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A colorimetric and fluorescent pH probe 1-(4-methylphenyl)-3-(4-dimethylaminophenyl) acrylketone
(MDAK) was facilely prepared. The probe exhibited strong pH-dependent behavior and responded
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linearly and rapidly to minor pH fluctuations within the range of 1.53-3.96. In addition, MDAK displayed

a notably large Stokes shift of 121 nm. MDAK possessed a highly selective response to H* over other
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1. Introduction

Intracellular pH plays a significant role in a mass of cellular
events, including cell proliferation and apoptosis,'™ enzymatic
activity,® endocytosis,® ion transport and homeostasis,”®
muscle contraction® and other cellular processes. The H'
concentration is maintained within very narrow limits under
normal physiological conditions. The normal value is about 40
nmol L' (pH 7.40) and varies by about 5 nmol L™" (pH 7.35-
7.45).° As an important indication of cellular health, slight
changes of intracellular pH have a traumatizing effect on the
progress of distinct pathophysiologic states and even cause
cellular dysfunction which is closely related to many serious
diseases, such as cancer, cardiopulmonary and Alzheimer's
disease ™ (one of the neurodegenerative disorders). Hence,
sensing and monitoring pH fluctuations in living cells is crucial
for investigating cellular functions and further providing
insight into physiological and pathological processes.

A range of analytical methods has been reported for the
measurement of pH, such as microelectrodes," nuclear
magnetic resonance (NMR)" and molecular spectroscopy.'**®
Among these methods, fluorescence spectroscopy has attracted
much more attention due to its noninvasiveness, excellent
sensitivity, fast response time, simple operation, high signal-to-
noise ratio and the ability to continuously monitor the rapid
kinetic pH changes.”* Fluorescent probes, as the most
important area of fluorescence spectroscopy, have been
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metal ions, amion acids and displayed good photostability and excellent reversibility. Furthermore, it can
be applied to visualize extreme acidity in E. coli cells.

extensively used due to their high selectivity and sensitivity,
unrivaled spatiotemporal resolution, convenient operation and
possibility of real time monitoring.”® Moreover, with the
combination of fluorescent probes and confocal laser scanning
microscopy, fluorescence imaging becomes one of the most
powerful techniques for the continuous observation of dynamic
biochemical and cellular processes of living systems.*” There-
fore, fluorescent probes with different design strategies
continue to be developed.

In the past few years, a great deal of pH probes reported in
literature can be broadly divided into two main classes: one
type for cytosol that works in a pH region 6.8-7.4 (ref. 10, 19
and 23-26) and the other type for acidic organelles such as
lysosomes and endosomes?*”~** which function at pH 4.5-6.0.
However, the fluorescent probes for extreme acidity (pH <
4)** were paid relatively less attention. In some eukaryotic
cells, acidic pH has important effect on organelles along the
secretory and endocytic pathways.*” Stomach, which contains
gastric acid with acidity pH 2.0-3.0, is the strongly acidic organ
of human beings.** Gastric acid plays an important role in the
physiological processes. In the stomach, gastric acid can
activate pepsinogen into pepsin which decompose the protein
of food,** and provide a suitable acid condition for the
activity of pepsin. Also, the extreme acidic environment can
kill bacteria in the water and food. In addition, as the gastric
acid into the small intestine, it will indirectly promote the
secretion of bile and pancreatic juice, and accelerate the
absorption of iron and calcium. Abnormal pH values of gastric
acid influences the function of stomach, which will cause
stomach disorders. In highly acidic conditions (pH < 4), most
of the living species could hardly live, but a great number of
microorganisms such as acidophiles and Helicobacter pylori
can live under such extreme conditions.***” Furthermore,
enteric bacteria such as Escherichia coli and Salmonella species
survive through the highly acidic mammalian stomach.***

This journal is © The Royal Society of Chemistry 2017
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Thus, there is a great need in designing pH probes with high
sensitivity, large Stokes shift, good photostability for extreme
acidity.

In this paper, we reported a colorimetric and fluorescent pH
probe 1-(4-methylphenyl)-3-(4-dimethylaminophenyl) acryl-
ketone MDAK. MDAK not only showed high sensitivity, revers-
ible response, and excellent stability, but also displayed
a notably large Stokes shift of 121 nm which could reduce the
excitation interference. The pH titration indicated that MDAK
exhibited remarkable pH-dependent behavior in the fluores-
cence (Aex = 440 nm) with a pkK, value of 2.71. Furthermore,
MDAK responded to pH fluctuations within a wider pH range
(1.53-3.96). More importantly, the probe had been successfully
used for fluorescence imaging in E. coli cells under extreme
acidity conditions.

