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ADP, and ATP) in water.

We have developed simple dual signal (color change and fluorescence ON-OFF) ensemble systems based
on a bis(Dpa-Cu") complex 1 for the detection of PPi in water. Dual signal takes place because of weak
binding and fluorescence quenching effect of coordinatively unsaturated Cu" complex for indicators
and replacement of the indicators by more strongly binding PPi. As a consequence, these ensembles show
a high selectivity and sensitivity for PPi over various anions including phosphate and its derivatives (AMP,

© 2009 Elsevier Ltd. All rights reserved.

In these days, a growing number of research groups are becom-
ing interested in the development of sensors for biologically
important anions using color and fluorescence responses.' In par-
ticular, pyrophosphate (P,0,%-, PPi) is known to be involved in sev-
eral biochemical reactions, such as the hydrolysis of adenosine
triphosphate (ATP), DNA polymerization, and other metabolic pro-
cesses.>? Hence, the selective detection of pyrophosphate has been
a matter of investigation by several groups.*>?

Among the known design principles for anion sensing, the dis-
placement (ensemble) approach is simple and convenient because
a signaling unit (indicator) is bound to a binding site (receptor) by
noncovalent interactions.'®¢ There are several advantages of this
approach because of the noncovalent binding between receptor
and indicator: (1) No synthetic effort is required to chemically link
an indicator and a receptor; (2) there is considerable freedom in
the choice of an appropriate indicator; and (3) signal transduction
is induced by the simple addition of an analyte to the receptor-
indicator mixture.®

Recently, a few fluorescent ensembles that can recognize PPi
were reported.’®f These ensembles, which used a bis(Dpa-Zn")
(Dpa = dipicolylamine) complex, displayed quenching phenomena
due to either binding effect with receptor and indicator or energy
transfer between quencher and fluorophore. However, there were
a few disadvantages in these systems. First, several synthetic steps
were required to link the quencher with receptor and to synthesize
an indicator unit, which was time consuming and tedious.>® Sec-
ond, because quenching should be accompanied by binding, the
screening process required to choose the right indicator was re-
stricted.”®" Also, the above ensembles showed only fluorescence
ON-OFF.>¢-f
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Fabbrizzi et al. reported a fluorescent PPi ensemble based on a
Cu(Il) complex,®® where the Cu(ll) ion was used to completely
quench the fluorescence emission of a bound indicator and a coor-
dinately unsaturated Cu(Il) complex showed the capability to bind
anionic substrates. However, Fabbrizzi’s system showed only fluo-
rescence ON-OFF, in comparison with our dual signaling effect,
upon PPi binding. Further, no selectivity was reported for PPi over
strong biological competitors such as AMP, ADP, and ATP.

Using these characteristics of the Cu(Il) ion, we developed a dual
signal (color change and fluorescence ON-OFF) ensemble system
based on a bis(Dpa-Cu'") complex (1) for detection of PPi. In order
torealize a dual signal, the well-known indicators, pyrocatechol vio-
let (PV) as a chromophore capable of instantly detecting by naked
eyes and fluorescein disodium salts as a fluorophore, were used.
These ensembles showed a high selectivity and sensitivity for PPi
over various anions including phosphate and its derivatives (AMP,
ADP, and ATP) in water.

The synthesis and characterization of complex 1 had been re-
ported previously.® o,o/-Dibromo-m-xylene was reacted with
Dpa, KI and Cs,COs in acetonitrile to give rise to 1,3-bis[(bis(2-pyr-
idylmethyl)amino)methyl]benzene (2). Finally, complex 1 was pre-
pared by complexing 2 with Cu(ClO,4), in DMSO.”

First, the UV-vis absorption changes of PV (1.98 x 10~ M) for
complex 1(4.41 x 10~* M) were observed in a 10 mM HEPES buffer
(pH 7.4) at 25 °C (Fig. 1). The UV-vis absorption curves of PV gradu-
ally decreased at 442 nm and increased at 664 nm upon the addition
of complex 1, showing a bathochromic shift. When 1.2 equiv of com-
plex 1 was added into PV solution, the UV-vis absorption changes
were completely saturated. Also, the color of PV solution turned
from pale yellow to sky blue upon the addition of complex 1. The
association constant (K,) between PV (abs = 664 nm) and complex
1 was estimated to be 1.01 x 10° M8

The UV-vis absorption spectra of ensemble 1 ([1] = 2.1 x 107> M,
ensemble 1 =complex 1+ PV) for various anions (2 equiv, sodium
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Figure 1. Changes of UV-vis absorption of pyrocatechol violet (PV, 1.98 x 107> M)
upon the addition of complex 1 (4.41 x 1074 M) in a 10 mM HEPES buffer (pH 7.4)
at 25 °C: Complex 1 (uL) =0, 10, 20, 40, 60, 80, 100, 130, 160, 200.

