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Abstract: The pH fluorescent probe 7-hydroxy-4-methyl-
8-(((2-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)phe-
nyl)imino)methyl)-2H-chromen-2-one (PICO) contains
a donor-n-acceptor (D-n—A) conjugated system. The
‘off-on’ probe PICO has a pKa value of 8.01 and its fluores-
cence intensity is enhanced with increasing pH.

Keywords: off-on; o-hydroxycoumarin; phenanthro[9,10-
dlimidazole; pH probe; tautomerism.

Introduction

Intracellular pH (pH,) regulates various functions of many
organelles and plays vital roles in cellular events [1], includ-
ing proliferation and apoptosis, cell cycle control, cell adhe-
sion and endocytosis [2, 3]. In diverse prokaryotic species
and different subcellular compartments of eukaryotic cells,
pH, can vary from highly acidic to basic values [4, 5]. Abnor-
mal pH, values in organelles are often associated with cel-
lular dysfunction and affect human physiology, which is
related to many diseases such as cancer [6] and Alzheimer’s
disease [7]. Therefore, monitoring the pH changes inside
live cells is crucial to understand the cellular functions and
biological and pathological processes. The use of fluores-
cent pH probes are the most successful approaches due to
their nondestructive character, high sensitivity and high
specificity [8, 9]. Many excellent pH probes for lysosomes
(pH 4.5-5.0) [10-14] or cytosol (pH 6.8-74) [15-17] have
been obtained based on the mechanism of photoinduced
electron transfer (PET), internal charge transfer (ICT) and
Forster resonance energy transfer (FRET).
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The pH sensors based on conjugated Schiff bases have
been paid increasing attention due to tautomerism from
phenol-imine to ketone-amine forms [18] and their photo-
chromic and thermochromic properties [19]. Among these,
Schiff bases containing a hydroxy group are of a special
interest [20-26] because of their characteristic property to
form the ionic N*-H...O" hydrogen bond [19]. In continu-
ation of our studies on pH fluorescent probes, a new pH
sensitive compound 7-hydroxy-4-methyl-8-(((2-(1-phe-
nyl-1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)imino)
methyl)-2H-chromen-2-one (PICO) was synthesized as an
ICT fluorescent probe which contains o-hydroxycoumarin
as an electron donor (D) and phenanthro[9,10-d|imidazole
as an electron acceptor (A) mutually conjugated through
Schiff base (Scheme 1). Changes in absorption and fluo-
rescence properties of the probe PICO are observed with
changes in pH.

Results and discussion

The straightforward synthesis of PICO is shown in
Scheme 1. As can be seen from the proton nuclear mag-
netic resonance ("H NMR) spectrum (see Experimental), a
single peak at 9.12 ppm is due to the presence of the imino
group and the sharp signal at 14.14 ppm can be assigned
to the hydroxy group. This signal is located considerably
downfield compared to the normal hydroxy proton reso-
nance, which can be a result of the intramolecular hydro-
gen bond between the phenol group and the adjacent N
atoms of the imino group and the imidazole ring.

Figure 1 shows the UV-Vis absorption spectra of
PICO at various pH values. Two absorption peaks around
300 nm and 365 nm can be seen. Under strong acidic
conditions (pH 2.21), a weak absorption peak is located
around 300 nm. With increases in pH, the maximum
absorption peak of PICO becomes stronger and is gradu-
ally shifted to around 360 nm. Furthermore, the isosbestic
point at 335 nm can be assigned to the n—-n" transition of
C=N and C=C functions. These results are consistent with
the dominance of the enol-imine form under neutral or
weakly basic conditions.


https://doi.org/10.1515/hc-2017-0174
mailto:297133530@qq.com
mailto:zhao_submit@aliyun.com

94 —— S.Lietal.: Afluorescent pH probe for agueous solution

NH. X
@\ 2 Acetic acid
; R Acetic acid
=/ NN HO 0o i
* e

Scheme 1 Synthetic route to PICO.

PH=221  pH=12.22

pH = 2.21

pH =12.22

Abs

]
300
Wavelenath (nm)

Figure 1 Absorption spectra of PICO as a function of pH.

