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A ratiometric fluorescent pH probe, 4-carboxylaniline-5-chlorosalicylaldehyde Schiff base (1) was
synthesized via a facile reaction and used for pH sensing in live cells. While exhibiting weak fluorescence
when dispersed in solution, 1 displayed aggregation-induced emission enhancement (AIEE)
characteristics in its aggregate/solid state, as a result of the restriction of free intramolecular rotation of
a C-N bond and the non-planar configuration in the aggregate/solid state. The integration of hydroxyl
and carboxyl groups provided 1 with a ratiometric fluorescent response to pH based on AIEE and the
pH-dependent spectral characteristics of compound 1, with proton dissociation constants pK,; and
pK.» 0f 4.8 0.1 and 7.4 £ 0.1, respectively. The probe exhibited a significant fluorescence color change
from orange to green with an intensity ratio (1 si¢ nm/ I 550 nm) €nhanced when the pH increased from 5.0
to 7.0 in aqueous solution. Confocal fluorescence imaging of intracellular pH through ratiometric
response was successfully achieved in live HepG?2 cells. The results demonstrate that probe 1 is a good
candidate for monitoring pH fluctuations in live cells with good selectivity, stability, and excellent

membrane permeability.

Introduction

The development of optical sensors for intracellular pH moni-
toring has attracted great attention since fluctuations in intra-
cellular pH play an essential role in many cellular processes such
as cell growth, enzyme activity and ion transport,' and variations
in intracellular pH is a common phenotype of cancer cells.? In
particular, fluorescent pH probes with ratiometric properties are
highly preferred for pH monitoring in complex samples because
of their visible fluorescence color change and better resistance to
variations of sensor concentration and external environment.? By
combining the use of a fluorescent pH probe and an appropriate
imaging instrument, fluorescent imaging of pH provides
a promising method for studying pH fluctuations in live cells.
However, only a limited number of ratiometric pH probes have
been reported to be practical for intracellular fluorescent
imaging, and the synthetic procedures for these compounds are
often complicated.*
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In recent years, fluorophores displaying aggregation-induced
emission enhancement (AIEE) have provided a powerful plat-
form for the development of novel chemical and biological
sensors.® It is well known that many organic fluorescent materials
exhibit very strong fluorescence in dilute solution, however their
emission intensities dramatically decrease with increasing
concentrations and formation of aggregates. This aggregation-
caused quenching (ACQ) effect mainly results from strong
intermolecular -7 stacking interactions and non-radiative
decay.® In contrast, AIEE fluorophores, as first reported by Tang
and Zhu et al. in 2001,” are weakly fluorescent when dispersed in
solution, but exhibit intense fluorescence in an aggregate or solid
state.® The restriction of the intramolecular rotation (RIR)
process and the non-planar configuration in their aggregate state
which experiences little Tt stacking interactions are regarded as
the main causes for the AIEE effect.” Hence, a design principle of
AIEE molecules is to have two or more conjugated/aromatic
moieties connected by rotatable single bond(s), which result in
nonradiative decay in the solution state, but an enhanced emis-
sion in the aggregate state when rotation is restricted.’® On the
basis of this principle, a series of salicylaldehyde azine derivatives
were previously studied in our group, which exhibited AIEE
characteristics by restriction of intramolecular rotation of a N-N
single bond when changed from solution to aggregate state.!!
Although AIEE compounds bearing pH sensitive groups have
been shown to demonstrate a pH-dependent fluorescence
response, there is still no such dye reported with a ratiometric
fluorescence response in near-neutral pH ranges.?
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In this study, an AIEE-active fluorophore, 4-carboxylaniline-
S-chlorosalicylaldehyde Schiff base (1), was facilely synthesized
for sensing pH variations in aqueous solution and in live cells.
This compound showed a ratiometric fluorescent response over
the pH range 5.0 to 7.0 with a fluorescence color change from
orange to green, by the switching of its aggregate and solution
state fluorescence (Scheme 1). Demonstrating good stability,
membrane permeability, and selectivity over metal ions,
compound 1 was successfully applied to intracellular pH
measurement in human hepatocellular liver carcinoma cell line
(HepG2 cells) by confocal microscopy.

Results and discussion
Single crystal structure

Single crystal of compound 1 was grown from ethanol solution
and characterized by X-ray crystallography. As shown in Fig. 1,
the crystal structure of 1 contained an intramolecular hydrogen
bond in the salicylaldimine moiety, which ensured two
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Scheme 1 Proposed deprotonation processes of compound 1.

