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Two methods for improving signal transduction in simple
fluorescence-based anion sensors utilizing resonance energy
transfer or exciton delocalization method are described and
their use in amplified anion sensing is demonstrated.

The importance of anions in Nature, as agricultural fertilizers and
industrial raw materials and the corresponding environmental
concerns necessitate the development of highly sensitive anion
sensors.! Here, sensors based on anion-induced changes in
fluorescence are particularly attractive as they offer potential for
high sensitivity at a low analyte concentration.2 The sensor
performance can be improved either by increasing the receptor—
substrate affinity or via improved signal transduction. So far, the
focus has been mainly on the supramolecular chemistry of a
receptor.2b.3 This approach, however, suffers from shortcomings
such as the high cost of synthesis and the loss of the real-time
response due to slow dissociation of the substrate-receptor
complex.4a

There are numerous reports of resonance energy transfer RET?2
utilized in signal transduction in sensors for various substrates?s
including sensors for DNA-assays, protein toxins, glucose, and
cations, but RET-based sensors for small anions are very rare.206
That is because the small anions display a wide range of
geometries, significant charge delocalization and efficient solva-
tion.3 All these factors make binding of anionslesseffective. Inthis
communication, we demonstrate that existing receptors and sensors
that are good binders but lack in asignal response do not need to be
completely re-designed to achieve high efficiency of the sensing
process. The importance of this approach becomes obvious if one
considers the need for application in polar/water-containing media,
which leads to dramatic decrease in the fluorescence intensity of
most existing sensor chromophores.

Here, we report on two ways of adaptation of an already existing
sensor that may be useful for upgrading sensors, sensing perform-
ance of which would otherwise be insufficient. The first approach
tosignal amplification isbased on attaching achromophore capable
of resonance energy transfer to the parent sensor. The second
approach isto attach moietiesto the parent sensor that allow excited
state delocalization in the conjugated system via acetylene
bridges.47 Both approaches resulting in amplified signal transduc-
tion areillustrated on 2,3-di(1H-2-pyrrolyl)quinoxaline (DPQ, 1),8
which is known to display a weak change in color and modest
fluorescence quenching in the presence of fluoride.8a

The visua inspection of the solutions of sensors 1-3 illuminated
by black light (365 nm) shows more than twice enhanced emission
for sensors 2 and 3 compared to the parent compound 1 (Fig. 1, left
panel). The presence of pyrene antenna moieties, despite relatively
low absorption at 365 nm by the pyrene donors, results in
significant increase in the emission from the DPQ core (Amax 495).
Right panel inset (Fig. 1) shows that the light harvesting effect of
pyrene moietiesis much stronger when the absorption maximum of
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pyrene is used for excitation. The fluorescence emission in sensor
3 is shifted to Amax 550 nm. This amplification is even stronger in
polar solvents such as DMSO that strongly quench the DPQ
emission.

Photophysical properties of sensor 2 are largely determined by
RET from the pyrene (donor) moieties to the DPQ (acceptor)
moiety of 2 as confirmed by time-resolved fluorescence spectros-
copy and a quantum yield measurement (Fig. 2). The long-lived
fluorescence of pyrene (29.0 ns in air-saturated CH,Cl,) is
guenched, whilethelifetime of the DPQ acceptor isextended to 2.2
ns for sensor 2. Also, the excitation spectrum of 2 shows
remarkable resemblance to the absorption spectrum of 2, including
the well-resolved bands of pyrene.®

In sensor 3, the signal amplification isachieved through effective
excited state delocalization as confirmed both by the shift of the
emission wavelength from Apmax 495 nm t0 Anax 550 nm and
increase in the fluorescence lifetime from 1.8 ns recorded for the
parent sensor 1 to 3.7 ns for sensor 3 (Table 1).

