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ABSTRACT: The compound (E)-8-hydroxyl-2-[(E)-2-(2,
4-dihydroxyphenyl)vinyl]-quinoline (1) has been developed as a fluorometric and
colorimetric dual-modal probe for pH detection in solution and in vivo. Remarkable
changes in the fluorescence intensity with large Stokes shifts and colorimetric
responses were observed as a function of pH. The sensing mechanisms involving
protonation and deprotonation processes over the acidic and alkaline pH ranges were
confirmed by '"H NMR and IR spectroscopic analysis. Furthermore, the application of
probe 1 for the imaging of live PC3 cells was successfully achieved. Test strips based
on probe 1 were fabricated, and were found to act as a convenient and efficient pH
test kits.
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1. Introduction

pH plays a vital role in cell metabolism processes, including proliferation,
apoptosis, enzyme activity and protein degradation [1-5]. Monitoring variations of
intracellular pH in living cells is thus of great importance due to its direct link with
many common diseases such as cancer, Alzheimer's and many others [6, 7].
Fluorescence spectroscopy and fluorescence imaging techniques have many
advantages including high sensitivity, high spatial and temporal resolution and are not
destructive to the cells. As such, molecular fluorescent pH probes have become
indispensable tools for observing pH changes in cells [8].

Fluorescence pH probes have found wide use in analytical chemistry,
bio-analytical chemistry, and cellular biology. Over the past few years, the intelligent
design of synthetic methods has led to the development of pH fluorescent probes
based on quinoline [9-12], coumarin [12-14], indoles [15-17], dansyl [18], rhodamine
[19-23], quaternary ammonium salt [24], naphthalimide [25, 26], benzothiazole [27],
cyanine dyes [28, 29]. In particular, pH-sensitive fluorescent probes which operate
near neutral pH for intracellular fluorescence imaging have been widely studied
[30-36]. Generally, there are two ranges of pH that exists in cells, pH = 6.8 ~ 7.4, as
well as the cytoplasm; pH = 4.5 ~ 6.0, known as acidic organelles. For instance, the
acidic environments in lysosomes (pH 4.5 ~ 5.5) can facilitate the degradation of
proteins in cellular metabolism [37, 38]. Actually, most living species would find it
hard to survive under extreme pH conditions, whereas a mass of microorganisms such
as “acidophiles” and helicobacter pylori favor such harsh environments [39, 40].
Nevertheless, most of the reported pH-sensitive fluorescent probes work under neutral

or slightly acidic conditions, and only a few of them can operate for imaging of living
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cells under extreme acidity [8, 14, 16, 17, 27, 41] or over the full-range of pH [42,
43]. Much less attention has been paid to fluorescent probes which are pH-sensitive in
the lower pH region (pH < 5) or the higher pH region (pH > 9). This inspired us to
develop a highly sensitive pH fluorescent probe for extreme pH ranges.

Herein, we report a quinoline-based fluorometric and colorimetric probe 1 for pH
detection in solution and in vivo (Scheme 1). As a novel pH-sensitive probe, probe 1
has a large Stokes shift, a good quantum yield, and promising specificity. In particular,
it is capable of measurements at extreme pH values, specifically over the two pH
ranges 2.2 ~ 4.8 and 10.0 ~ 11.4, respectively. Importantly, the application of probe 1
for the imaging of live PC3 cells was successfully achieved, and we have
demonstrated that probe 1 can be used as pH test strips for the instantaneous detection
of pH. Additionally, the sensing mechanism of probe 1 had been confirmed by 'H
NMR and IR spectroscopic experiments.

Insert Scheme 1 in here
2. Experimental
2.1. Materials and methods

Unless otherwise stated, all reagents were purchased from commercial
sources and used without further purification. Tris/HEPES, amino acids and
biochemical reagents were purchased from Shanghai Macklin Biochemical Co., Ltd.
or Sinopharm Chemical Reagent Co., Ltd. Metal ions were purchased from Aldrich or
Alfa Aesar Chemical Co., Ltd. Acetonitrile was purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. Roswell Park Memorial Institute-1640 or from Bengjing
Dingguo biological Co., Ltd. Test papers were prepared from filter paper that was cut

into 1 cm x 5 cm strips. A test strip was conveniently prepared by dipping into a
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solution of probe 1 and then drying in air, and subsequently dipping into an aqueous
of Tris-HCI or HEPES-NaOH buffer solution at different pH values.