Fig. 1 Crystal structure of compound 1. Left: ORTEP drawing with
35% probability ellipsoids. Right: A packing view along the « direction;
the open bonds showed one orientation of the phenyl and carboxyl
groups, and the solid bonds showed the other orientation.

conjugated/aromatic moieties connected by a rotatable single
bond (C8-N1), indicating that 1 had the potential of aggrega-
tion-induced emission enhancement (AIEE) feature resulting
from the restriction of free intramolecular rotation in its aggre-
gate/solid state.'™!* In addition, it was found that the carboxyl
and two phenyl groups of the molecule are diorientational due to
the rotation of a C11-C14 single bond which gives a statistical
mirror symmetry to meet the requirement of the C2/m space
group. A dihedral angle of 49.9° for the [C10-C11-C12] and [O2-
C14-03] was observed, owing to the propeller-like structure of
the carboxyl groups. Furthermore, the inter-plane distances
between adjacent molecules were as long as 4.32 A (see Fig. S3. 1)
due to the non-planar configuration of compound 1, which
hindered any closer packing. In this case, the concentration-
quenching effect caused by strong intermolecular m— stacking
interactions might be weakened in such structures.'*

AIEE characteristics

Compound 1 was soluble in some common organic solvents,
such as ethanol, chloroform, THF, and DMF. However, water
was a poor solvent. Herein, the AIEE feature of 1 was investi-
gated in ethanol/water (from 9:1 to 1:9, v/v) buffered with
50 mM sodium phosphate at pH 4.42 (Fig. 2). In a good solvent
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Fig. 2 (a) Absorption spectra of 1 (90 uM) in “solution” (ethanol/water,
9:1, v/v) and “aggregate” (ethanol/water, 1 : 9, v/v) states, containing
50 mM sodium phosphate at pH 4.42; (b) effect of ethanol volume
fraction on the AIEE fluorescence intensity measured at 559 nm (peaks in
emission spectra). Insert: fluorescence excitation/emission spectra of 1 in
“solution” and “aggregate” states. Excitation was performed at 381 nm.
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Fig. 3 SEM image for solids of 1 obtained from a suspension in 1 : 9
ethanol/water (v/v), buffered by 50 mM sodium phosphate at pH 4.42.

of 9 : 1 ethanol/water, 1 was well dispersed in its “solution” state
with a structured absorption spectra, and displayed weak fluo-
rescence emission (@r = 0.001). However, when 1 was dispersed
in 1:9 ethanol/water, a leveling-off in the visible region of its
absorption spectra (commonly observed in nanoaggregate
suspensions®) strongly suggested the formation of a poorly-
soluble “aggregate” state, and an intense fluorescence enhance-
ment was observed (@ = 0.12) with a similar emission wave-
length as observed in its solid state (powder and crystal)
fluorescence spectra (see Fig. S4 1). The blue-shift observed in the
absorption spectrum and the bathochromic shift in its emission
spectrum were attributed to the formation of an H-aggregate in
the aggregate/solid state of 1 with respect to its isolated chro-
mophore, which was supported by the face-to-face arrangement
in its single crystal structure.'® The AIEE effect of compound 1
could be explained by the blocking of nonradiative intra-
molecular rotation decay of excited molecules, as well as by
formation of a non-planar configuration in its aggregate/solid
state which weakened the w—m stacking interaction. As illus-
trated in Fig. 2b, the AIEE effect of 1 occurred at 20% volume
fraction of ethanol. A lower ethanol volume fraction was found
to enhance the AIEE fluorescence intensity, which was well
consistent with the fact that more aggregates would be formed in
poorer solvents. Besides absorption and fluorescence spectra, the
formation of aggregates of 1 was also directly observed using
scanning electron microscopy (SEM): particle size distributions
with 100-200 nm were detected when the solids of 1 were
obtained from the solvent mixtures with 90% buffered water
(pH 4.42) (see Fig. 3); while no particle was observed when the
volume fraction of ethanol was above 20%.

pH-dependent optical properties

In buffer solution at pH 3.95, 1 (10 uM) exhibited absorption
bands at 258 and 290 nm respectively (Fig. S5a. 1). With pH
values increased to 9.52, a new absorption band at 390 nm was
observed, with absorbance enhanced in the 250-275 nm region
and decreased in the 280-350 nm region through two pseudo-
isosbestic points located at 276 and 353 nm.