2. Experimental section

2.1. Materials and apparatus

Unless otherwise stated, all other reagents were purchased
from commercial suppliers and applied directly without
purification. Twice-distilled water was used in all the experi-
ments. Fluorescence measurements were obtained with
a Hitachi F-7000 fluorescence spectrophotometer. Photo-
multiplier (PMT) voltage was set at 600 V for the fluorescence
spectra. Absorption spectra were measured with a UV-2450
spectrophotometer in a 4.5 mL (1 cm in diameter) cuvette
with 2 mL solution. NMR spectra were recorded on a Bruker
instrument (AVANCE|||HD) with TMS as the internal standard
in DMSO-d¢ of 600 MHz for 'H NMR and 150 MHz for “*C
NMR, respectively. Mass spectra were taken on a Thermo
Scientific Q Exactive mass spectrometer. Fluorescent images
were performed on a ZEISS LSM-880 confocal laser scanning
microscope.

2.2. Synthesis and characterization of fluorescent probe

4-Dimethylaminobenzaldehyde (1.94 g, 13 mmol), 1-(4-
methylphenyl)-ethanone (1.79 g, 13 mmol), 10% NaOH solution
(3 mL), anhydrous ethanol (100 mL) were added in turn to a 250
mL flask. The reaction was stirred at room temperature for 4 h.
The progress of reaction was monitored by thin-layer chroma-
tography (trichloromethane : petroleum ether = 1:3). The
mixture was subsequently filtered under reduced pressure. The
crude product was recrystallized with anhydrous ethanol and
dried overnight under a vacuum to obtain yellow solid (2.77 g,
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85%). The synthesis route of MDAK was shown in Scheme 1. 'H
NMR 6/ppm (600 MHz, DMSO-dy): 8.03 (d, ] = 7.8 Hz, 2H), 7.71
(d,] = 8.4 Hz, 2H), 7.65 (t,] = 10.8 Hz, ] = 15.6 Hz, 2H), 7.36 (d, ]
= 7.8 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 3.01 (s, 6H), 2.40 (s, 3H);
13C NMR (150 MHz, DMSO-d): 188.58, 152.40, 145.27, 143.27,
136.26, 131.18, 129.68, 128.81, 122.52, 116.57, 112.21, 40.17,
21.62 (Fig. S11). HRMS (ESI) caled for [M + H]' 266.15394, found
266.15403 (Fig. 521).

2.3. General UV-vis and fluorescence spectra measurement

Stock solution of probe (1.0 mM) was prepared in DMSO. The
solution for spectroscopic determination was obtained by
diluting the stock solution to 10 uM in DMSO/water (1/3 v/v)
medium. The pH variations of the solution were adjusted by
adding the different volumes of HCI (1.0 M, 0.1 M). Spectral data
were recorded after each addition. The excitation and emission
slit widths were 5 nm and 10 nm, respectively. All spectroscopic
experiments were carried out at room temperature.

2.4. E. coli cells culture and imaging

According to the method reported in literature,*” E. coli cells
were incubated at 37 °C in Luria-Bertani (LB) culture medium
(tryptone 10 g L™ ", yeast extract 5 ¢ L™*, and NaCl 10 g L™ ") for
17 h in a table concentrator at 180 rpm. Then the culture was
centrifuged at 5000 rpm for 5 min to collect E. coli cells. The
sediment was washed with sterile water and then resuspended
in solutions of different pH (6.81, 2.70 and 1.22). Five minutes
after resuspension, the probe dissolved in DMSO was added
into every tube to a final probe concentration of 30 uM. E. coli
cells with the probe were incubated in a table concentrator for
2 h and then smeared on slides and observed by confocal laser
scanning microscope.

3. Results and discussion

3.1. UV-vis spectrum study

Fig. 1 showed the UV-vis absorption spectral change of MDAK at
different pH values. As the pH decreased from 6.81 to 1.07, the
absorbance at 437 nm reduced dramatically. Upon decreasing
the pH from 6.81 to 3.40, the absorbance at 280 nm reduced
gradually. When pH was less than 3.40, the absorption spectra
exhibit a red shift from 280 to 300 nm and increased clearly. The
observed absorption enhancement might be caused by experi-
mental instrument. On this account, the absorption signals
showed a sharp increase at about 360 nm for the systems with

EtOH, IO%NaOH

~N

Scheme 1 Synthesis route of probe MDAK.
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Fig.1 The absorption spectra of MDAK as pH decreased from 6.81 to
1.07. Inset: the photograph of probe solution (10 uM) as pH increased
from 6.81 to 1.07.

low pH values. At this wavelength, the spectrophotometer
changed its light sources, which resulting in the increment of
absorption signals at 300 nm. According to Fig. 1, the molar
extinction coefficient of probe could be obtained by using
Lambert-Beer's law: ¢ = 3.31 x 10 Lmol " em " (A = 437 nm,
pH 6.81). In addition, a notable color change from yellow to
colourless can be observed with pH decreasing, which proved
that MDAK could serve as a visual probe for the determination
of pH fluctuations.

