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Abstract
Cellular pH homeostasis is essential for many physiological and pathological processes. pH monitoring
is helpful for the diagnosis, treatment and prevention of disorders and diseases. Herein, we developed a
ratiometric �uorescent pH probe (TCC) based on a coumarin derivative containing a highly active lactone
ring. TCC exhibited a typical AIE effect and emitted blue �uorescence under weak acidic condition. When
under weak basic condition, the active lactone moiety underwent a hydrolysis reaction to afford a water-
soluble product, which gave red-shifted emission. The emission color change from blue through cyan and
then to yellow within pH 6.5–9.0 which is approximate to the biological pH range. And the �uorescence
color change along with pH value is reversible. Furthermore, TCC was successfully utilized in the
detection of the intracellular pH change of live HeLa cells, which indicated that TCC had practical
potential in biomedical research.

Introduction
Various biological microenvironments take on speci�c pH ranges. For instance, the extracellular �uid is
slightly alkaline at about pH 7.4, the cytoplasm is at near-neutral pH 7.2, whereas the lysosome pH is in
an acidic range of pH 4.5–5.0. The pH homeostasis plays an extremely important role in many biological
processes, such as cell proliferation and apoptosis [1], ion transport and homeostasis [2], cellular
transport and signal transduction [3, 4]. Slight pH �uctuation may cause injury to cells and give rise to
disease, such as stroke and Alzheimer’s diseases [5, 6]. For cancer cells, the extracellular acidosis and
intracellular alkalization is a common characteristic. The prevention of intracellular pH increases by
inhibiting ion transporter may be an effective therapeutic approach for cancers [7]. Hence, it is of great
signi�cance for human body health to monitor biological pH �uctuation. Among various approaches for
measuring pH, �uorescence probe technology has aroused wide attention due to their high sensitivity,
reversibility and visual response. Above all, it is noninvasive, and can be utilized in real-time observation
of the pH �uctuation by confocal �uorescence microscopy.

In general, an excellent probe for biological detection should meet the following requirements: (1) highly
water solubility Most organic luminophores are poorly soluble in water, so they are not applicable for
utilization in biological aqueous media [8 − 11]; (2) good luminescent stability Many �uorescence probes
based on aromatic luminophores suffer from the aggregation-caused quenching (ACQ) effect that limited
their broad applications in bioassays [12]; (3) high sensitivity in biological pH range The biological pH
range is usually 6.5 to 8 except for the acidic lysosome [13]. A pH bioprobe should give obvious emission
color changes within the pH range [14–21], instead of just the variations of the emission intensity [22–
25]. For the pH probes based on the conventional organic luminophores, it's hard to satisfy all of the
above conditions [26–28]. Fortunately, the discovery of aggregation-induced emission (AIE) gives an
opportunity to meet these requirements. The AIE-based �uorescent probes have been widely used in
bioassays due to their good biocompatibility, high photostability and large Stokes shift [29–32].
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Herein, a new �uorescence probe abbreviated as TCC, was readily synthesized via the Knoevenagel
reaction between 5-tert-butyl-2-hydroxyisophthalaldehyde and malononitrile followed by an
intramolecular nitrile-phenol condensation reaction in total 80% yield [33]. It worked well in water,
displayed excellent AIE effect and showed sensitive �uorescence responses to pH variation in near
neutral pH range. The �uorescence probe operated via a pH-dependent and reversible ring-opening
reaction of the lactone moiety which resulted in an obvious �uorescence change from blue through cyan
and then to yellow within the biological pH range. Furthermore, the study on the utilization in the live cell
�uorescence imaging showed its excellent performance in the real-time monitoring of the intracellular pH
values. The synthetic route and its pH-dependent structure transformation were shown in Scheme 1.

Experimental

Reagents and Apparatus
All chemicals were obtained from commercial suppliers. 1H NMR and 13C NMR spectra were recorded on
a Bruker Av400 NMR spectrometer. ESI-MS spectra were performed on a Bruker Esquire HCT mass
spectrometer. Fluorescence spectra were taken on a Hitachi F-7000 �uorescence spectrometer. The X-ray
diffraction data was collected on an Agilent Gemini A Ultra diffractometer. Images of cells were obtained
using a Nikon A1 confocal laser scanning microscope.