The pH-dependent fluorescence response of 1 was also investi-
gated. A ratiometric fluorescence pattern was clearly observed
when the solution of 1 (60 uM) was excited at 353 nm. As
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Fig. 4 (a) pH-dependence of the emission spectra of 1 (60 pM) in 50 mM
phosphate buffer, with arrows indicating the change of fluorescence
intensities with pH increase. From acidic to basic conditions: pH 3.43, 3.70,
4.03, 4.40, 4.82, 5.05, 5.22, 5.63, 6.00, 6.28, 6.62, 6.97, 7.20, 7.40, 7.71, 8.06,
8.52,9.01, and 9.56; (b) ratiometric calibration curve of 1 516 /1 559 (intensity
at 516 nm vs. intensity at 559 nm). Excitation was performed at 353 nm.

demonstrated in Fig. 4, the neutral form of 1 tended to aggregate at
acidic pH and exhibited AIEE with a fluorescence maximum at
559 nm. The AIEE effect was weakened as pH increased from 3.43
to 5.63, when the carboxyl group was deprotonated (pK,; = 4.8 +
0.1, Fig. S5b.1) and the anionic form of 1 became well-dispersed in
aqueous solution. As pH was further increased from 5.63 to 9.56,
the hydroxyl group of compound 1 was deprotonated (pK,, = 7.4
+ 0.1, Fig. S5c¢.7), electron delocalization from the phenolate to the
carbon of the imine group was enhanced due to the negative charge
on the oxygen in the phenolate group. Intramolecular charge
transfer (ICT) was thus enhanced as a result of the expansion of the
conjugated system and the stronger electron-donating ability of the
phenolate group.!” Therefore, a new emission peak for the dianion
form of 1 appeared at 516 nm in a higher pH solution. In partic-
ular, the fluorescence color changed from orange to green with an
intensity ratio (Zs;s nm / Iss9 nm) €nhancement observed over the pH
range of 5.0 to 7.0, which is ideal for accurate near-neutral pH
measurements.

Testifying the stability and selectivity

The photostability of probe 1 was tested by measuring the fluo-
rescent response over 30 min under constant excitation. Fig. S6.t
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showed the time-course fluorescence intensity of 1 (60 uM) in
aqueous solution at pH 6.00 and 7.00 at 37 °C. The fluorescence
intensity at 516 and 559 nm remained stable over the time range
tested. Furthermore, the fluorescence ratio (Isig nm/fs59 nm)
exhibited little variation when the temperature changed from 20
to 40 °C (Fig. S7. 1). These experiments indicated that 1 could
steadily respond to pH values without interference from photo-
bleaching and variation in temperature.

Considering that a number of salicylaldehyde Schiff base
derivatives can chelate di- or tri-valent metal ions in solution,'®
the selectivity of 1 to H* over metal ions was investigated by
competition experiments. The fluorescence intensity of 1 dis-
played moderate variation in the absence or presence of an excess
of Li*, K*, Zn**, Mg**, Ca**, Fe**, Cu**, Mn>" and Cd** ions at
pH 5.98 and pH 6.80. However, as shown in Fig. 5, no significant
changes in the intensity ratio (Isis nm / Iss0 nm) Were observed,
which indicated that the interference from these metal ions on
ratiometric fluorescence pH measurements were negligible.

With satisfied selectivity over metal ions, we realized 1 could be
utilized as an excellent ratiometric fluorescent pH indicator for
real water samples (Table S17).

Detection of H* in live cells by confocal microscopy

To further demonstrate the application of the probe, we used 1
for fluorescence imaging of pH fluctuations in live cells. In this
study, HepG2 cells were incubated with 1 (60 uM) and then with
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Fig.5 Ratio of fluorescence intensity at 516 nm and 559 nm of 1 (60 uM)
in the absence or presence of 300 uM Zn**, Fe**, Cu?*, Mn**, Cd**, 5 mM
Mg**, Ca**, and 10 mM Li*, K* ions in phosphate buffer solution at pH
5.98 (a) and 6.80 (b). 1: H*, 2: Li*, 3: K*, 4: Zn>*, 5: Mg**, 6: Ca**, 7: Fe'*,
8: Cu*", 9: Mn?*, 10: Cd**. Excitation was performed at 353 nm.

