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The selectivity and sensitivity of [Zn2(9,10-bis[(2,2-dipicolylamino)methyl]anthracene)]4+ (1) were
enhanced by eliminating its intrinsic fluorescence with the introduction of pyrocatechol violet. An
ensemble ([Zn2(9,10-bis[(2,2-dipicolylamino)methyl]anthracene)(pyrocatechol violet)]2+) can easily
detect less than 1 lM of ATP and can discriminate between ATP and various other anions including aden-
osine diphosphate (ADP).

� 2009 Elsevier Ltd. All rights reserved.
Fluorescent chemosensors have multiple advantages over other In this Letter, we report a simple method to enhance the sensi-

types of chemosensors including high sensitivity, low cost, ease of
application, and versatility.1 Moreover, for the efficient detection of
analytes, the photophysical properties of a fluorescent chemosen-
sor can be modulated by a variety of methods such as the introduc-
tion of proton-, energy-, and electron-transfer processes, the
presence of heavy-atom effects, changes in electronic density,
and destabilization of non-emissive np*-excited states.2 However,
in spite of the existence of many approaches for modulating fluo-
rescent chemosensors, many suffer from background fluorescence
signals in the absence of a target analyte.2

Numerous sensors for anions, including ATP, have been devised
based upon metal–ligand interactions for the recognition of ana-
lytes.3 A metal–ligand interaction is useful in the formulation of
an anion sensor because the metal–anion bonding interaction is
very strong in water and the metal ion can exhibit geometrical
preferences which impart selective binding tendencies toward
anions of a given shape.3d,4 Numerous metal complexes, such as
cyclone–Zn2+, dipicolylamine–Zn2+, azamacrocyle–Cu2+, for exam-
ple, have been used in the design of anion sensors.5 Among these
metal complexes, dipicolylamine–Zn2+ complexes are popular for
molecular recognition because they do not quench the fluores-
cence of an attached dye, and they have up to two vacant coordi-
nation sites for an anionic guest. Also, these metal complexes are
easily introduced into an organic scaffold.6 Recently, numerous
fluorescent sensors with two dipicolylamine–Zn2+ moieties as an-
ion recognition sites have been developed.7 These sensors are
effective fluorescent sensors of phosphate derivatives such as
ATP, pyrophosphate, and peptides with phosphotyrosine residues,
but they also have some background fluorescence in the absence of
an analyte which is undesirable for analytical purposes.
ll rights reserved.
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tivity and selectivity of a dimetallic coordination fluorescent
chemosensor for ATP by eliminating the background fluorescence
of the sensor using a competitive assay approach.8 Previously
reported fluorescent chemo-ensembles consist of fluorogenic
indicator and receptor moieties with a quencher such as a para-
magnetic metal ion or chromogenic azo-compound.9 However, to
the best of our knowledge, a fluorogenic chemo-ensemble con-
structed with a fluorogenic sensor and its quencher have not been
reported. This reverse-type fluorogenic chemo-ensemble can have
advantages over a fluorogenic sensor because sensitivity can be in-
creased by eliminating the background fluorescence of the recep-
tor, and selectivity can be enhanced by choosing a quencher with
the proper binding affinity for the receptor. To validate this con-
cept, we adapted the sensor (1) developed by Hamachi that effi-
ciently detects phosphate residues in aqueous solutions and is
easily synthesized, but also has some background fluorescence.10

In order to eliminate background fluorescence in the fluorogenic
sensor (1), we chose pyrocatechol violet as a quencher. Pyrocate-
chol violet is known to coordinate with the two metal ions in a
binuclear metal complex.11 Furthermore, we expected that pyro-
catechol violet would be a good fluorescence quencher, similar to
a dabsyl group,12 and that the displacement of the receptor-bound
pyrocatechol violet by ATP would be communicated fluorogenical-
ly. The competition approach to analyte recognition used by this
modified sensor is schematically illustrated in Scheme 1.

