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Colorimetric and fluorescent probes have emerged as a potent tool for pH sensing due to easy opera-
tion and high sensitivity. However, most of the existing bimodal probes require complicated synthesis,
which greatly limits their wide applications. Herein, a simple fluorescent dye (called BFCUR) featuring a
D-m-A-7-D conjugated system was developed from the natural polyphenol curcumin (CUR). BFCUR ex-
hibited significant red-shift in UV absorption and fluorescence emission as pH increased because of the
deprotonation of the phenolic hydroxyl groups, which resulted in the enhanced intramolecular charge
transfer (ICT). The ratiometric pH detection of BFCUR was achieved with remarkable accuracy by moni-
toring both the absorbance ratio Asgo/Asso and the fluorescence intensity ratio Igy;/I743 under various pH
values. In addition, the clear color changes of BFCUR under different pH conditions were visible, which
enabled BFCUR to be used in test strips for rapid, visual pH detection. Moreover, BFCUR exhibited low
cytotoxicity, and was successfully applied for intracellular pH detection, where the fluorescence inten-
sity was linearly related to pH value. This study highlighted the great potential of CUR-derived BFCUR as

colorimetric and fluorescent probes for ratiometric-pH sensing and cell imaging.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

pH Value is one of the important physical and chemical pa-
rameters in the fields of industry, agriculture, medicine, environ-
mental protection and scientific research [1]. pH is also associated
with many health complaints, including cancer and neurodegen-
erative diseases, because slightly disrupted pH balance leads to
cell dysfunctions [2-4]. Thus, high-precision pH sensing and mon-
itoring is essential for understanding its effect on related cellular
functions and pathological processes. Fluorescence probes have re-
cently shown great potential for monitoring pH fluctuations be-
cause of its high spatiotemporal resolution, high sensitivity, non-
invasiveness and easy operation [5]. Various fluorescent probes
have been developed for pH sensing [6-13]. Among them, ratio-
metric fluorescent probes that report solution pH by exhibiting
changes of the measured intensity ratio at two excitation or emis-
sion wavelengths are superior in quantitative pH analysis com-
pared to probes with single detection window [14-17]. The in-
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trinsic self-calibration capability of ratiometric fluorescence probes
avoided the interference caused by external factors such as fluc-
tuation of probe concentration, environmental conditions and in-
strument sensitivity, accordingly enhancing the measurement ac-
curacy [18-20]. Additionally, red/near-infrared fluorescent sensors
are highly desirable for in vivo physiological pH measurement since
longer wavelengths photons can more easily penetrate into deep
tissues and were less interfered by autofluorescence [21-27].

Most of the reported fluorescent pH chemosensors were ob-
tained by complex, environmentally-unfriendly and costly chem-
ical synthesis, which limited their widespread use [28,29]. Fluo-
rescent molecules and dyes from natural sources are often easily
obtained and environmentally friendly [30], and their photophys-
ical properties have therefore attracted increasing attention from
the research community. Accordingly, several fluorescence probes
based on natural products have been recently reported [31-33],
showing great promise as biocompatible and biodegradable alter-
natives in the development of new pH sensors. Curcumin (CUR),
a fluorescent polyphenol extracted from Curcuma longa roots, has
been widely investigated for its pharmacological activity as, for ex-
ample, an antioxidant or anticancer drug [34,35]. The excellent op-
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Fig. 1. (a) UV-vis spectra of BFCUR (10 pmol/L) at different pH values (5.0-10.0) in the B-R buffer/EtOH (1/1, v/v) solution. (b) The plot of the absorbance ratios of BFCUR
at Asgo/Aeso and Agso/Asoo vs. pH values including the linear relationships of both plots ranging from pH 5.0 to 8.0. (c) The color changes of CUR and BFCUR solutions at
different pH values (5.0-9.0). (d) The observed color changes of CUR- and BFCUR-coated test strips after soaking in aqueous solution at different pH values (5.0-9.0) by naked

eyes.
(a) (b)
140000 pH 4.5 6 y=17.97 - 2.28 x (pH 6.0-7.5)
R?=0.9989
- L
105000+ /
4..
> o)
B N
70000+ =
s N
< L 24
35000+
L1
o — pH 45 04 "
600 650 700 750 800 5 6 7 8
Wavelength (nm) pH

Fig. 2. (a) Fluorescence titration spectra of BFCUR (10 umol/L) at different pH values (4.5-9.0) in the B-R buffer/EtOH (1/1, v/v) solution (Aex = 550 nm). (b) The plot of the

fluorescence intensity ratios of BFCUR at Igp; [l743 vs. pH values.

tical characteristics also allowed CUR to be used in sensor develop-
ment [36,37]. Till now, several CUR analogues have been developed
for AB plaque and cyanide detection [38-40]. It has also been sug-
gested that CUR could be used in qualitative pH sensing test strips
due to the colorimetric behavior [36]. However, the short emission
wavelength of CUR has prevented the use of CUR-based fluorescent
probes in biological applications.

