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responds to pH imbalance during apoptosis†

Sandip Chakraborty, ab Manu M. Joseph,a Sunil Varughese,ab Samrat Ghosh, a
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Efficient fluorophores with easy synthetic routes and fast responses are of great importance in clinical

diagnostics. Herein, we report a new, rigid pentacyclic pyrylium fluorophore, PS-OMe, synthesised in

a single step by a modified Vilsmeier–Haack reaction. Insights into the reaction mechanism facilitated

a new reaction protocol for the efficient synthesis of PS-OMe which upon demethylation resulted in

a “turn-on” pH sensor, PS-OH. This new fluorescent probe has been successfully used to monitor

intracellular acidification at physiological pH. From the fluorescence image analysis, we were able to

quantify the intracellular dynamic pH change during apoptosis. This new pH probe is a potential

chemical tool for screening, drug discovery and dose determination in cancer therapy.
Introduction

Molecular probes that serve as an effective tool for imaging
biological tissues and cells play an important role in disease
diagnostics and treatment modalities.1,2 Over a period of time,
a large number of uorescent probes have been developed for
various analyte sensing and imaging applications. However,
most of these probes are essentially derived from ‘core scaf-
folds’ such as squaraine, rhodamine, coumarin, BODIPY etc. In
this context, developing a new core scaffold with easy synthesis,
high yield, and good photophysical properties, stability and
biocompatibility is of paramount importance. This may set up
a platform for developing new probes with novel sets of
advantages for sensing and imaging of cells and tissues for
disease diagnosis and therapy.3

Imaging of pH variations in cells is important for proper
diagnosis of several types of cancers. The imbalance of pH in
cancerous cells during apoptosis caused by chemotherapy
needs to be monitored in real time for post treatment wellness
of patients.4 The extent of pH decrease provides insights into
the effectiveness of therapeutic agents, pathways, doses and
time needed for apoptosis.5 Owing to the signicant roles of pH
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in many physiological processes within intracellular organelles,
enormous efforts have been made for the development of new
pH imaging chemical probes with improved optical proper-
ties.6,7 The imbalance of functional pH within cellular micro-
environments is also associated with dysfunctions of enzymes
and cellular events. For example, variations of the cytosolic pH
are closely associated with cell migration, cellular proliferation
and apoptosis. It is evident that extracellular acidic pH is highly
favourable for regular growth of cancer cells and metastasis of
tumours.8 Thus, accurate measurement of pH imbalance in
cells is of paramount importance in clinical analysis and
disease diagnostics.

Considering its advantages in terms of high sensitivity,
simplicity, real-time monitoring, applicability to microenvi-
ronments and non-invasive detection with high spatiotemporal
resolution, uorescent imaging is now in the forefront as
a diagnostic tool.9,10 Fluorescent probes based on organic small
molecules are particularly preferred owing to their biocompat-
ibility, solubility and ease of synthetic modications.11

‘Turn-on’ pH probes have gained attention as they can easily
discriminate between “on–off” states during the imbalance of
pH. Several “off–on” probes are reported in the literature;
however, majority of them have limited use due to difficult
synthetic access,12 poor solubility and partial or strong back-
ground uorescence at physiological pH. Therefore, new uo-
rescent probes which are easily accessible and highly stable
with bright uorescence are necessary for the advancement of
biological imaging and diagnostic applications. Pyrylium
derivatives are known as highly uorescent chromophores,
used for a wide range of applications.13–15 Herein, we report
a modied Vilsmeier–Haack reaction for the synthesis of
a pentacyclic pyrylium uorophore PS-OMe which is a precursor
of a turn-on uorescent probe PS-OH. A mechanistic
Chem. Sci., 2020, 11, 12695–12700 | 12695
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understanding of the synthesis of PS-OMe resulted in an alter-
nate efficient route for its synthesis and subsequent demethy-
lation to PS-OH. We further describe the use of the new probe
for the real time monitoring of pH imbalance during chemo-
therapy or apoptosis by the uorescence ‘on–off’ technique.
Fig. 1 Possible mechanism of formation of PS-OMe.
Results and discussion
Design and synthesis of the pyrylium uorophore

The main points considered for the design of the new probe
were (i) a simple synthetic strategy to produce an efficient
uorescent probe for pH detection, (ii) to monitor intracellular
pH (pHi) imbalance during apoptotic cellular dysfunction by
uorescence variation and (iii) the real time monitoring of
dynamic pH change during the treatment of cells with apoptotic
reagents or anticancer drugs. We hypothesized that this
approach may provide a unique opportunity to develop an
effective sensor to monitor pH imbalance during apoptosis. To
achieve these objectives, we have designed a new synthetic
protocol for the preparation of the uorescent pyrylium deriv-
ative PS-OH, using the modied Vilsmeier–Haack reaction. As
illustrated in Scheme 1, we started with 6-methoxy tetralone
which is a key intermediate for many heterocyclic syntheses
with diverse pharmacological properties. The Vilsmeier–Haack
formylation reaction of 6-methoxy tetralone (1) at 80 �C
produces a reactive 1-chloro-6-methoxy-3,4-
dihydronaphthalene-2-carbaldehyde (T-CHO) when dimethyl
formamide (DMF) and phosphorus oxychloride (POCl3) were
premixed to obtain the Vilsmeier–Haack iminium salts (N-
(chloromethylene)-N-methylmethanaminium). In contrast,
dropwise addition of POCl3 to 6-methoxytetralone in DMF at
80 �C led to an additional product of 4-chloro-1,2-dihydro-7-
methoxy-naphthalene (T-Cl) along with T-CHO. It is noted
that if Vilsmeier–Haack iminium salts are not prepared through
a premixed protocol, the formylation reaction is suppressed. In
contrast, here a part of 6-methoxy tetralone reacts directly with
POCl3 to render a reactive intermediate (T-Cl) along with the
expected T-CHO regardless of the reaction temperature.
However, a high temperature (80 �C) leads to better yield
(�35%) of T-Cl compare to the previous reports16,17 (Scheme 1).
Scheme 1 The modified Vilsmeier–Haack synthesis of the symmet-
rical pyrylium dye, PS-OMe, leading to the fluorescent probe PS-OH
by demethylation using BBr3.

