ratio of 1:2 of ATP to monomer unit. The
dynamic range and lower detection limit of this assay can be easily
adjusted by the choice of the polymer concentration. The quench-
ing is induced by planarization and aggregation of polymer
segments in presence of ATP. The characterization by CD spec-
troscopy reveals another interesting property of the supramolec-
ular complexes between PAT-1 and ATP, namely the formation of
helical structures.

The guanosine phosphates GTP, GDP and cGMP generate similar
spectral responses as the corresponding adenosine phosphates, but
the guanine unit causes an additional quenching effect, presumably
by a photoinduced charge transfer process. This reveals that two
contributions are in charge of the fluorescence response: structural
changes of the polymer backbone induced by interactions with the
triphosphate units and fluorescence quenching induced by the
single nucleobase units.

Acknowledgements

Financial support by the DFG (Deutsche For-
schungsgemeinschaft, SCHA 1009/4-3) is gratefully acknowledged.
We also thank Prof. Mario Leclerc for providing the protocol for
monomer and polymer synthesis.

References

[1] Chiang CK, Fincher Jr CR, Park YW, Heeger AJ, Shirakawa H, Louis EJ, et al.
Electrical conductivity in doped polyacetylene. Phys Rev Lett 1977;39:
1098e101.

[2] Shirakawa H, Louis E, MacDiarmid AG, Chiang CK, Heeger AJ. Synthesis of
electrically conducting organic polymers: halogen derivatives of poly-
acetylene, (CH). J Chem Soc Chem Commun; 1977:578e80.

[3] Reddinger JL, Reynolds JR. Molecular engineering of p-conjugated polymers.
Adv Polym Sci 1999;145:57e122.

[4] McCullough RD. The chemistry of conducting polythiophenes. Adv Mater
1998;10:93e116.

[5] Roncali J. Conjugated poly(thiophenes): synthesis, functionalization, and
applications. Chem Rev 1992;92:711e38.

[6] Perepichka IF, Perepichka DF, Meng H, Wudl F. Light-emitting polythiophenes.
Adv Mater 2005;17:2281e305.

[7] Perepichka IF, Perepichka DF, editors. Handbook of thiophene-based mate-
rials. Chichester: John Wiley & Sons; 2009.

[8] Scheib S, Bäuerle P. Synthesis and characterization of oligo- and crown ether-
substituted polythiophenesea comparative study. J Mater Chem 1999;9:
2139e51.

[9] McQuade DT, Pullen AE, Swager TM. Conjugated polymer-based chemical
sensors. Chem Rev 2000;100:2537e74.

[10] Béra-Abérem M, Ho HA, Leclerc M. Functional polythiophenes as optial
chemo- and biosensors. Tetrahedron 2004;60:11169e73.



C. Spangler et al. / Dyes and Pigments 95 (2012) 194e200200
[11] Rahman A, Kumar P, Park DS, Shim YS. Electrochemical sensors based on
organic conjugated polymers. Sensors 2008;8:118e41.

[12] Leclerc M. Optical and electrochemical transducers based on functionalized
conjugated polymers. Adv Mater 1999;11:1491e8.

[13] Spangler C, Schäferling M, Wolfbeis OS. Flurescent probes for micro-
determination of inorganic phosphates and biophosphates. Microchim Acta
2008;161:1e39.

[14] Zhu Y, Xu Z, Yoon J. Fluorescent and colorimetric chemosensors for detection
of nucleotides, FAD and NADH: highlighted research during 2004e2010.
Chem Soc Rev 2011;40:2222e35.

[15] Moro AJ, Schmidt J, Doussineau T, Lapresta-Fernandéz A, Wegener J, Mohr GJ.
Surface-functionalized fluorescent silica nanoparticles for the detection of
ATP. Chem Commun 2011;47:6066e8.

[16] Ojiida A, Park SK, Mito-oka Y, Hamachi I. Efficient fluorescent ATP-sensing
based on coordination chemistry under aqueous neutral conditions. Tetra-
dedron Lett 2002;43:6193e5.

[17] Jang YJ, Jun EJ, Lee YJ, Kim YS, Kim JS, Yoon J. Highly effective fluorescent and
colorimetric sensors for pyrophosphate over H2PO4

� in 100% aqueous solution.
J Org Chem 2005;70:9603e6.

[18] Ree HW, Lee SH, Shin IS, Choi SJ, Park HH, Han K, et al. Detection of kinase
activity using versatile fluorescence quencher probes. Angew Chem Int Ed
2010;49:4919e23.

[19] Lee DH, Kim SY, Hong JI. A fluorescent pyrophosphate sensor with high
selectivity over ATP in water. Angew Chem Int Ed 2004;43:4777e80.

[20] Pivovarenko VG, Vadzyuk OB, Kosterin SO. Fluorimetric detection of adeno-
sine triphosphate with 3-hydroxy-40-(dimethylamino)flavones in aqueous
solution. J Fluoresc 2006;16:9e15.