All fluorescence measurements were acquired by using a Cary Eclipse
Fluorescence Spectrometer (Varian) in a 1 cm quartz cell. UV-Vis absorption
spectra were conducted on a UV-1800 spectrophotometer (Shimadzu) ina 1 cm
quartz cell. '"H NMR spectra were recorded on a WNMR-I 500 MHz NMR (at
the Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences)
and using TMS as an internal standard at room temperature. IR spectra were
obtained using a Vertex 70 FT-IR spectrometer (Bruker). Fluorescence imaging
was conducted on a Ti (Nikon) fluorescent inverted phase contrast microscope.
Various pH solutions were measured by using a pH meter (Orion). Probe 1
(E)-8-hydroxyl-2-[(E)-2-(2,4-dihydroxyphenyl)vinyl]-quinoline was prepared
following our previously reported procedure [44].

2.2 Analytical procedure

For absorption or fluorescence measurements, probe 1 was dissolved in CH3CN to
obtain stock solutions (1 mM). The stock solutions of metal ions (20 mM) were
prepared in water by dissolving a pre-determined amount of their perchlorate salt.
Stock solutions of bioactive species (50 mM) such as amino acids, proteins, reactive
oxygen species and reducing agents were prepared in water.

The pH-dependent spectral characteristics of probe 1 (10 uM) were evaluated in a
Tris buffer or HEPES buffer solution with CH3CN as a co-solvent. Probe 1 (0.1 mM)
was diluted by CH3CN and Tris-HCI (50 mM) buffers with pH from 1.6 to 5.0, as
well as by CH3CN and HEPES-NaOH (50 mM) buffers with pH from 6.0 to 11.4. All
experiments were performed in CH3CN/Tris or HEPES (v/v, 3/2) buffer aqueous

solution and the pH value was confirmed by pH meter.
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The buffered solutions at various pH values were modulated by mixing Tris with
HCI (pH = 1.6 ~ 5.0) and HEPES with NaOH (pH = 6.0 ~ 11.4), respectively. The
preparation of Tris-HCI buffer solutions involved weighing 6.057g of Tris, dissolving
it in ultrapure water, diluting to 1L and formulating as a 50 mM solution. Solutions of
various pH values were obtained by adding the appropriate amount of HCI solution to
50 mM Tris solution and monitoring with a pH meter. When the pH value is smaller,
the stronger the acidity, and the addition amount of Tris is limited; the Tris-HCI buffer
solutions can match to 1.6 ~ 5.0. Given HEPES is a kind of zwitterionic organic
chemistry buffer, NaOH solution was added to HEPES solution to adjust the pH value
over the range 6.0 ~ 11.4. The preparation method for the HEPES-NaOH buffer
solution is the same as that for the Tris-HCI buffered solution.

2.3 Cell culture

The Roswell Park Memorial Institute-1640 (RPMI-1640) supplemented with 10
% fetal bovine serum, 100 pg/mL penicillin and 100 pg/mL streptomycin were
employed to culture the human prostate cancer cells (PC3). These cells were grown in
a culture dish at 37 °C and in the presence of 5 % COz. One day before imaging, the
cells were seeded in a 12-well culture dish, after incubation for 24 h, then incubated
with probe 1 (10 uM) in an RPMI-1640 culture medium at 37 °C for 1h. After
washing with fresh culture medium three times, the cells were then incubated with 20
mM Tris-HCI or HEPES-NaOH buffer for 15 min at various pH values.
3. Results and discussion
3.1 Spectra characteristics and optical responses to pH of probe 1

