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Intracellular pH homeostasis is foundation of maintaining normal physiological functions. More and more
evidences show that intracellular pH fluctuations were usually associated with many diseases (such as
cancer, epilepsy and neurodegenerative diseases). It is very important to develop in situ real-time de-
termination of pH. In recent years, it has been verified that pH can regulate the isomerization process
of spiropyran. Thus, we report a pH fluorescent probe BSL, which is a closed loop spiropyran structure
by coupling benzothiazole derivatives with indole salts. We utilizes the process of spiropyran isomeriza-
tion as the trigger of excited state intramolecular proton transfer (ESIPT) effect, and adjust the process of
spiropyran isomerization through pH, and then the molecular transformation from enol to ketone (enol:
525nm, ketone: 677 nm) through the ESIPT effect. This process achieved accurate measurement of pH.
The probe BSL showed sensitive and reversible fluorescence response to pH in vitro. Ultimately, BSL was
successfully applied to detect pH fluctuations in cell oxidative stress model.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Intracellular pH values, as an important parameter, play a key
role in maintaining cellular homeostasis and involve in various cel-
lular biological process, such as cell proliferation and apoptosis, en-
zyme activity, muscle contraction and ion transport [1-6]. In addi-
tion, the pH values are highly inhomogenous at the different loac-
tions in cells, e.g., the pH values of endoplasmic reticulum, lyso-
some and mitochondria are respectively 5.0-6.5, 4.5-5.0 and 8.0,
maintaining collectively the normal physiological function in cells
[7-9]. However, lysosomes, as important acidic organelles of diges-
tion and cleaning, not only participate in the degradation of var-
ious biological macromolecules (e.g., proteins, lipids, nucleic acids
and carbohydrates), but also are responsible for intracellular acid-
ification, transport of substances in different organelles, and so on
[10-15]. Abnormal fluctuation pH in lysosomes is closely associ-
ated with physiological function in cells and lead to the occurrence
of a series of diseases, such as Alzheimer’s disease, shock, lysoso-
mal storage disorder and even cancer [16-20]. What is more, ox-
idative stress is usually characterized by excessive production of
reactive oxygen species (ROS), which may lead to disruption of cel-
lular homeostasis to trigger pH fluctuations in lysosomes [21-24].
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However, the relationship between LPS-stimulated oxidative stress
and pH values fluctuations remains unclear until now. Therefore,
in order to accurately monitor the process of pH fluctuations in
intracellular under oxidative stress, we urgently need to develop
fluorescent probe to accurately detect intracellular pH fluctuations.

Several common methods have been used to measure pH, in-
cluding acid-base indicator titration, nuclear magnetic resonance,
electrochemical method, UV-vis absorption spectrum and fluores-
cence spectroscopy [25-27]. However, these methods require te-
dious and complex pretreatment of samples. Especially, these man-
ners needs to destroy cells for the detection of intracellular pH, tis-
sue structures and limits their biological applications. Fluorescence
imaging technology, due to its advantages of simple operation, high
sensitivity, non-invasive, perfect biocompatibility, real-time mon-
itoring, has a wide application prospect in cell imaging [28-31].
In recent years, a range of pH fluorescent probes have been de-
veloped, but there are two limitations that prevent them from
being well applied in living cells. The main disadvantage is that
these pH probes emit at a shorter wavelength (<650 nm), while
the near-infrared region (NIR) with a longer emission wavelength
allows for less biologic background fluorescence interference and
deeper tissue penetration [32,33]. Next, the Stokes shift of the
probes is small (<100nm). In contrast, large Stokes shift can ef-
fectively reduce background interference, with strong penetration,
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Scheme 1. Mechanism and molecule structure of BSL.
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Fig. 1. (a) Absorption spectra change of BSL (10 pmol/L) in PBS/CH3CN (v/v, 7/3,
pH 2-8 process.) (b) The change trend of BSL (10 umol/L) fluorescence spectrum
in PBS/CH3CN (v/v, 7/3, pH 2-8 process.) (c) Curve relationship between fluores-
cence intensity ratio (Fsys/Fs77) and pH. (d) The fluorescence intensity ratio showed
a linear relationship with a certain pH range. (Aex =445 nm, slit: 10 nm/5 nm).

small damage and high detection sensitivity for biological samples
[34]. Therefore, it is necessary to develop fluorescent probes with
emission wavelengths in the NIR and large Stokes shifts to detect
the small pH changes in lysosomes.

Spiropyran, as a photochromic material, is prone to isomeriza-
tion from spiral-ring to w-conjugated structure under UV irradia-
tion. Benzothiazole dyes are widely used in fluorescent probes be-
cause of their high fluorescence quantum yield, superior photosta-
bility and potentially large Stokes shift.