nigericin (5 pg mL™") to equilibrate the intracellular and extra-
cellular pH, which is a standard approach that has previously
been used to calibrate other pH measurements in vitro.>=' As
shown in Fig. 6 (a—f), 1 was well-distributed within live cells
(bright-field transmission image confirmed the viability of the
cells,>*?° see Fig. 6 (j)), indicating excellent membrane perme-
ability. The dye-loaded cells exhibited weak fluorescence in both
channel I (490-535 nm) and channel IT (540-585 nm) in PBS at
pH 5.00; whereas the fluorescence brightness of channel I was
obviously enhanced as the pH was increased. The ratiometric
fluorescence images were shown in Fig. 6 (g-i), which demon-
strated that 1 could readily reveal near-neutral pH variations in
HepG?2 cells by a ratiometric response. The mean fluorescent
intensity (MFI) and fluorescence ratio of channel I and channel
II were acquired using commercial software and are displayed in
Fig. 6 (k) (fluorescence images of dye-loaded cells in PBS at pH
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Fig. 6 Confocal fluorescence images of H" in HepG?2 cells after incu-
bation with 1 (60 uM) and nigericin at 37 °C (Ax = 405 nm). Left:
collected at channel I (490-535 nm) at pH 5.00 (a), 6.30 (b), and 7.00 (c);
middle: collected at channel 1T (540-585 nm) at pH 5.00 (d), 6.30 (e), and
7.00 (f); and right (g—i): ratiometric fluorescence images generated from
channel I and channel II; (j) bright-field transmission image of (c). (k)
Data of mean fluorescent intensity (MFI) (gray bar) and fluorescence
ratio of channel I and channel II (black bar) at various pH of 5.00, 5.50,
6.00, 6.30, 6.60, 7.00.
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5.50, 6.00, and 6.60 are shown in Fig. S8.1). These results have
established that probe 1 is a good candidate for monitoring pH
fluctuations in live cells.

Conclusion

In conclusion, a ratiometric fluorescent pH indicator 4-carbox-
ylaniline-5-chlorosalicylaldehyde Schiff base (1) was synthesized
via a facile method and used to monitor pH fluctuations both in
aqueous solution and in live cells. Compound 1 displayed strong
aggregation-induced emission enhancement (AIEE) fluorescence
in its aggregate/solid state, resulting from the restriction of free
intramolecular rotation of a C—N single bond and its non-planar
configuration in such a state. A significant fluorescence color
change from orange to green with intensity ratio (Isy6 nm/ I559 nm)
enhancement was observed over a pH range from 5.0 to 7.0. The
new probe displays several advantageous properties including
ratiometric fluorescence over a near-neutral pH response range,
high tolerance to metal ions, and excellent stability, all of which
were favourable for intracellular pH imaging. Application of 1
for pH imaging in live HepG?2 cells was successfully achieved,
proving that 1 can reveal intracellular pH fluctuations via
a ratiometric response.

Experimental section
Chemicals

Analytical grade absolute ethanol and deionized water (distilled)
were used throughout the experiment as solvents. All materials
for synthesis were purchased from Alfa Aesar Co. and used
without further purification. Nigericin (sodium salt) was bought
from Fermentek Ltd. HepG?2 cells were kindly provided by Prof.
J.M. Lin’s research group at Tsinghua University. Solutions of
metal ions were prepared from the corresponding nitrate salts
(analytical grade), except for KCl and MnCl,. Phosphate buffer
solutions (50 mM) at various pH values were prepared under
adjustment by a pH meter using different ratios of phosphoric
acid, sodium dihydrogen phosphate, disodium hydrogen phos-
phate and sodium hydroxide.

Instruments

Absorption spectra were measured on a JASCO V-550 UV-vis
spectrophotometer. Fluorescence spectra measurements were
performed on a JASCO FP-6500 spectrofluorimeter equipped
with a xenon discharge lamp, using 1 cm quartz cells. All pH
measurements were made with a METTLER TOLEDO 320 pH
meter (Shanghai, China). NMR spectra were recorded using
a JOEL INM-ECA300 spectrometer operated at 300 MHz. ESI-
MS spectra were obtained on a HP 1100 LC-MS spectrometer.
X-ray crystal data collection was controlled by XSCANS
program. Computations were constructed using the SHELXTL
NT ver. 5.10 program package on an IBM PC 586 computer.
Dynamic light scattering (DLS) experiments were conducted
using a ZETA3000HS (3 nm-3 um) light scattering instrument.
Scanning electron microscopy (SEM) observations were per-
formed on a KYKY-2000 instrument. Fluorescent images were
taken using a LMS 710 confocal laser scanning microscope (Carl
Zeiss Co., Ltd.) with an objective lens (x40). Unless otherwise

mentioned, all of the measurements were operated at room
temperature and repeated at least once.