The pH response properties of probe 1 were primarily investigated in a
CHsCN/buffered solution at various pH values (pH ranged from 2.0 to 11.4). The

results with respect to the pH response properties are depicted in Fig. S1. Probe 1
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exhibited relatively weak fluorescence when the pH values ranged from 5.0 to 10.0
when excited at Aex = 440 nm. Interestingly, a sharp enhancement in fluorescence
intensity at 550 nm appeared when the pH was decreased from 4.0 to 2.0, and another
enhancement in fluorescence intensity at 580 nm appeared when the pH was raised
from 10.0 to 11.4. Similarly, probe 1 exhibits almost no absorbance at about 430 nm
under neutral conditions, but when the pH ranged from 4.0 ~ 2.0 or 10.0 ~ 11.4, a
remarkable absorbance enhancement was observed (Fig. S1b). The optical responses
to pH of probe 1 as a function of pH displayed a reversible ‘‘on-off-on’’ optical
switch type mode.
3.2 UV-Vis absorption properties of probe 1

The pH-dependent optical response properties of probe 1 (10 uM, CH3CN/Tris
or HEPES, v/v, 3/2) were further investigated in detail. Under acidic conditions, as the
pH value decreased from 5.0 to 1.6, the absorption band of probe 1 at around 430 nm
gradually reduced, whereas a new peak emerged at 360 nm. An obvious blue shift (~
70 nm) in the UV-Vis absorption spectra and a well-defined isobestic point at about
385 nm can be observed (Fig. 1). The absorbance of probe 1 at around 430 nm
enhanced when the pH value decreased from 5.0 to 1.6 as evidenced by an absorbance
titration (Fig. 1, inset). Good linearity (R? = 0.9923) between the absorbance at 430
nm and the pH value over the range 2.2 to 4.6 was obtained (Fig. S4). These
remarkable changes in the absorption spectra resulted in an obvious colour change of
the solution of probe 1 from deep yellow green to light yellow green upon increasing
the pH from 2.2 to 4.6, and finally it became colourless when the pH value was
greater than 4.6 under visible light (Fig. S5).

Insert Fig. 1 in here
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The band of probe 1 centred at around 360 nm gradually enhanced when the pH
increased from barely acidic to alkaline (Fig. S6). Good linearity (R? = 0.9847)
between the absorbance at 360 nm and the pH over the range 5.0 to 10.0 was observed
as evidenced by an absorbance titration (Fig. S7). However, under alkaline conditions,
as the pH increased from 10.0 to 11.4, the absorption band centered at 430 nm
gradually increased, while the band at 360 nm simultaneously decreased. A gradual
red shift (~ 70 nm) can be observed, as well as a well-defined isobestic point at 390
nm (Fig. 2). Good linearity (R? = 0.9923) between the absorbance at 430 nm and pH
over the range 10.0 to 11.4 was evident (Fig. S8). The colour of the solution of probe
1 changed from light orange to orange/red upon increasing the pH from 10.0 to 11.4
under visible light (Fig. S9). Given the above results, it is clear that probe 1 is capable
of measuring extreme pH values over the three pH ranges of 2.2 ~ 4.6, 5.0 ~ 10.0 and
10.0 ~ 11.4, respectively. The probe 1 undergoes distinct colour changes on varying
the pH value, which suggests it can serve as a “naked-eye” indicator of pH.

Insert Fig. 2 in here
3.3 Fluorescence properties of probe 1

The pH-dependent fluorescence characteristics of probe 1 (10 uM) were also
evaluated. Over the pH range 5.0 to 8.0, probe 1 exhibits a relative weak fluorescence
emission peak centered at around 550 nm with excitation at 440 nm. As shown in Fig.
3, on decreasing the pH value from 5.0 to 1.6, an evident enhancement of the
fluorescent emission at 550 nm was observed with the excitation wavelength of 440
nm. In comparison, when an excitation wavelength of 360 nm was used, the emission
band at about 550 nm decreased and a striking new peak emerged at 480 nm,
revealing a large blue shift of 70 nm (Fig. S10). Good linearity (R?>= 0.9951) between

the fluorescent intensity and pH value was obtained according to fluorescence titration
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experiments (Fig. S11). The colour of the probe 1 solution changed from yellow/green
to green on increasing the pH from 2.2 to 3.6, and finally it became blue and dark blue
when the pH exceeded 3.6 under ultraviolet light (Fig. S12).
Insert Fig. 3 in here