To obtain longer emission wavelengths, a CUR derivative
(BFCUR, Scheme 1) was prepared by introducing boron trifluoride
moiety in the middle of CUR molecule. This pH-sensitive fluores-
cent BFCUR exhibited absorption and emission maxima at longer
wavelengths than those of CUR. The underlying mechanism for
the photophysical behavior was further explored by singly or dou-
bly methylating the phenolic hydroxyl groups of BFCUR to obtain
MBFCUR and MBFCURM, respectively. The acid-base response of
BFCUR, MDFCUR and MBFCURM demonstrated that the deproto-
nation process of phenol hydroxyl groups was responsible for the
fluorescence intensity changes caused by a change in solution pH.
BFCUR demonstrated the strongest response to pH changes and
was evaluated as a ratiometric colorimetric and fluorescent pH
sensing probe by monitoring the absorbance ratio Asgg/Agso and
the fluorescence intensity ratio Igy;/l743, realizing further test strip-
based detection and cell imaging.

The phenol groups in the CUR structure are easily protonated
and deprotonated, which cause clear color changes in response to
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the changing pH conditions. Therefore, CUR has been considered
as an optical acid-base sensor [41]. However, the short UV-vis ab-
sorption and fluorescence emission wavelength of CUR has so far
limited its widespread use. CUR features a D-w-A-7-D conjugated
system with two intramolecular charge transfer (ICT) interactions
[42]. The electron acceptors and donors are respectively in the
middle and at both ends of the molecule. Enhancing the electron-
withdrawing ability is an effective strategy to shift the absorption
and emission peaks to longer wavelengths. Therefore, boron triflu-
oride with high electronegativity was introduced into CUR to ob-
tain the derivative BFCUR via a one-pot synthesis with high yield
and longer excitaion/emission wavelengths (Scheme 1, Figs. S1-S3
in Supporting information). Subsequently, singly or doubly methy-
lated MBFCUR and MBFCURM were also synthesized to provide
mechanism insight into the pH sensitivity and to compare the
sensing performance (Scheme 1, Figs. S4-S9 in Supporting infor-
mation).

UV-vis spectra of BFCUR at diverse pH values were studied.
Compared with CUR, the absorption maxima wavelength of BFCUR
shifted from 430 nm to 500 nm under acidic and neutral condi-
tions and from 530 nm to 650 nm under alkaline conditions (Fig.
$10). BFCUR displayed a strong absorbance at 500 nm and no obvi-
ous absorption peak at 650 nm at pH 5.0. As the pH increased from
5.0 to 8.0, the absorbance maximum at 500 nm disappeared grad-
ually, which coincided with a remarkable absorbance turn-on re-
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Fig. 3. (a) The fluorescence intensity ratio of BFCUR (10 pmol/L) at Iy /l743 containing different metal cations in the solution (B-R buffer/EtOH: 1/1, v/v) at pH 6.0 and 7.0
(Xex = 550 nm). The ions are KCl (150 mmol/L), NaCl (15 mmol/L), MgCl, (2 mmol/L), ZnCl, (2 mmol/L), FeCl, (50 pmol/L), FeCl; (50 pmol/L), MnCl, (50 umol/L), CaCl, (2
mmol/L) and CuCl, (50 pmol/L) at intracellular physiological concentrations. (b) Fluorescence reversibility of BFCUR (10 pmol/L) in the solution (B-R buffer/EtOH: 1/1, v/v)
between pH 5.0 and 8.0. (c) Time courses of the fluorescence intensity at 622 nm (Aex = 550 nm) of BFCUR (10 pumol/L) in the solution (B-R buffer/EtOH: 1/1, v/v) at pH 5.0
and 7.0. (d) The fluorescence intensity at 622 nm (Aex = 550 nm) of BFCUR in the continuous excitation light irradiation for 120 min.
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Fig. 4. Images of (a) HeLa cells and (d) MDA-MB-231cells with BFCUR incubated at pH 4.5, 5.5, 6.6, 7.5. (b, c, e, f) The fluorescence intensity quantitation was analyzed by

the Image J.

sponse at 650 nm (Fig. 1a). The ratio of absorbance (Asgg/Ags0) Was
linearly correlated with the pH between 5.0 and 8.0 (R? = 0.99,
Fig. 1b). Moreover, clear color changes from red to purple to blue
were observed as the pH of BFCUR solutions in B-R buffer changed
from 5.0 to 8.0 (Fig. 1c). In order to exploit this, BFCUR-based test
strips for the qualitative pH determination were prepared. As the
pH gradually increased from 5.0 to 8.0, the color of the BFCUR-
based test papers expectedly changed from red (pH < 7) to purple
(pH 7) to blue (pH > 7) (Fig. 1d). For comparison, the correspond-
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ing colorimetric response of the CUR-based test strips was much
less clear, where the color changed from yellow to sandy brown.
The fluorescence emission spectra of BFCUR varied with differ-
ent excitation wavelengths (Fig. S11 in Supporting information).
When Aex = 500 nm, the fluorescence intensity at 622 nm in-
creased markedly as pH value decreased from 8 to 6. Meanwhile,
when Aex = 650 nm, the fluorescence intensity at 743 nm in-
creased significantly as pH increased from 7 to 9. Notably, when
Aex = 550 nm, the fluorescence intensity at 622 nm also decreased
as the pH increased, while a new emission peak at 743 nm grad-
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Scheme 1. (a) Structures of CUR, BFCUR, MBFCUR and MBFCURM. (b) Proposed re-
sponse mechanisms of BFCUR to pH.