3.2. Fluorescence spectrum study

Fluorescence pH titrations were performed in DMSO/water (1/
3, v/v) at a probe concentration of 10 uM. As shown in Fig. 2a,
in the absence of H', the probe solution exhibited an intense
emission band centered at 561 nm (4., = 440 nm) with a large
Stokes shift of 121 nm. The large Stokes shift could help to
reduce the excitation interference. With the variation of pH
from 6.81 to 1.07, the probe showed turn-off fluorescence.
Meanwhile, we could observed that the probe undergone
distinct color change from bright yellow to nonfluorescence
under UV lamp. Fig. 2b displayed the results of sigmoidal
fitting of the pH-dependent emission at 561 nm, affording
a pkK, value of 2.71. The emission intensity also showed good
linearity with pH in the range 1.53-3.96, according to the
linear regression equation F = 443.51 pH-575.83, with a linear
coefficient of 0.9968 (inset of Fig. 2b). The data indicated that
the probe could be used to detect pH quantitatively in extreme
acidity.

3.3. Selectivity study

To examine whether the probe could detect H' efficiently, the
selectivity of MDAK (10 uM) to acidic pH over metal ions was
investigated at pH 6.81 and 2.60 by competition experiments,
respectively. Fig. 3 exhibited that in the presence of
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Fig. 2 (a) Fluorescence spectra of MDAK (10 uM) as pH decreased

from 6.81 to 1.07. (Aex = 440 nm, slits: 5 nm/10 nm). Inset: the
photograph of MDAK solution (10 uM) as pH decreased from 6.81 to
1.07 under a UV light. (b) Sigmoidal fitting of pH-dependent fluores-
cence intensity at 561 nm. Inset: the good linearity in the pH range of
1.53-3.96.

physiologically ubiquitous metal ions (K*, Na*, Ca®* and Mg>")
do not give any obvious emission change at the two pH values.
Similarly, the addition of other metal cations, such as Zn**, AI**,
Pb**, Mn**, Co*", Cr**, Hg*", Bi*", Ni**, Cu®*, Fe**, Fe** caused
no appreciable spectroscopic changes under the testing condi-
tions. Furthermore, some amion acids (cysteine, alanine,
leucine, glycine, glutamate and histidine) exhibited negligible
effect. The results suggested that the probe showed excellent
selectivity toward H" over metal cations and some amion acids.

3.4. Photostability and reversibility study

The stability of the probe was tested by measuring the fluores-
cent response during 2 h. Fig. 4a showed the time course of
fluorescence intensity of MDAK (10 pM) at pH 3.96, 2.75, and
1.53 at room temperature, which proved that the probe could

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Fluorescence intensity of 10 uM MDAK in DMSO/water (1/3 v/v)
at pH 6.81 and 2.60 in the presence of diverse metal ions and amion
acids: (1) blank; (2) 50 mM K*; (3) 50 mM Na*; (4) 5 mM Ca2*; (5)
0.2 mM Zn?*; (6) 0.2 mM Mg?*; (7) 0.1 mM A®*; (8) 0.1 mM Pb2*; (9)
0.1 mM Mn?*; (10) 0.1 mM Co?*; (11) 0.1 mM Cr**; (12) 0.1 mM Hg?*;
(13) 50 uM Bi**; (14) 0.1 mM Ni?*; (15) 0.1 mM Cu?*; (16) 0.1 mM Fe?*;
(17) 0.1 mM Fe*; (18) 0.1 mM cysteine; (19) 0.1 mM alanine; (20)
0.1 mM leucine; (21) 0.1 mM glycine; (22) 0.1 mM glutamate; (23)
0.1 mM histidine (Aex = 440 nm).

instantly respond to the change of H' concentration. The
experimental results proved that the probe possessed good
photostability.