Additionally, the fluorescence changes under alkaline conditions were also
examined. On increasing the pH from 10.0 to 11.4, a new fluorescence peak emerges
with the fluorescent intensity gradually enhanced at 580 nm, which represents a 30
nm red-shift as compared to that at pH 4.6 (Fig. 4). Good linearity (R?>= 0.9995)
between fluorescent intensity and pH over the range 10.0 to 11.4 was observed by
fluorescence titration experiments (Fig. S13). The colour of the probe 1 solution
changed from light orange to orange/red on increasing the pH from 10.0 to 11.4 under
ultraviolet light (Fig. S14). A plot of the fluorescence intensity as a function of pH
using the Henderson-Hasselbalch equation [45] afforded a calculated pKa value of
3.32 (Fig. 3, inset) and 10.75 (Fig. 4, inset), respectively. Fluorescence quantum yield
and photochemical properties measurements for probe 1 at pH 2.2, 4.6, 10 and 11.4
are given in Table S1. Notably, probe 1 has large Stokes shifts (AL = 110 nm at pH
2.2 ~4.6, AL =140 nm at pH 10.0 ~ 11.4). We note that the detection sensitivity can
be improved by the presence of large Stokes shifts because of reduced self-quenching
and minimized measurement errors. As a result, probe 1 is capable of measuring
extreme pH values over the two pH ranges 2.2 ~ 4.6 and 10.0 ~ 11.4, respectively.

Insert Fig. 4 in here

3.4 Stability, reversibility and selectivity of probe 1

In order to determine the impact of time on this detection process, an estimation
of the time-dependent fluorescence spectral changes of probe 1 at different pH values

was carried out. As shown in Fig. S15, the fluorescence emission enhanced
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immediately and the fluorescence intensity remained stable over long periods. The
reversibility of a pH probe is also of great importance to its practical application, so
the pH value was modulated repeatedly between 2.0 and 7.0, 7.0 and 11.4 several
times, and the corresponding emissions were monitored. As shown in Fig. 5, when
solutions containing probe 1 were changed to low or high pH, no obvious variation in
the fluorescence intensity of probe 1 was observed after six cycles. This circulation
could be repeated for at least six times, and such a reversible pH response indicated
that it will be a benefit for fluorescent intracellular pH imaging. The fluorescence
responses of probe 1 as a function of pH displayed a reversible ‘‘on-off-on’’ switch
type mode: the fluorescence “on” state under acidic conditions is due to the
protonation of the nitrogen atom; on the other hand, the fluorescence “on” state under
alkaline conditions is attributed to the loss of a proton from the phenolic hydroxyl
group; the fluorescence “off” state is adopted under neutral conditions [46].
Insert Fig. S in here

The selectivity of probe 1 for preferential binding to H" over other potential
competing ions was also investigated under acidic and alkaline conditions. As shown
in Fig. S16, no noticeable change was observed in the absorbance and fluorescence
intensity of probe 1 (10 uM) at pH 3.6 and pH 10.6 in the presence of various metal
ions, such as Na®, K*, Mg?", Ca?", Ba?", Zn>", Pb*", Ni*>*, Hg?", Cu**, Ag", and Fe*".
Moreover, some other bioactive species such as Cys, Lys, Tyr, Trp, Arg, Glu, BSA,
BHb, and D-levulose were also evaluated, and no obvious changes were observed.
These results revealed that probe 1 exhibited an excellent selectivity response to pH in
the presence of a number of background metal ions and bioactive species as described
above. Moreover, high concentrations of Na*, K", Mg?" and Ca**, which are abundant

in cells, as well as heavy and transition metal ions, such as Ba?", Zn**, Pb*", Ag", Fe’",
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Ni**, Hg?", Cu?*, and some biologically important amino acids had no effect on the
pH response of the probe at the different pH values employed herein. These results
suggest that probe 1 might be a suitable candidate as a staining agent for fluorescent
intracellular pH imaging.
3.5 Application of pH test paper

In order to employ the detection in a feasible method, a test strip was
conveniently prepared by dip coating a solution of probe 1 and then drying it in air.
When the test papers were immersed in an aqueous of Tris-HCl or HEPES-NaOH
buffer solution at different pH values, the colour of the test strips of probe 1 changed
immediately. Under visible light, the yellow/green of the test papers gradually faded
away as the pH increased from 2.2 to 4.6; and the orange/red was enhanced when the
pH increased from 10.2 to 11.4 (Fig. 6a). Under ultraviolet light, the test papers
undergo a much more obvious colour change, displaying yellow/green, green and blue
fluorescence on increasing the pH from 2.2 to 4.6; and the orange/red enhanced when
the pH increased from 10.2 to 11.4 (Fig. 6b). Therefore, the test strips could
conveniently detect pH over a wide pH range.