ually emerged (Fig. 2a). The pH values in the range of 6.0-7.5 and
the ratios of fluorescence intensities (Isy;/I743) showed a strong lin-
ear relationship (Fig. 2b). This suggested that BFCUR could be ap-
plied as a ratiometric fluorescence sensor for detecting changes of
pH. The large pKa of 6.75 indicated its capability of BFCUR to test
weak acid.

Since both CUR and BFCUR could respond to pH in real time,
we hypothesized that the underlying response mechanism was re-
lated to the increased electron donating ability of BFCUR after de-
protonation under basic condition. Deprotonation of the phenolic
hydroxyl groups enhanced the intramolecular charge transfer (ICT),
leading to a red shift of UV-vis and fluorescence spectra. In order
to confirm this, another two derivatives MBFCUR and MBFCURM
were further synthesized by singly or doubly methylating the phe-
nolic hydroxy groups on BFCUR, respectively. By diminishing the
extent of deprotonation, a change in response to pH was expected.
UV-vis and fluorescence spectra obtained from MBFCUR showed
less red-shift in response to an increasing pH compared to BFCUR,
while MBFCURM showed only negligible response to an increased
pH (Fig. S13 in Supporting information). These data proved the ra-
tionality of the hypothesized response mechanism.

The selectivity of BFCUR was evaluated via measuring the fluo-
rescence spectra of BFCUR in the presence of relevant metal ions,
such as K*, Nat, Mg?*, Zn?+, at physiological concentrations. None
of the tested metal ions had any effect on the fluorescent proper-
ties of BFCUR at pH 6.0 or 7.0 (Fig. 3a). The reversibility of BFCUR
was examined by cycling the pH between 5.0 and 8.0 in B-R buffer,
where only negligible changes in fluorescent properties were ob-
served after four cycles (Fig. 3b). The time-dependent fluorescence
of BFCUR at pH 5.0 and 7.0 was investigated by monitoring the
fluorescence intensity at 622 nm. After BFCUR was added to B-R
buffer solutions at pH 5.0 or 7.0, the fluorescence intensity at 622
nm rapidly reached a stable state, which indicated a real-time re-
sponse to pH change (Fig. 3c). After continuous light irradiation
(Aex = 550 nm) for 2 h, the fluorescence intensity of BFCUR at
622 nm showed only a slight decrease, indicating excellent photo-
stability (Fig. 3d).

Inspired by the excellent pH-dependent fluorescence properties
of BFCUR, we wondered if it can be applied in vivo as a real-
time pH probe. The cytotoxicity of BFCUR was first assessed against
Hela cells and MDA-MB-231 cells, where cell viabilities exceeded
75% in groups treated with up to 5 nmol/L BFCUR for 24 h (Fig.
S14 in Supporting information). Confocal micrographs showed that
the red fluorescence intensity increased as the BFCUR concentra-
tion increased, suggesting excellent cell permeability (Fig. S15 in
Supporting information). Evaluation of the intracellular pH report-
ing capabilities was performed using an intracellular pH calibration
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buffer kit [27]. A clear decrease in fluorescence intensity was ob-
served as the pH increased from 4.5 to 7.5, where the average flu-
orescence intensity per cell was linearly related to intracellular pH
values (Fig. 4). Moreover, the same response was observed in both
cell types, indicating the good stability and universality of BFCUR
in reporting intracellular pH.

In this work, three CUR derivatives were designed with differ-
ent numbers of phenolic hydroxyl groups, and the role of phenolic
hydroxyl in pH sensing was explored. BFCUR displayed pH report-
ing capabilities through ratiometric analysis of absorption spectra
between pH 5.0 and 8.0 and fluorescence emission spectra be-
tween pH 6.0 and 7.5 with a large pK; of 6.75; and through colori-
metric analysis between pH 5.0 and 8.0. Qualitative pH test papers
prepared by BFCUR displayed significantly different colors depend-
ing on the solution pH. Moreover, BFCUR was also used to report
the intracellular pH of different cell lines with a high accuracy. Ow-
ing to the high sensitivity, excellent stability and reversibility, and
crystal-clear color changes observed by eye in response to subtle
changes in pH, BFCUR shows great promise as a powerful and uni-
versal tool for the rapid and accurate reporting of pH.
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