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A heptamethine cyanine-based sensor (1) was designed and synthesized by incorporating heptamethine
cyanine fluorophore and methylpiperazine. Sensor 1 exhibited good response to the change of pH levels,
and a large Stokes shift (>100 nm) was obtained. Fluorescent image experiments in living cells further

demonstrated its potential applications in biological systems.
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Introduction

In light of the important roles of pH in a variety of fundamental physiological processes in organisms, the study
of selective and sensitive methods for pH detection has gained tremendous attention.'!~7 However, most of the
commercially available pH sensors are known to emit at between 350 and 600 nm. It has been proven that
this spectral region suffers from not only strong background absorbance interference but also autofluorescence

8-12 which limits their use as

from the biological environment or endogenous chromophores in sample media,
biological sensors or as reagents for photodynamic therapy. Therefore, near-infrared heptamethine cyanine dyes,
which are employed as fluorescent labels and sensors of biomolecules, have attracted immense interest in the
past decades. 3717 Nevertheless, most of the polymethine cyanine dyes have had the fatal disadvantage of their

Stokes shifts being less than 25 nm.'®!? A small Stokes shift could result in self-quenching and measurement
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error by excitation and scattering light. It is obvious that near-infrared cyanine dye with a larger Stokes shift
would have promising applications in fluorescent bioassays. Furthermore, the dyes should be nontoxic and
water-soluble and should have a pK, value within the physiological pH range (generally between 6 and 8).2°
Bearing these points in mind, we designed and synthesized heptamethine cyanine-based sensor 1, containing 2
sulfonate groups that could provide better water solubility when they were applied to biological analysis in an

aqueous environment.

Experimental

Reagents and apparatus

All reagents and solvents were commercially available and used without further purification. ! H-NMR spectra
were measured on a Bruker AM-400 spectrometer with chemical shifts reported in ppm (in DMSO-dg, TMS as
the internal standard). Mass spectra were obtained on an HP 5989A spectrometer. Fluorescent spectroscopic
studies were performed with a Varian Cary Eclipse. Absorption spectra were recorded on a Varian Cary 100
spectrophotometer. pH was measured with a Sartorius PB-10 pH meter. Fluorescent images were determined

on a Leica DM IRB instrument.

Procedure

The synthetic route of designed heptamethine cyanine dye 1 is shown in Scheme 1. Compound 2 (68 mg, 0.01
mmol), purchased from Sigma Aldrich, was dissolved in DMF (2 mL), and then N-methylpiperazine (100 mg, 0.1
mmol) was added. The solution was stirred under nitrogen at room temperature for 2 h and then concentrated
under vacuum. The residue was subjected to column chromatography on silica gel by using CH3 OH/CH2 Cly
(1:10 v/v) as an eluent, affording sensor 1 (40 mg, 54%) as a dark blue solid. Mp 191.1-192.3 °C. '"HNMR
(400 MHz, DMSO-dg): 6 7.66 (d, J = 14 Hz, 2H), 7.56-7.59 (m, 4H), 7.13 (d, J = 7.8 Hz, 2H), 5.90 (d, J =
14 Hz, 2H), 4.04 (t, J = 7.2 Hz, 4H), 3.73 (t, J = 7.2 Hz, 4H), 2.62 (t, J = 7.2 Hz, 4H), 2.31 (t, J = 5.7 Hz,
4H), 2.07 (s, 3H), 1.75 (m, 2H), 1.61 (s, 12H), 1.22 (¢, J = 7.2 Hz, 6H); HRMS (ES) calcd for C39H50N4 OS2
([M-H]) *: 733.3632, found: 733.3636.

Scheme 1. Synthetic route of heptamethine cyanine dye 1

V79 379A Chinese hamster cells were used for fluorescent image analysis of sensor 1. Briefly, cells from
exponentially growing cultures were seeded in a 24-well culture plate and treated with sensor 1 (10 pM) for 2

h at 37 °C, then examined with a Leica DM IRB fluorescent microscope.
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Results and discussion

Response of sensor 1 to H' in absorption spectra

The absorption spectra of sensor 1 and its H™ titration were determined in HoO. As shown in Figure 1 (left),
the absorption intensity at 700 nm decreased with the concomitant formation of a band that peaked at 665 nm
upon addition of H* | which exhibited a large blue shift (35 nm) and a large Stokes shift (>100 nm). Moreover,
a clear isosbestic point at 680 nm was observed, indicating that compound 3 was formed by the reaction of
sensor 1 with H* (Scheme 2).
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Figure 1. Influences of pH on the absorption (left) and fluorescence (right) of sensor 1 in water. The pH was modulated
by adding 75% HClO4 or NaOH solution. Inset: curve of fluorescence intensity (I) versus pH.
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Scheme 2. Proposed binding mode between sensor 1 and H™ .

Response of sensor 1 to H" in emission spectra

Fluorescent properties of sensor 1 are displayed in Figure 1 (right). Just as expected, the nitrogen atom in
the molecule was protonated at low pH levels, lower than the pK, values, such that the fluorescence intensity
was enhanced. This was due to the depression of the photoinduced electron transfer (PET) process. We found
that the fluorescence intensity at a low pH level (2.43) was 7-fold larger than that at a high pH level (9.80).
Furthermore, the fluorescence changes were fully reversible and took place mainly within the pH range of 2.43—

9.80, which indicated that the I/1,,,, of sensor 1 was a function of pH, where I was the measured fluorescence
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intensity at that pH and I,,,; was the maximum output of the sensor. A regular sigmoidal curve was observed

for the sensor in response to pH. The pK, of sensor 1 was calculated as 6.34 where I/1,,,, was 0.55 (Figure 2).
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Figure 2. pK, calculation of sensor 1 according to the curve of I/Ina, versus pH.

Fluorescent image application

To further demonstrate the practical application of sensor 1, we carried out an experiment for Ht detection
in living cells. After incubation of V79 379A cells with sensor 1 (10 M) at 37 °C for 1 h in different pH
environments, different enhancements of fluorescence were observed (Figure 3). In order to obtain clear images,
the experiments were carried out at pH 6 and 8; the cells could not have survived at extreme pH levels. The
results suggested that sensor 1 could not only penetrate the cell membrane and be used for imaging of HT in

living cells, but could also be used for detecting the changes of HT in biological systems.

Figure 3. Fluorescent images of H™ in V79 379A Chinese hamster cells: a) bright-field transmission image of cells at
pH 8, b) fluorescent image of cells at pH 8, c) bright-field transmission image of cells at pH 6, d) fluorescent image of
cells at pH 6. Images were taken after incubation with sensor 1 for 1 h at different pH levels.

Conclusions

In conclusion, we have developed a new fluorescent sensor (1) based on a heptamethine cyanine fluorophore. It

showed high sensitivity toward H' in aqueous solution, and the fluorescence intensity was significantly enhanced
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by about 7-fold from pH 9.80 to 2.43. Moreover, it exhibited a large Stokes shift (>100 nm). The fluorescent

image in a living cell further demonstrated its practical applications in a biological system.
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