Insert Fig. 6 in here

3.6 Fluorescence imaging of probe 1 in living PC3 cells

Encouraged by the desirable pH-dependent spectral properties of the probe 1, its
potential for monitoring pH changes in living cells was then examined. PC3 cells
were incubated with probe 1 (10 uM) for 1 h. After washing with fresh RPMI-1640
culture medium for three times, the cells were then incubating with 50 mM Tris-HCl
buffer or HEPES-NaOH buffer at various pH values for 15 min. Prior to imaging,
cells were washed with fresh RPMI-1640 culture medium three times. Fluorescence

images were acquired on a fluorescence microscopy in the green channel (Aex = 450 ~
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490 nm) or in the red channel (Aex = 510 ~ 550 nm). As shown in Fig. 7, the cells
exhibited green fluorescence from the green channel, and the intensity of the green
fluorescence gradually weakened when the pH changed from 2.0 to 4.0 (Fig. 7a and
7b). Furthermore, the cells showed red fluorescence from the red channel, and the
intensity of the red fluorescence gradually increased when the pH changed from 10.0
to 11.4 (Fig. 7e and 7f); no fluorescence was exhibited at pH 7.0 (Fig. 7i). The cell
imaging changes versus the pH values are consistent with the previous spectral
properties, and indicate that the probe has good membrane permeability, clear cellular
location and low cytotoxicity for measuring extreme ranges of intracellular pH.
Insert Fig. 7 in here

3.7 The mechanism of pH detection

In order to obtain more detailed information on the sensing mechanism, 'H NMR
titrations of probe 1 (5 mM) under acidic and alkaline conditions were performed in
CD3CN/D20 (3/1, v/v). As shown in Fig. 8a, upon addition of DCI, the chemical
shifts of H5 ~ H10 in probe 1 exhibited a distinct downfield shift by A3 0.194 ~ 0.478
ppm. The large change of proton resonance revealed the protonation of the nitrogen
atom on the 8-hydroxyquinoline, which enhanced the electron-withdrawing effect,
and decreased the electron density of the aromatic ring, leading to the downfield shift
of the proton signals. On the other hand, when NaOD was added to the solution of
probe 1 (Fig. 8b), all the proton signals of the conjugation system clearly shift upfield
(Table S2), with H1 and H2 showing an especially large shift A (H1) = 0.144 ppm
and Ad (H2) = 0.135 ppm, which indicated that the deprotonation of the phenolic
hydroxy group of probe 1 enhanced the electron-donating and p-m conjugate effect,

increased the electron density of the aromatic ring, and led to the upfield shift of the
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proton signals. Therefore, the probe 1 exhibits multi-colours under acidic and alkaline
conditions, which allows for the distinction of pH values over a wide range.
Insert Fig. 8 in here

The IR spectra of probe 1, probe 1-HCI and probe 1-NaOH were measured. There
were obvious differences in the spectra, namely the peak at 3390 cm™! was attributed
to the stretching vibration of the phenolic hydroxy group on probe 1 due to the
formation the hydrogen-bonding. The peak at 1450 cm™' was attributed to the
stretching vibration of the benzene ring and 1600 cm™ was attributed to the stretching
vibration of C=C, which changed dramatically on adding HCI due to the protonation
of the nitrogen atom and enhancement of the electronic withdrawing effect (Fig.
S17a). The peak at 3390 cm’! of the phenolic hydroxy group of probe 1 decreased
remarkably because of weakening of the hydrogen-bonding by the deprotonation of
the phenolic hydroxy group. Meanwhile, the peak at 1450 cm™ and 1600 cm’!
changed on adding NaOH due to p-m conjugation and the improvement of the skeleton
vibrations of the benzene ring (Fig. S17b). Thus, the changes of the IR spectra of
probe 1 on adding HC1 and NaOH are consistent with the results from the 'H NMR
spectroscopic titrations. According to the above experiments, a pH modulated
switching of probe 1 versus pH is proposed as shown in Scheme 2.