Herein, we designed and synthesized a new ratio NIR fluo-
rescent probe BSL based on spiropyran skeleton as pH sensitive
switch (Scheme 1). The probe BSL retains the spiropyran struc-
ture at a pH (beyond 6), so it only shows the emission (525nm)
of enol structure. Therefore, there is almost without NIR fluores-
cence emission in neutral and alkaline environments. Only un-
der acidic conditions, spiropyran ring structure extended to m-
conjugated structure and the transformation from enol (525 nm) to
ketone (677 nm) structure occurred simultaneously under the ES-
IPT effect under photoexcitation, and the NIR fluorescence was ac-
companied with a significant Stokes shift (232 nm). Thankfully, BSL
has a pK, of 5.08+0.84, while lysosome pH is typically 4.5-5.0,
providing a favourable match. In the subsequent co-localization ex-
periments, it was also proved that the probe could target in the
lysosome and had excellent targeting ability.

The probe BSL was synthesized according to the synthesis steps
in Figs. S1-S4 (Supporting information) in the supporting informa-
tion. We studied the UV absorption and fluorescence spectra of
phosphate buffer solution of probe BSL at different pH values. As
shown in Fig. 1a, the UV absorption of the probe changes greatly

in the process of pH 2-8. When the probe is in the solution of
pH 2, it has the maximum absorption peak at 445nm, and when
the solution pH increases to 8, it has a small absorption peak at
445 nm. When the pH value gradually decreased from 8 to 2, the
absorption peak at 445 nm increased rapidly, and the solution color
gradually changed from colorless to yellow. Taking 445nm as the
characteristic absorption peak of the probe, when we excited the
probe with 445 nm, the fluorescence intensity at 677 nm increased
rapidly in the process of pH decreasing from 8 to 2, and the flu-
orescence intensity at 677 nm reached the maximum value at pH
2, while the fluorescence intensity at 525 nm gradually decreased
(Fig. 1b). When the pH value is 2, the fluorescence at 525nm
reached the lowest point, ratiometric fluorescence changes under
single wavelength excitation were achieved. Through the fluores-
cence curve fitting (Fig. 1c), the pK, of the probe was calculated
to be 5.08 +0.84, indicating that the probe could respond well to
a wide range of pH, and there was a good linear relationship be-
tween the fluorescence intensity ratio and pH of the probe at pH
3.5-6 (Fig. 1d). We also studied the photostability (Fig. S5 in Sup-
porting information) and pH reversibility (Fig. S6 in Supporting in-
formation) of the probe BSL, indicating that the probe has superior
photophysical properties .

We also measured the probe’s fluorescence response to various
heavy metal ions and biomolecules present in organisms, as shown
in Fig. S7 (Supporting information). The experimental results show
that the probe BSL has high selectivity for pH.

The response mechanism of BSL and H* was verified by NMR
titration experiment. As shown in Scheme 2, around 3.3 is the
characteristic peak of hydrogen on the methylene group directly
connected to the indole nitrogen. When reacting with H*, a strong
chemical shift from 3.3 to 4.8 was generated, indicating that the
probe changed from tertiary amine structure to ammonium salt
structure, which proved that the spirane structure of probe BSL
was destroyed under the action of H*. At the same time, the hy-
drogen in the aromatic ring region also changed greatly, which
may be due to the change of the spatial structure of the probe. Un-
der the action of H*, BSL gradually extended into a plane structure,
resulting in small changes in hydrogen in other positions. These
experimental phenomena are almost in agreement with our initial
conjecture.

The biocompatibility of the probe BSL was estimated by MTT
assay before cell experiments, as shown in Fig. S8 (Supporting in-
formation). When the probe concentration was gradually increased
to 40 pmol/L and the HelLa cell viability was close to 90% under
12h co-incubation conditions, indicating that the toxicity of the
probe was negligible.

Next, we studied the sensitivity of probe BSL to intracellular
pH fluctuations. HeLa cells were treated with nigericin and KCI to
stabilize the cell pH. The cells were co-incubated with buffer so-
lutions of 4.5, 5.5, 6.5 and 7.4 for 20 min, and then washed with
corresponding pH buffer solution for confocal imaging. As shown
in Fig. 2, with the gradual increase of pH from 4.5 to 7.4, the flu-
orescence in the red channel gradually weakened, while the fluo-
rescence in the blue channel gradually increased, which was con-
sistent with the ratio fluorescence trend in vitro.
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Scheme 2. 'H NMR spectra in CD3;COCD3-dg (aromatic and aliphatic regions) of probe BSL before (upper row) and after the addition of 1 equiv. of DCI (lower row).
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Fig. 2. Fluorescent imaging of HeLa cells with different pH cytoplasm. HeLa cells were pretreated with nigericin (10 pmol/L) and KCl (1 mmol/L) in different pH buffers to
stabilize cell pH. HeLa cells were first incubated with buffers of different pH values for 30 min and then treated with BSL (10 pmol/L) for 15 min. Red channel: A¢x =405 nm,

Aem = 640-700 nm; Blue channel: Aex =405nm, Aem =500-560 nm. Scale bars =10 pm.