Synthesis of TCC
A mixture of 5-tert-butyl-2-hydroxyisophthalaldehyde (0.21 g, 1 mmol), ammonium acetate (0.17 g, 2.2
mmol), glacial acetic acid (1 ml) and malononitrile (0.15g, 2.2 mmol) was heated to 65°C for 3 h. After
cooling to room temperature, 5 mL water was added to the reaction mixture under stirring, and then a
yellow precipitate appeared. After puri�ed by means of silica gel chromatograph using chloroform as the
eluent, TCC was obtained as light yellow powder (0.24 g, 80%). 1H NMR (400 MHz, DMSO-d6) δ: 8.95 (s,

1H), 8.78 (s, 1H), 8.48 (d, 1H, J = 2.0 Hz), 8.12 (d, 1H, J = 2.0 Hz), 1.36 (s, 9H). 13C NMR (100 MHz, DMSO-
d6) δ 155.7, 153.9, 153.2, 150.1, 147.8, 131.6, 131.4, 119.3, 117.8, 114.2, 113.4, 112.8, 103.0, 86.8, 34.8,

30.6. ESI-MS m/z calculated for [M + AcO−] 362.1, found 362.2 (Fig. S1 − 3).

Results And Discussion

Crystal Structure
Colorless sheet-like crystals of TCC suitable for X-ray analysis were obtained by slowly evaporating its
tetrahydrofuran solution at room temperature. The crystal data were provided in supplementary material
(Table S1). For more information, see the crystallographic information �le that has been deposited in the
Cambridge Crystallographic Data Centre (CCDC 2131284). It crystallizes in the monoclinic space group
P21/c. As shown in Fig. 1(a), the molecule adopts a twisted conformation with dihedral angles of 31.4°
between the coumarin moiety and the methylenemalononitrile moiety, indicating weak conjugation
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between them. Thus, in solvent the two groups would undergo active intramolecular rotation, which
effectively dissipates the excited-state energy of TCC and leads to nonradiative relaxation. But in its
aggregate state the intramolecular rotational movement is restricted, which is a positive factor for the
radiative relaxation. Thanks to the twisted conformation and the steric effect of tert-butyl group, no π-π
stacking interaction was observed in the crystals of TCC (Fig. 1b). Hence, TCC has huge potential to be
an AIE-active luminogen.

Fluorescence properties
In exploring the photoluminescence of TCC, it was accidentally found that its �uorescence behaviors are
sensitively dependent on the pH values. When under acidic condition, TCC displays good AIE activity. The
AIE performance of TCC in DMSO/H2O at pH 5 was shown in Fig. 2a. TCC in DMSO was nearly non-
�uorescent. A gradual emission enhancement was observed in initial stage of raising water content of the
DMSO/H2O mixed solvent. When the water volume fraction (fw) was over 90%, the �uorescence
underwent a rapid intensity enhancement. Figure 2b showed a 15-fold increased emission intensity when
the volume fraction of water goes from 0 to 99.9%. The excellent AIE performance in organic solvent-free
water ensured the utilization of TCC in biological aqueous media. When under alkaline condition, TCC is
non-AIE-active due to its high water solubility, but exhibits a signi�cant �uorescence redshift from 440 nm
to 560 nm as shown in Fig. 3a. It should be noted that some incubation time is necessary for the redshift
of the �uorescence emission. The effect of pH on incubation time at 25°C was show in Fig. 3b. Obviously,
it took less time to reach the �uorescence emission peaks at pH 10 than at pH 8, and the emission peaks
at pH 10 was higher than that at pH 8. The pH-dependent incubation time implied that an OH−-promoted
reaction possibly occurred. The ESI-MS analysis indicated that TCC underwent a lactone hydrolysis
reaction affording the product TCHC (Scheme 1), which was a�rmed by the peak at m/z 319.6 for [M-H]−

and 275.7 for [M-CO2-H]− (calculated for [M-H]− 320.1 and [M-CO2-H]− 276.1, Fig. S4).