[21] Fenniri H, Hosseini MW, Lehn JM. Molecular recognition of NADP(H) and ATP
by macrocyclic polyamines bearing acridine groups. Helv Chim Acta 1997;80:
786e803.

[22] Vance DH, Czarnik AW. Real-time assay of inorganic phosphatase using
a high-affinity chelation-enhanced fluorescence chemosensor. J Am Chem Soc
1994;116:9397e8.

[23] Schäferling M, Wolfbeis OS. Europium tetracycline as a luminescent probe for
nucleoside phosphates, and its application on the determination of kinase
activity. Chem Eur J 2007;13:4342e9.

[24] Miao Y, Liu J, Hou F, Jiang C. Determination of adenosine disodium triphos-
phate (ATP) using norfloxacin-Tb3þ as a fluorescence probe by spectro-
fluorimetry. J Luminesc 2006;116:67e72.

[25] Spangler CM, Spangler C, Göttle M, Shen Y, Tang WJ, Seifert R, Schäferling M.
A fluorimetric assay for real-time monitoring of adenylyl cyclase activity
based on terbium norfloxacin. Anal Biochem 2008;381:86e93.
[26] Li C, Numata M, Takeuchi M, Shinkai S. A sensitive colorimetric and fluores-
cent probe based on a polythiophene derivative for the detection of ATP.
Angew Chem Int Ed 2005;44:6371e4.

[27] Li C, Numata M, Takeuchi M, Shinkai S. Unexpected chiroptical inversion
observed for supramolecular complexes formed between an achiral poly-
thiophene and ATP. Chem Asian J 2006;1:95e101.

[28] Ho AH, Boissinot M, Bergeron MG, Corbeil G, Doré K, Boudreau D, et al.
Colorimetric and fluorimetric detection of nucleic acids using cationic poly-
thiophene derivatives. Angew Chem Int Ed 2002;41:1549e51.

[29] Ho AH, Béra-Abérem M, Leclerc M. Optical sensors based on hybrid DNA/
conjugated polymer complexes. Chem Eur J 2005;11:1718e24.

[30] Xu Z, Kim KS, Yoon J. Revisit to imidazolium receptors for the recognition of
anions: highlighted research during 2006e2009. Chem Soc Rev 2010;39:
1457e66.

[31] Xu Z, Singh NJ, Lim J, Pan J, Kim HN, Park S, et al. Unique sandwich stacking of
pyreneeadenineepyrene for selective and ratiometric fluorescent sensing of
ATP at physiological pH. J Am Chem Soc 2009;131:15528e33.

[32] Xu Z, Song NR, Moon JH, Lee JY, Yoon J. Org Biomol Chem 2011;9:8340e5.
[33] Chayer M, Faid K, Leclerc M. Highly conducting water-soluble polythiophene

derivatives. Chem Mater 1997;9:2902e5.
[34] Lukkari J, Salomäki M, Viinikanoja A, Ääritalo T, Paukkunen J,

Kocharova N, et al. Polyelectrolyte multilayers prepared from water-
soluble poly(alkoxythiophene) derivatives. J Am Chem Soc 2001;123:
6083e91.

[35] Brustolin F, Goldoni F, Meijer EW, Sommerdijk NAJM. Highly ordered struc-
tures of amphiphilic polythiophenes in aqueous media. Macromolecules
2002;35:1054e9.

[36] Langeveld-Voss BMW, Janssen RAJ, Christiaans MPT, Meskers SCJ,
Dekkers HPJM, Meijer EW. Circular dichroism and circular polarization of
photoluminescence of highly ordered poly{3,4-di[(S)-2-methylbutoxy]thio-
phene}. J Am Chem Soc 1996;118:4908e9.

[37] Ho HA, Najari A, Leclerc M. Optical detection of DNA and proteins with
cationic polythiophenes. Acc Chem Res 2008;41:168e78.

[38] Kubota Y, Motoda Y. Fluorescence quenching of 9-aminoacridines by purine
mononucleotides. J Phys Chem 1990;84:2855e61.

[39] Seidel CAM, Schulz A, Sauer MHM. Nucleobase-specific quenching of fluo-
rescent dyes. 1. Nucleobase one-electron redox potentials and their correla-
tion with static and dynamic quenching efficiencies. J Phys Chem 1996;100:
5541e53.

[40] Ewbank PC, Nuding G, Suenaga H, McCullough RG, Shinkai S. Amine func-
tionalized polythiophenes: synthesis and formation of chiral, ordered struc-
tures on DNA substrates. Tetrahedron Lett 2001;42:155e7.


	Spectral response of a methylimidazolium-functionalized polythiophene to phosphates
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Spectroscopy
	2.3. Microwell plate assay
	2.4. Polymer synthesis

	3. Results and discussion
	4. Conclusions
	Acknowledgements
	References