When pH was 7.4, the fluorescence intensity did not disappear
completely, and the red fluorescence showed small dot distribu-
tion, consistent with lysosome morphological characteristics. We
suspected that the probe might have the potential lysosome local-
ization ability, because the pH in the lysosome was 4.5-5.0, and
the probe opened the ring to release the red fluorescence under
acidic conditions after entering the cell. To confirm our hypothesis,
BSL was co-located with, a commercial lysosomal dye. As shown in
Fig. 3, probe BSL and Lyso-Tracker green were co-incubated with

Fig. 3. Confocal microimaging of HelLa cells co-incubated with BSL (10 pmol/L) and Lyso-Tracker green (1 mmol/L) for 20 min:
channel imaging; (c) bright-field imaging; (d) overlay imaging; (e) Pearson correlation coefficient of red channel and green channel Red channel: 670+30nm for BSL
(Aex =405nm); green channel: 5104+ 30 nm for Lyso-Tracker-Green (Aex =488 nm). Scale bars =5um.

) the green channel imaging; (b) the red

HeLa cells for 15min. The red channel of probe BSL overlapped
well with the green channel of Lyso-Green (Pearson’s correlation
coefficient were 0.93). This finding suggests that the red signal of
probe BSL originates in lysosomes.

It has been reported that high concentration of NH4Cl solution
can effectively increase cytoplasmic pH value [35]. In order to ver-
ify the real-time pH monitoring ability of BSL in the cell phys-
iological environment, HelLa cells were co-incubated with NH,4CI
(2mL, 5mmol/L) solution for 30 min and then co-incubated with
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Overlay

Bright-field image

Fig. 4. Fluorescence imaging of HelLa cells treated with and without NH,4CI. In the control group, HeLa cells were treated with normal saline (5 mmol/L) for 30 min and then
incubated with BSL (10 pmol/L) for 15 min. The experimental group was treated with NH4Cl (5 mmol/L) and then incubated with BSL (10 pmol/L) for 15min. Red channel:
rex =405 nm, Aem =640-700 nm; Blue channel: Aex =405nm, Aem =500-560 nm. Scale bars =10 um.
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Fig. 5. Fluorescence imaging of pH changes induced by oxidative stress. In the control group, HeLa cells were incubated with BSL (10 pmol/L) for 15 min. HeLa cells were
pre-incubated with H,0; (0.1 mmol/L), LPS (10 pg/mL) and LPS (10 pg/mL)+ NAC (1.0 mmol/L) in H,0, group, LPS and LPS+NAC group for 30 min, and then co-incubated with
BSL (10 pmol/L) for 15 min, respectively. Red channel: Aex =405 nm, Aem =640-700 nm; Blue channel: Aex =405 nm, Aem =500-560 nm. Scale bars =10 pum.

the probe for 15min for confocal microscopic imaging. As shown
in Fig. 4, the fluorescence intensity in the red channel of the
NH4CI treated group was significantly lower than that in the con-
trol group, while the fluorescence intensity in the blue channel was
significantly stronger than that in the untreated control group. Ex-
perimental results showed that the cytoplasmic pH increased sig-
nificantly after NH4Cl treatment.

Since reactive oxygen species increased during oxidative stress,
we wanted to know whether intracellular oxidative stress was ac-
companied by changes in cell pH. We designed experiments to
demonstrate pH changes during oxidative stress in living cells (Fig.
5). HelLa cells incubated with BSL were used as the control group
to verify whether H,0, treatment could cause cell pH decline
through the cell group treated with H,0,. As shown in Fig. 5, com-
pared with the control group, after H,0, treatment, fluorescence
in the red channel was enhanced while fluorescence in the blue
channel was significantly weakened. This result indicated that the
intracellular pH was significantly decreased after H,0, treatment.
HelLa cells were pretreated with lipopolysaccharide (LPS, an oxida-

tive stress inducer) and then co-incubated with BSL. As shown in
Fig. 5, we can see that the fluorescence intensity in the red chan-
nel is significantly higher than that in the control group, while
that in the blue channel is lower than that in the control group.
To further explain that LPS induced ROS production and reduced
cell pH, LPS and NAC (N-acetylcysteine, a GSH precursor, a reduc-
ing substance) were co-incubated with HeLa cells and then incu-
bated with BSL. As shown in Fig. 5, compared with the LPS group
alone, the fluorescence of red channel in LPS+NAC group was sig-
nificantly decreased, while the fluorescence of blue channel was
increased. This revealed that intracellular pH decreased during ox-
idative stress, and NAC, as a reducing substance, could also indi-
rectly participate in intracellular pH changes.

In conclusion, herein introduces a new NIR fluorescent probe
BSL, which has characteristic of excellent performance in living
cell. Under the activation of pH, the ratio fluorescence signal
changes under single wavelength excitation were realized through
molecular isomerization. The probe BSL has superior sensitivity
and selectivity to pH and has sensitive response to intracellular pH.
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By simulating the intracellular oxidative stress, it was found that
the cell pH changed with the change of cellular oxidative stress
level. In order to further study oxidative stress disease diagnosis
provides a powerful tool.
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