The qualitative estimation of the sensor—anion affinity was
performed visualy (Fig. 3 A and B). The observed changesin the
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Fig. 1 Left panel shows sensors 1 (DPQ), 2 and 3 (10 uM solutions in
CH,CIl,) irradiated with black light (365 nm). Right panel shows the
emission spectraof sensors 1, 2 and 3 (1.0 uM in CH,Cl, Aexc = 360 nm).
The inset shows efficient light harvesting upon excitation at 345 nm.
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Fig. 2 RET-based light harvesting in sensor 2, and the excited state
delocalization in sensor 3 provide signal amplification in the sensors.
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Table 1 Photophysical properties of sensors 1, 2 and 3: excitation
wavelength (Aexc), quantum yield (@g),2 fluorescence lifetime (7¢),
emission wavelength (Aem) recorded in the air-saturated CH,Cl, at 22 °C

Sensor Aexd/NM [0S Te/ns A em/NM
1 (DPQ) 415 0.13 18 495
2 415 0.19 2.2 495
2 345 0.16 2.2 495
3 415 0.36 3.7 550

a Recorded using quinine sulfate as a standard.
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fluorescence emission in the sample without and with the presence
of the tested anion correspond to the magnitude of the binding
constant (Fig. 3) calculated from titration experiments.

Quantitative measurements of anion affinity were performed by
monitoring the changes in the UV-Vis and steady state emission
spectra of sensors 2 and 3 upon addition of anions. The titration
experimentswere performed in CH,Cl 1% using fluoride (< 6H,0),
chloride, phosphate (< 2H,0), and pyrophosphate (< 2H,0) anions
as tetra-n-butylammonium salts.1% An addition of fluoride,
pyrophosphate, and (to alesser extent) phosphateto 1 uM solutions
of sensors 1-3 caused significant quenching of the fluorescence
emission intensity (Fig. 4A). Also, the UV-Vis spectraof 2 and 3 (2
uM solutions) show characteristic changes (Fig. 4B). Table 2
summarizes al of the emission data-derived binding constants
measured for 1-3 towards different anions.

The sensors 2 and 3 display increased affinity for anions
compared to sensor 1. This effect is particularly strong in the case
of sensor 3 and pyrophosphate with a twofold increase in binding
affinity compared to the parent sensor 1.

In Fig. 5 the left panel shows that excitation at 320 nm, whichis
almost optimal for the parent DPQ, resulted in twofold amplifica-
tion of the signal output recorded for the PyrDPQ sensor 2
compared to the parent DPQ sensor 1. The right panel shows
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Fig. 3 Anion-induced changesin fluorescenceintensity of 10 uM in CH,Cl,
solutions of sensor 2 (panel A), and sensor 3 (panel B), respectively, upon
illumination with black light (365 nm). The anions (ca. 100 umol) were
added in the form of their tetrabutylammonium salts.
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Fig. 4 Panel A: decrease in emission intensity of sensor 2 (1.0 uM in
CHCIl,) upon the addition of fluoride (Aexc = 325 nm). Inset: Binding
isotherm monitored by the emission decrease at 495 nm. Panel B: changes
in UV-Vis spectra of sensor 2 (2.0 uM in CHCl,) upon the addition of
fluoride (0-1.2 mM).

Table 2 Affinity constants for compounds 1,82 2 and 3 (M—1)a and anionic
substrates in dichloromethane and DM SO102 gt 22 °C

Anion DPQ (1) Sensor (2) Sensor (3)
F- 18,200 17,300 19,600
HP,O3— 14,300 18,000 29,500
HoPO,4~ < 100 < 100 < 200
Cl— < 50 < 100 < 100

a Fitswere performed using single reciprocal plotstt and 1 : 1 stoichiometry
being obtained from Job plots.
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Fig. 5 Left panel: signal amplification in sensor 1 and 2 (2uM in CH,Cl5)
during titration with afluoride anion (excitation at awavel ength optimal for
DPQ). Right panel: signal amplification in sensor 2 achieved through RET
amplification (excitation in the pyrene-donor moiety).

binding isotherms for sensor 2 at a wavelength optimal for FRET-
mediated signal amplification.

In practice, this means that sensor 2 can be easily used in the
amount ten-times lower compared to the parent DPQ. Also, the
detection limit for sensor 2/F— was found to be 40 uM (determined
using a 0.2 uM solution of 2). Such a detection limit is not
accessible using the parent DPQ.

In summary, we have demonstrated two approachesto the signal
amplification in fluorescence-based sensors for inorganic anions.
Our findings may open up the possibility to improve the
performance of numerous receptors and sensors, which are
successful anion ‘binders’ but are lacking in signal transduction.
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