Synthesis of compound 1

In a 50 mL flask, 3 mmol of 5-chlorosalicylaldehyde and 3 mmol
of 4-carboxyaniline were dissolved in 25 mL of ethanol, and
stirred at room temperature overnight. The resulting precipitate
was filtered and washed three times with 15 mL of cold ethanol.
After drying, 1 was obtained as an orange solid in a 62% yield
(Scheme S1 ). '"H NMR (300 MHz, DMSO-d;, 25 °C, TMS)
6 (ppm) = 7.02 (d, J; = 8.6 Hz, J, = 2.8 Hz, H), 7.46 (d, J = 8.2
Hz, H), 7.48 (d, J = 8.6 Hz, 2H), 7.78 (d, J = 2.8 Hz, H), 8.01 (d,
J = 8.2 Hz, 2H), 8.96 (s, H); *C NMR (300 MHz, DMSO-dg, 25
°C, TMS) 6 (ppm) = 119.3, 121.2, 122.1, 123.3, 129.6, 131.3,
131.4, 133.8, 152.6, 159.4, 163.6, 167.4; ESI mass spectrometry:
miz 274.2 (M — H]"); M~ calcd 274.0; elemental analysis calcd
(%) for C4H(CINO;: C 61.09, H 3.67, C112.72, N 5.09, O 17.43;
found: C 60.91, H 3.69, C1 12.81, N 5.14, O 17.45.

Crystal structure determination of compound 1

Crystal data. C4H,(CINO;3;, M = 275.68, monoclinic, a =
6.177(2) A, b = 7.001(3) A, ¢ = 28.415(10) A, a = 90.00°, 8
94.40(3)°, v = 90.00°, ¥ = 1225.1(8) A3, T = 295 + 2 K, space
group Co/m (No. 12), Z = 4, 1863 reflections measured, 1244
unique reflections (R;,; = 0.0912) which were used in all calcu-
lations. R; = 0.0808, wR, = 0.1405, CCDC: 780526.F

Spectral measurements

A stock solution of 1 (3 mM) was prepared in ethanol.
Absorption and fluorescence measurements were performed by
addition of a proper amount of stock solutions to buffered water
or buffered water/ethanol of different pH and ethanol fractions
(totally 3 mL) in a 1 cm quartz cell. After mixing, the solutions
were allowed to stand at ambient conditions for 5 min, and then
absorption or fluorescence spectra were recorded.

Determination of pK, from absorption titration

For determination of pK,, 10 uM of 1 was prepared in aqueous
solution at various pH levels for absorption titration. At this
concentration, 1 was in the “solution” state with structured
absorption spectra. The proton dissociation constants pK;,; and
pK.» of 1 were calculated from the results of a nonlinear
regression of the absorbance at 290 nm and 390 nm, as previously
described.* 2!

pH-dependent intracellular fluorescence imaging

Human hepatocellular liver carcinoma cell line (HepG2 cells)
were incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units mL™"), and streptomycin (100 ug mL™").
Cultures were maintained at 37 °C under a humidified atmo-
sphere containing 5% CO,. About 1.0 x 10° HepG2 cells in
growth medium (2 mL) were seeded on a 35 mm-diameter round
glass petri dish and incubated overnight at 37 °C under 5% CO,.
The medium was then removed. The cells were incubated with
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a solution of 1 (60 pM) in medium (2 mL) for 10 min under the
same conditions. After that, the medium was removed and the
cells were treated with nigericin (5 pg mL~') in PBS (2 mL) for
further 10 min. Before imaging, the dye loaded cells were rinsed
three times and incubated with PBS buffer (50 mM) at various
pH values (pH = 5.0, 5.5, 6.0, 6.3, 6.6, 7.0) for 10 min,
respectively.

Cells were imaged with a LMS 710 confocal laser scanning
microscope equipped with a Chamlide TC system (Live Cell
Instrument, Inc.). The excitation wavelength was 405 nm.
Emission signals from 490-535 nm and 540-585 nm were
collected and denoted channel I and channel II, respectively, and
images were analysed using Image-Pro Plus software. The
intracellular fluorescence intensities and fluorescence ratio of
channel I and channel II were also determined, using a total of 10
cells at each pH tested.

Calculation of quantum yield

Quantum yields were calculated using quinine sulfate in 0.1 M
H,SO, (excitation at 366 nm) as a standard (& = 0.55) for
solution phase samples. For solid phase samples, an integral
sphere was applied with BaSO, white plates as a standard
(¢ =1.0)."
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