It is well-known that the reversibility of pH probe is highly
required. Therefore, we explored the reversibility of MDAK. The
PH value of the solution was switched back and forth between
6.81 and 1.22 by using concentrated hydrochloric acid and
aqueous sodium hydroxide. Fig. 4b clearly revealed that the
probe exhibited a highly reversible response to pH and the
response times in different pH values were less than 1 s.
Switching between the fluorescence on/off states could thus be
repeated accompanied with the color change repeatedly
between yellow (pH 6.81) and colorless (pH 1.22), which enabled
us to propose a mechanism for the equilibrium of probe with
variations of pH (Scheme 2).

3.5. 'H NMR analysis

"H NMR experiments were carried out to explore the changes of
protons. As shown in Fig. 5, the chemical shift values of H-a, H-b,
H-c shifted downfield, whereas the other protons experienced only
a small shift. At acidic condition, the N atom of MDAK was
protonated to generated N'. The N* possessed stronger electro-
withdrawing ability than N, so the proton signals (H-a, at 6 3.01)
of the methyl group connected with N were significantly shifted
downfield to ¢ 3.08 under acidic condition. The similar results
were obtained for the proton signals (H-b, H-c) of the phenyl group
connected with N. Therefore, H was added to the N atom of MDAK.

3.6. Theoretical calculations

To better understand the optical responses of MDAK upon
binding with H', time-dependent density functional theory

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Changes in fluorescence intensity at 561 nm for MDAK (10
uM) in DMSO/water (1/3, v/v) system with times at pH 3.96, 2.75, 1.53,
respectively. (b) Reversibility of the fluorescence response at 561 nm of
MDAK (10 uM) between pH 6.81 and 1.22 (Ao, = 440 nm).

(TD-DFT) calculations were performed using Gaussian 09
program. The ground state geometries were optimized by using
B3LYP functional with 6-31+G (d) basis set. Fig. 6 displayed the
optimized structures, the lowest unoccupied, the highest
occupied molecular orbital (LUMO and HOMO) plots of MDAK
and its protonated forms in ground state. From Fig. 6 we could
see that the HOMO of MDAK located on the p orbits of N and C
at the left side of the molecule, and the LUMO of MDAK located
on the p orbits of N and C of the molecule. However, the HOMO
of MDAK-H" located on the p orbits of C at the right side, which
are far away from the N atoms, and the LUMO of MDAK-H"
located on the p orbits of C of the molecule. To sum up, the
protonation affected the distribution of the frontier molecular
orbitals.

3.7. Imaging for E. coli cells

Encouraged by the above results, we next investigated whether
the probe could be used to monitor pH changes in living

RSC Aadv., 2017, 7, 964-970 | 967
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Fig. 5 H NMR spectra of MDAK in DMSO-dg before (a) and after (b)
the addition of hydrochloric acid.

samples. We used E. coli cells as a model to study the fluores-
cence change of E. coli cells incubated with probe (30 uM) under
different pH conditions using confocal laser scanning micro-
scope (Fig. 7). The yellow fluorescence (485-600 nm) was
captured by 458 nm laser. It can be seen that the E. coli cells
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Fig. 6 Calculated LUMO and HOMO distributions of MDAK and its
protonated products MDAK-H*.
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Fig.7 Confocal fluorescence images of 30 uM MDAK in E. coli cells at
pH 6.81(a, b), 2.70 (c, d), and 1.22 (e, ). (b, d and f) Bright-field image of
panel (a, c and e), respectively. Excitation wavelength was 458 nm, and
emission was collected in the yellow channel (485-600 nm).

displayed bright yellow fluorescence (Fig. 7a) at pH 6.81. The
yellow fluorescence intensity dropped sharply with the pH
decreasing to 2.70 (Fig. 7c), and almost no fluorescence was
observed as the pH decreased to 1.22 (Fig. 7e). The results
confirmed that the probe was able to image pH changes under
extreme acidity in E. coli cells and we believed that it may be
applied to other biological systems with extreme acidity
conditions.

4. Conclusion

In summary, a pH probe MDAK was easily synthesized in a one-
step reaction. As the pH decreased from 6.81 to 1.07, the

This journal is © The Royal Society of Chemistry 2017
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fluorescence intensity at 561 nm reduced dramatically. A pK,
value of 2.71 and a good linearity relation in the pH range of
1.53-3.96 indicated that the probe could be used in quantitative
measuring pH under extreme acidity. The fluorescence imaging
confirmed that the probe could monitor pH fluctuations in E.
coli cells under extreme acidity. The large Stokes shift, highly
selectivity, good photostability and excellent reversibility of the
probe demonstrated that it may act as an effective intracellular
pH imaging agent under extreme acidity conditions in the
biomedical and biological fields.
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