Insert Scheme 2 in here

4. Conclusions

In summary, we have described a novel quinoline-based pH-sensitive probe 1,
which could respond to pH via different fluorescence and absorption changes based
on a protonation and deprotonation mechanism. Probe 1 could respond to a broad pH
range from 2.0 to 11.4 via different fluorescence emissions (green/blue at pH 2.0 ~

5.0, quenching at pH 5.0 ~ 10.0, and orange/red at pH 10.0 ~ 11.4). Common
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potentially competing ions and bioactive species did not cause any obvious
interference for the pH sensing process. Probe 1 has advantages including responding
to pH wvia different fluorescence emissions, good reversibility, excellent
anti-interference and sensing over a wide pH range, all of which make it behave as an
excellent pH probe compared with many previous pH probes reported in terms of
selectivity, sensitivity, pH detection range and applications (Table S3). In particular,
the application of probe 1 for the pH detection in PC3 cells was successfully achieved,
proving that it can reveal intracellular pH fluctuations. This study may provide a
promising candidate for intracellular pH detection application in both chemical and
biological fields.
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Fig. 1 Absorption spectra of probe 1 (10 uM) in CH3CN/Tris (v/v, 3/2) buffer solution

with pH increase from 1.6 to 5.0, inset shows the changes of maximum absorption at

430 nm on increasing the pH value.

22

©2018, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



0.4- 360nm

0.3-

0.2

Absorbance

0.1-

0.0

400 500 600
Wavelength(nm)

300

Fig. 2 Absorption spectra of probe 1 (10 uM) in CH3CN/HEPES (v/v, 3/2) bufter

solution on increase of pH from 10.0 to 11.4.

23

©2018, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



550nm EEmn

1 ‘E 500 . Ay, =550nm

J =
= 500 E 400- -.
£ 4004 g 300, "
8 300' \ g 100_ l.
E 1 \ 0 el T
2 2004 S R R
2 ] pH
S
= 1001
h -

0" T v T - ===
500 600 700 800
Wavelength(nm)

Fig. 3 Fluorescence spectra of probe 1 (10 uM) in CH3CN/Tris (v/v, 3/2) bufter
solution on decreasing the pH from 5.0 to 1.6, inset shows a pH-dependent plot of the

emission at 550 nm. Aex = 440 nm.
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Fig. 4 Fluorescence spectra of probe 1 (10 uM) in CH3CN/HEPES (v/v, 3/2) bufter
solution on increasing the pH from 9.0 to 11.4, inset shows a pH-dependent plot of the

emission at 580 nm. Aex = 440 nm.
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Fig. 5 The pH reversibility of probe 1 (10 uM): (a) in CH3CN/Tris (3/2, v/v) buffer

solution with pH 2.0 ~ 7.0; (b) in CHsCN/HEPES (3/2, v/v) with pH 7.0 ~ 11.4.
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Fig. 6 Colour changes of test papers based on probe 1 at different pH values. (a):

under visible light; (b): under 360 nm UV light.
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Fig. 7 Fluorescence microscopy analysis of PC3 cells in various pH buffers. PC3 cells
incubated with probe 1 (10 uM) for 1 h and then immersed with 50 mM Tris-HCl
buffer or HEPES-NaOH buffer for 15 min at pH 2.0 (a, c¢: brightfield image); pH 4.0
(b, d: brightfield image); pH 7.0 (i, j: brightfield image); pH 10.0 (e, g: brightfield

image), and pH 11.4 (f, h: brightfield image), respectively.
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Fig. 8 (a) The '"H NMR spectra of probe 1 (5 mM) and probe 1-DCI, (b) probe 1 (5

mM) and probe 1-NaOD in CD3CN/D20 (3/1, v/v) at 298 K.
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Scheme 2 pH modulated switching of probe 1.
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