A fluorescence titration of pyrocatechol violet was conducted
using a 5 lM solution of 1 in aqueous buffer at pH 7.2. Fluores-
cence emission spectra of 1 in the presence of varied concentra-
tions of pyrocatechol violet are shown in Figure 1. The addition
of pyrocatechol violet induced a reduction in fluorescence, as
shown in Figure 1 inset, that was nearly proportional to the
pyrocatechol violet concentration and was saturated with
approximately 2 equiv of pyrocatechol violet. This indicates that



Scheme 1. A schematic representation of the dimetallic coordination fluorescent chemosensor recognition of ATP.
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Figure 1. Fluorescence spectra obtained by the addition of pyrocatechol violet
solution to a pH 7.2 aqueous buffer (Trizma, 0.05 M) containing 1 (5 lM).
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pyrocatechol violet is strongly bound to 1 and is an efficient
quencher. To investigate the binding mode of the pyrocatechol vio-
let to 1, a Job plot was carried out.13 As shown in Figure 2, despite
2:1 complex being included since the Job plot is not a perfect
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Figure 2. The Job plot for the binding of pyrocatechol violet with the receptor (1) in
a pH 7.2 (Trizma 0.05 M) buffer solution. Aqueous solutions of 1 (5 lM) and
pyrocatechol violet (5 lM) were mixed in varying ratios and the change in
fluorescence at 436 nm was measured.
symmetry, the result of the plot suggests major binding species
as a 1:1 complex as depicted in Scheme 1. The association constant
of 2.89 � 106 for the binding of pyrocatechol violet to 1 was ob-
tained by non-linear regression analysis of the titration data
according to the 1:1 binding model.13

The sensor ensemble was prepared by simply mixing 1 and
pyrocatechol violet in an aqueous solution of 0.05 M Trizma buffer
at pH 7.2 in a 1:2 molar ratio since the fluorescent quenching of 1
was saturated with 2 equiv of pyrocatechol violet. Fluorescence
changes of the ensemble in the presence of various amounts of
ATP were examined. As expected, the addition of ATP to an aque-
ous solution of the ensemble resulted in a large enhancement of
fluorescence. The chemosensor ensemble displayed a saturation
point upon the addition of 16 equiv of ATP (Fig. 3), while less than
1 lM of ATP could be easily detected using our system. Moreover,
in the presence of 0.5 lM of ATP, fluorescence enhancement with 1
was only 6% over the initial state (see supporting information) but,
in our new system, it was >250% due to elimination of the fluores-
cence of the initial state by the fluorescence quencher pyrocatechol
violet. In addition, the detection range of the chemosensing ensem-
ble (80 lM) was eight times greater than that of 1 (10 lM). In an
effort to understand this broadening of the detection range, we
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Figure 3. Fluorescence emission spectra obtained by the addition of ATP (0–80 lM)
to pH 7.2 buffer solution containing the sensor ensemble (5 lM). Inset: plot of
normalized fluorescence intensities of the sensing ensemble at 426 nm versus ATP
concentration.
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determined the association constant for the binding of ATP to 1 and
compared it with that of the receptor–pyrocatechol violet. The
binding of ATP to 1 was determined to be 1.36 � 106 by non-linear
regression analysis of a titration data (see Supplementary data).
Thus, the binding affinity of pyrocatechol violet to the receptor
was 2.1-fold greater than with ATP. This result may be used to
rationalize the increase in detection range.

Another important property of the chemosensing ensemble is
its high selectivity toward ATP over other anions and moderate
selectivity over ADP. To evaluate the ATP-selective property of
the ensemble, changes in the fluorescence properties of the ensem-
ble caused by other anions were measured. Fluorescence spectra of
solutions of the ensemble (5 lM) recorded in the presence of
1 equiv of anions including AMP and ADP are displayed in Figure
4. The ensemble gave a negative response to other anions including
AMP but gave a positive response to ADP. Although the ensemble
gave a positive response to ADP because of its high binding affinity
for the receptor (see Supplementary data), it could discriminate
ATP over ADP. This is remarkable since the fluorescence of 1 in
the presence of ADP or ATP is almost the same (see Supplementary
data). This implies that the selectivity of 1 for anions can be mod-
ulated by the pyrocatechol violet.

In conclusion, the sensing properties of a dimetallic coordina-
tion fluorescent chemosensor for ATP were improved by eliminat-
ing the intrinsic background fluorescence of the sensor by simply
incorporating pyrocatechol violet as a quencher. Although the
sensing ensemble cannot be applicable to detect ATP in vivo, it
can easily detect less than 0.5 lM of ATP and has selectivity for
ATP over other anions including ADP in vivo. Moreover, because
there is no background fluorescence in our system, in the presence
of an analyte the fluorescence was dramatically enhanced from the
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Figure 4. Fluorescence spectra of the ensemble solution (5 lM) in the presence of
various anions (5 lM).
initial state. This approach might be applicable to the improvement
of other fluorogenic sensing systems.
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