pH detection
The pH-dependent �uorescence of TCC makes it possible to detect pH values. For inspecting its pH-
responsive performance, the �uorescence spectra in PBS buffer with different pH were measured and
shown in Fig. 4a. When pH increased from pH 4 to pH 10, the peak emission at 440 nm gradually
weakened, and a new peak at 560 nm appeared when excited at 320 nm. An isoemissive point appeared
at pH 7.6 which is very close to the physiological pH range indicating the potential of TCC as an
applicable pH indicator in biosystems (Fig. 4b). The emission at 560 nm is much weaker than that at 440
nm because the excitation wavelength (320 nm) is so short for the emission at 560 nm. When under
alkaline condition, it should be excited at 450 nm which can lead to a higher emission intensity at 560 nm
(Fig. 3a). As shown in Fig. 4c, an obvious emission color changed from blue through cyan and then to
yellow was observed when the pH increased from pH 6.5 to pH 9. Furthermore, the color variances mainly
occurred about at pH 7.0 to pH 8.0, which further con�rmed its utility value as a pH bioprobe. The
reversibility of the pH response was investigated by modulating the pH value of TCC solution between pH
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6 and pH 9 alternately and recording the maximum emission intensities respectively (Fig. 4d). It was
found that the probe still operated well after undergoing four basic-acidic pH cycles.

Fluorescence imaging
The excellent pH-responsive performance of TCC motivated us to investigate its utilization in intracellular
imaging. HeLa cells were incubated with 10 µM TCC for 10 min and then immersed in 20 mmol/L PBS
buffer at different pH value for 20 min. The cell samples at different pH values were scanned in green
channel and red channel respectively using confocal laser scanning �uorescence microscopy. As shown
in Fig. 5, the green �uorescence in HeLa cells gradually got darker with the increase of pH value from 6.0
to 8.0, and even could not be distinguished at pH 9.0. Whereas, higher pH values were helpful to the red
�uorescence. At pH 8, the red �uorescence started to appear. When the pH reached 9, a bright red channel
image could be observed. Consequently, TCC is capable of detecting the intracellular pH values.

Conclusion
In conclusion, we have developed a �uorescent probe (TCC) containing a pH-dependent lactone ring
which would be hydrolyzed to afford a water-soluble product (TCHC) under weak basic condition. TCC
exhibited AIE activity and emitted blue �uorescence at about 430 nm, while TCHC emitted yellow
�uorescence at about 560 nm. The �uorescence color change along with the dynamic pH change is
reversible. Furthermore, TCC was successfully utilized for intracellular pH imaging.
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Scheme
Schemes 1 is available in the Supplementary Files section.

Figures
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Figure 1

(a) ORTEP drawing of TCC with 50% probability ellipsoids. (b) Crystal packing arrangement along the b-
axis in which all hydrogen atoms are omitted for clarity.

Figure 2

(a) �uorescence emission spectra of TCC (10 μmol/L) in DMSO/H2O mixtures with different volume
fractions of water (fw) at pH 5 when excited at 320 nm. (c) Plot of �uorescence intensity versus water
fraction.

Figure 3

(a) Fluorescence spectra of TCC (10 μmol/L) at pH 10 in water containing tiny amounts of DMSO when
excited at 450 nm. (b) Time-dependent �uorescence emission intensities of TCC (10 μmol/L) at 25 °C and
at pH 8 and pH 10 respectively.

Figure 4

(a) Fluorescence responses of 10 μmol/L TCC to different pH values in PBS buffer containing tiny
amounts of DMSO under 320 nm excitation. (b) Plots of �uorescence intensity at 440 nm and 560 nm
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versus pH values under 320 nm excitation. (c) Fluorescence photographs of TCC at different pH taken in
dark-box ultraviolet analyzer under 365 nm excitation. (d) Reversibility of the pH response. The excitation
wavelength is 320 nm when pH = 6, and 450 nm when pH = 9 in the reversibility research.

Figure 5

Confocal images of HeLa cells stained with TCC in various pH buffers. HeLa cells were incubated with
probe TCC (10μM) for 10 min and then immersed in 20 mmol/L PBS buffers for 20 min at pH 6.0, pH 7.0,
pH 8.0 and pH 9.0 respectively. The cell samples at different pH values were scanned in green channel
and red channel respectively.
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