Subsequently, the fluorescence spectra of PICO as a
function of pH were investigated (Figure 2) using the isos-
bestic point excitation wavelength at 335 nm. The emission
spectra of PICO are sensitive to pH changes with an ‘off—on’
switching profiles. In strongly acidic solution (pH 2.21),
the fluorescence spectrum has a weak maximum emission
band at 500 nm with the fluorescence quantum yield @ of
0.024. When the acidity changes to neutral conditions (pH
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742), the maximum emission peak of PICO in fluorescence
spectrum shows a huge shift from 500 nm to 450 nm. It can
be suggested that the 50-nm blue shift is the result of depro-
tonation of PICO with a concomitant fluorescence enhance-
ment. Under the pH conditions of 12.22, the fluorescence
quantum yield ® is 0.43 with the maximum fluorescence
intensity. It can be suggested that the increase of fluores-
cence intensity is a result of the disruption of the intra-
molecular hydrogen bond because of the deprotonation
of the hydroxy group. In this situation, the oxygen anion
is a strong electron donor which also alters the ICT effect
and causes the fluorescence emission shift. Meanwhile,
the titration curve (inset in Figure 2A) exhibits distinct pH-
dependent fluorescence changes in this range, and the
maximum fluorescence enhancement factor (Fmax/me) of
PICO is 50-fold (calculated with the fluorescence intensity
at 450 nm). The sigmoidal fitting yielded a pKa value of 8.01
and there is a good linearity between emission and pH in
this range with R? value of 0.9909 (Figure 2B).

Considering a possible binding of PICO with metal
ions and anions, which would cause a possible interfer-
ence with pH monitoring, its selectivity to pH in the pres-
ence of metal ions (Co*, Cr**, Cd*, Fe**, Zn*, Cu*, Hg*,
Ni*, APP*, Ba*, Pb*, Na*, K*, Ca*, Ag*, Mg*, 100 um) and
anions (I, Cl', Br-, CO,*, HCO, SO,*, NO,", AcO-, H,PO,,
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Figure 2 (A) Fluorescence spectra of PICO as a function of pH; the inset shows the fluorescence titration of PICO. (B) The sigmoidal fitting

plot for fluorescence titration of PICO against pH.
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HPO,*, BrO,, NO,, SO,, HSO,", F, and SCN-, 100 um)
were investigated. Figure 3A shows fluorescence intensity
changes of PICO in the presence of different metal ions at
pH 3.1 and 74. The fluorescence intensity of PICO is not
affected by the addition of any metal ion under each pH
condition. In a similar way, the fluorescence intensity of
PICO in the presence of anions is not affected (Figure 3B).
These results show excellent selectivity response of PICO
in the presence of background metal ions or anions across
a wide pH range.

The stability of PICO (10 um) was tested by measuring
the fluorescent response for 3 h under different pH condi-
tions. Figure 4A shows fluorescence at pH 12.2, 7.4 and 2.2
at room temperature. The results show that fluorescence
of PICO is stable over time. Reversibility of response is
another important parameter to assess the performance of
a fluorescence probe. The pH value was modulated back
and forth 5 times between 3.1 and 12.2 by the addition of
HCI (0.1 M) and NaOH (0.1 m). As shown in Figure 4B, the
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fluorescence changes are fully reversible in the whole pH
range, which means that PICO exhibits a fully reversible
response to pH.

It can be suggested that PICO exists in various tau-
tomeric forms as shown in Scheme 2. The enol form 1 is
present under neutral conditions and is transformed
under basic conditions to the enol form 2 with the oxygen-
centered anion. This suggestion is consistent with the ICT
effect on the fluorescence change. The enol form 2 with
the oxygen anion is the precursor to the stable keto struc-
ture. The density functional theory (DFT) calculations for
enol and ketone tautomers, obtained at the B3LYP/6-31G*
level using the B3LYP/6-31G(d) level of the Guassian 09
program, strongly support this conclusion. The calculated
band gaps in water between the highest occupied mole-
cular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) of enol and ketone forms are 3.18 eV
and 3.04 eV, respectively. Thus, the energy gap between
the HOMO and LUMO of the ketone form is only slightly
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Figure 3 (A) Effect of metalions (100 um, Co*, Cr*, Cd?, Fe3*, Zn?, Cu*, Hg?, Ni*", Al’*, Ba%, Pb?, Na*, K*, Ca?*, Ag*, and, Mg?) on the fluo-

rescence intensity of PICO (10 um) at pH values of 3.1 and 7.4. (B) Effec

t of anions (100 um, I, Cl-, Br, CO,*-, HCO,, SO,*, NO,", AcO-, H,PO, -,

HPO,*, BrO,7, NO,~, SO,7, HSO_~, F~, SCN") on the fluorescence intensity of PICO (10 um) at pH values of 7.4 and 12.2.
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Figure 4 (A) The fluorescence intensities of PICO (10 um) at pH 3.1, 7.4
intensities of PICO between pH 3.1and 12.2.

and 12.2 over a 2-h time course. (B) Reversibility of the fluorescence
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Scheme 2 A plausible equilibrium between different forms of PICO.

smaller than that of the enol form. The energy parameters
also reveal that the ketone form is more stable than the
enol form in DMF as well.