salts) were investigated in a 10 mM HEPES buffer (pH 7.4) at 25 °C
(Fig. 2). When PPi was gradually added to the solution of ensemble
1, the UV-vis absorption curves increased at 441 nm and decreased
at 663 nm (Hypsochromic shift). The UV-vis absorption spectrum
(at 663 nm)was completely saturated at 2 equiv of PPi (a 20-fold de-
crease). According to displacement titration, the association con-
stant (K,) between complex 1 and PPi was estimated to be
3.93 x 10’ M~1.2 Also, the color of ensemble 1 returned from sky
blue to pale yellow upon the addition of PPi (Fig. 3). However, each
addition of 2 equiv of ATP or ADP showed only a 1.9-fold or 1.3-fold
decrease in UV-vis absorbance at 663 nm, respectively. Upon the
addition of 2 equiv of ATP, ensemble 1 turned from sky blue to pale
green, but the solution of ensemble 1 after the addition of ADP
(2 equiv) showed no color changes (Fig. 3). Other anions, such as
F~, Cl7, Br, I, NO;~, AcO~, HPO,?-, and AMP, did not give rise to
any UV-vis spectral changes, nor, accordingly, induced any color
changes (Fig. 3).

In the second place, the fluorescence emission changes
(Jex =495 nm) of fluorescein (1.25 x 10~® M, disodium salts) for
complex 1 (4.41 x 10~* M) were examined in a 10 mM HEPES buf-
fer (pH 7.4) at 25 °C (Fig. 4). According to the quenching effect of a
Cu(II) ion, the fluorescence emission intensity of fluorescein de-
creased at 514nm upon the addition of complex 1. When
52.9 equiv of complex 1 was added to fluorescein solution, about
80% of the fluorescence emission intensity was quenched. The
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Figure 2. Changes of UV-vis absorption for ensemble 1 ([1]=2.1 x 10~> M) upon
the addition of various anions (2 equiv, sodium salts) in a 10 mM HEPES buffer (pH
7.4) at 25 °C (Ensemble 1 = complex 1 +PV).
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Figure 3. Color changes of ensemble 1 ([1]=2.1 x 107°>M) in a 10 mM HEPES
buffer (pH 7.4) at 25 °C after the addition of various anions (2 equiv, sodium salts).

From left to right: Ensemble 1, PPi, ATP, ADP, AMP, Pi, AcO~, NO,~, I", Br", CI~, F~.
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Figure 4. The fluorescence emission changes (/Zex=495nm) of fluorescein
(1.25 x 107% M, disodium salts) upon the addition of complex 1 (4.41 x 10~ M)
in a 10 mM HEPES buffer (pH 7.4) at 25 °C: Complex 1 (puL) =0, 10, 30, 50, 70, 100,
150, 200, 300, 450, 650, 1000, 1500.

association constant (K,) between 1 and fluorescein was estimated
to be 5.83 x 10*M~'.8

The fluorescence emission spectra of ensemble 2 ([1] =7.35 x
10> M, ensemble 2 =1 + fluorescein disodium salts) for various
anions (1.2 equiv, sodium salts) were examined in a 10 mM HEPES
buffer (pH 7.4) at 25°C (Fig. 5). The fluorescence emission at
514 nm was completely saturated at 1.2 equiv of PPi, which corre-
sponded to a 5.7-fold increase in the emission intensity (Fig. 5).
Each addition of 1.2 equiv of ATP or ADP caused a 3.6-fold or 3.2-
fold increase in fluorescence emission intensities at 514 nm,
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Figure 5. Changes of fluorescence emission for ensemble 2 ([1]=7.35 x 10> M)
upon the addition of various anions (1.2 equiv, sodium salts) in a 10 mM HEPES
buffer (pH 7.4) at 25 °C (Ensemble 2 = complex 1 + Fluorescein disodium salts).
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Scheme 1. A schematic representation of dual signal PPi ensemble systems.

respectively. When 1.2 equiv of AMP or Pi was added into solution
of ensemble 2, the fluorescence emission intensities increased two-
fold or 1.9-fold, respectively. Other anions such as F~, CI—, Br—, I,
NO,-, and AcO~ barely showed any changes in the fluorescence
emission intensities.

The schematic representation for the dual signal ensemble sys-
tem is illustrated in Scheme 1. Ensemble 1, composed of complex 1
and PV, turned from yellow to blue upon the addition of PPi to the
ensemble, which was caused by the displacement of weakly bound
PV by PPi. Similarly, ensemble 2, consisting of complex 1 and fluo-
rescein, revived the original fluorescence of fluorescein upon the
addition of the more strongly binding PPi to ensemble 2.

In conclusion, using quenching effect of a Cu(Il) ion, we devel-
oped simple dual signal (color change and fluorescence ON-OFF)
ensemble system for detection of PPi, based on a bis(Dpa-Cu')
complex 1. There are several advantages to this system: (1) an easy
synthesis of the receptor molecules; (2) the use of commercially
available indicators; and (3) dual signaling effect (color and fluo-
rescence changes).
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