Conclusion

PICO is a new ‘off-on’ pH probe for aqueous solutions. Its
pH response is not disturbed by the presence of common
cations and anions. The tautomeric change between enol
and keto forms was studied by 'H NMR spectroscopy and
DFT calculation.

Experimental

The substrates 2-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)aniline
and 7-hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde were
prepared as previously reported [27].

N,N-Dimethylformamide (DMF) was distilled over calcium
hydride. Other commercial solvents were of analytical grade and
used without further purification. To maintain constant pH values,
the experiments were performed in water/DMF (9:1, v/v) solutions
in the presence of ammonia/ammonium chloride buffer (pH>9)
and 4-(2-hydroxyethyl)l-piperazineethane sulfonic acid (HEPES)
buffer (pH <9.0 or pH 7.4). All pH measurements were made with
a Sartorius PB-10 digital pH-meter. Absorption and fluorescence
spectra were recorded on a TU-1901 UV-Vis spectrometer and a
Perkin-Elmer LS55 fluorescence spectrophotometer, respectively.

Synthesis of PICO

A mixture of 0.77 g (2.00 mmol) of 2-(1-phenyl-1H-phenanthro[9,10-
dlimidazol-2-yl)aniline and 0.41 g (2.00 mmol) of 7-hydroxy-4-
methyl-2-oxo-2H-chromene-8-carbaldehyde in 20 mL of acetic
acid was stirred for 30 min at room temperature under nitrogen
atmosphere, then adjusted to pH 9.0 with a 5% aqueous solution
of NaOH. The resultant precipitate was filtered and crystallized
twice from a mixture of ethyl acetate and hexanes: yellow solid;
yield 84%; mp 270-273°C; infrared (IR) (KBr): 3061, 1737, 1615,
1597, 1497, 1452, 753, 698 cm™; '"H NMR (600 MHz, DMSO-d6): 3 14.14
(s, 1H), 9.12 (s, 1H), 8.93 (m, 2H), 8.85(d, 1H, J = 8 Hz), 7.76 (t, 1H,
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] = 7 Hz), 7.72-7.69 (m, 2H), 7.65-7.63 (m, 2H), 7.57 (t, ] = 8 Hz, 2H),
7.51 (t, ] = 7 Hz, 1H), 747 (t, ] = 8 Hz, 2H), 743 (d, 2H, J = 8 Hz),
7.36 (m, 2H), 7.13 (d, 1H, J = 8 Hz), 6.70 (d, 1H, J = 9.0 Hz), 6.26 (s,
1H), 2.37 (s, 3H); carbon-13 nuclear magnetic resonance (*C NMR)
(150 MHz, DMSO-dé): 0 164.9, 159.5, 157.8, 154.5, 149.8, 146.8, 137.7,
137.0, 132.6, 131.7, 131.1, 130.2, 128.9, 128.8, 128.1, 128.0, 127.5, 127.3,
1271, 1271, 126.7, 126.2, 125.8, 125.0, 124.1, 122.8, 122.7, 120.7, 118.9,
114.4, 111.6, 111.0, 106.9, 40.5. Anal. Calcd for C,.H N.O.: C, 79.99;

3877257 373"

H, 4.26; N, 7.24. Found: C, 79.84; H, 4.41; N, 7.35.

Absorption and fluorescence pH titrations

The UV-Vis and fluorescence pH titrations of PICO were carried out
in aqueous DMF (9:1, pH 74) in the presence of HEPES buffer. A stock
solution of PICO (1.0 mM) was prepared in distilled DMF and diluted
to 10 um with water/DMF solution (9:1, pH 74). The pH values were
controlled by the addition of HCI (0.1 M) or NaOH (0.1 M) solution.
The ammonia/ammonium chloride buffer (pH>9) and HEPES buffer
(pH<9.0, pH 7.4) were used to obtain different pH values. The fluo-
rescence spectroscopic measurements were performed with both
excitation and emission bandwidths of 10 nm. All spectroscopic
experiments were carried out at room temperature.

Calculation of quantum yields

The quantum yields of PICO at pH of 3.1 and 12.2 were determined
by using quinolinium hydrogen sulfate (®, = 0.54 in methanol) as a
reference. The values were calculated according to the equation (1),
where ® and ®@_, are the quantum yields, A and A_, are the absorh-
ance at the excitation wavelengths, I and I, are the integrated
emission intensities for the unknown and the standard samples,

respectively.
A
=0, (idj L (0))]
) A Is(d

Computational methods

The energy levels of the HOMO and LUMO for both enol and ketone
forms were calculated using the Gaussian 09 program package.
The geometric and electronic structures of molecules were deter-
mined with the DFT method. In each optimization, the vibrational
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frequencies were calculated for all optimized structures with stable
geometries. The B3LYP functional and the 6-311+G (d,p) basis sets
were used in the calculations.
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