12696 | Chem. Sci., 2020, 11, 12695–12700
Interestingly, when the concentrated ethyl acetate extract of
the reaction mixture was kept in the ambient atmosphere,
a bright yellow uorescence emitting uorophore was formed.
This serendipitous observation revealed that, the vinyl chloride
of T-Cl was hydrolysed in contact with moisture to form an
unstable enol, T-OH (Fig. 1) which undergoes cyclo-
condensation with T-CHO to provide a pentacyclic symmetric
pyrylium uorophore named PS-OMe. To conrm the reaction
pathway, rstly, the isolated compounds (T-CHO, T-Cl) were
mixed and kept under inert conditions; however, we could not
observe the formation of the pyrylium uorophore even aer
one week. The proposed mechanism of PS-OMe formation is in
good agreement with previous reports which suggest that the
vinyl chloro functional group is the one which is labile towards
nucleophiles.18,19 PS-OMe was isolated by column-
chromatography over silica gel using 6% methanol in chloro-
form as the eluent in 28% yield. To conrm the reaction
pathway in the second step of the mechanism, we chose a few
catalysts including Brønsted and Lewis acids since the proposed
mechanism (Fig. 1) involved aldol type condensation. Hence, we
performed acid catalysed condensation of isolated T-CHO and
6-methoxy tetralone in the presence of Brønsted and Lewis acids
(Scheme 2). AlCl3 was found to be the best acid catalyst (�70%)
followed by triic acid (�61%) among other catalysts. The
results are summarized in Table 1.

PS-OMe is composed of a donor–acceptor–donor (D–A–D)
system where the highly electron decient pyrylium ring acts
as a good acceptor and the corresponding two anisole rings
connected to the 2 and 6 positions of the pyrylium ring act as
strong donors. Furthermore, the six membered bridges play
a crucial role in improving rigidity of the structure to enhance
the uorescence quantum efficiency. The uorescent probe
PS-OH was obtained by the demethylation of PS-OMe by
treating with boron tribromide (Scheme 1). All new products
Scheme 2 A new alternate synthesis of the pentacyclic symmetrical
pyrylium dye, PS-OMe, using (a) Brønsted acid (H+) and (b) Lewis acid
catalysts.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Synthesis of PS-OMe with different Brønsted and Lewis acid
catalystsa

Entry Catalyst/equiv. Time/h Temp./�C Yieldb/%

1 HCl (1) 12 80 15
2 TFA (1) 12 80 n.d.
3 TFOH (0.3) 1 80 61
4 PSOH (0.3) 1 80 29
5 BF3$OEt2 (0.1) 1 80 51
6 AlCl3 (0.1) 1 80 70

a Conditions: reaction of 6-methoxy tetralone (1.0 mmol) and T-CHO
(1.0 mmol) using different catalysts in toluene at 80 �C. b Isolated yield.

Fig. 2 (a) Fluorescence response of the probe PS-OH (20 mM) in PBS
buffer at different pH ranging from 4 to 10. (b) Changes in the fluo-
rescence maximum at 560 nm at different pH. Inset: linear variation of

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Q

ad
o 

D
ir

ri
 2

02
0.

 D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
8:

31
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
obtained were characterized by various spectroscopic tech-
niques such as 1H NMR, 13C NMR, and HRMS analyses. PS-
OMe was further crystalized in DMF with the addition of a few
drops of perchloric acid. The structure of PS-OMe was unam-
biguously conrmed from single crystal X-ray analysis as
C21H17ClO7 (Fig. S1†).
fluorescence intensity with pH between 5.6 and 7.2. (c) Response time
of PS-OH upon addition of TFA (20 mL). (d) Reversibility in the fluo-
rescence switching of the probe PS-OH between pH 4 and 7.4.
Photophysical properties

The absorption and emission spectra of PS-OMe and PS-OH in
organic and aqueous solutions are shown in Fig. S2 and S3.†
The absorption maximum (lmax) at 505 nm of PS-OMe is shied
to (lmax) 490 nm for PS-OH in chloroform which is attributed to
a weak intramolecular charge transfer (ICT) from the donor to
the acceptor pyrylium ring. The photophysical properties
including maximum absorbance (lmax), emission (lmax), stokes
shi, absolute quantum yield (FF) and molar extinction coeffi-
cient (3) are summarized in Table S1.† Both PS-OMe and PS-OH
have higher Stokes shi when compared to uorescein and
rhodamine B, which can be an added advantage for imaging
applications as it can help in setting lter and reduce auto-
uorescence (Table S2†). The solubility of PS-OMe and PS-OH in
PBS buffer (pH 4) was found to be excellent as it shows a linear
increase in absorbance till 55 mM and 80 mM for PS-OMe and PS-
OH respectively (Fig. S4 and S5†). Subsequently, the absorption
and emission spectra were measured with varying pH values in
the buffer solution. At rst, we checked the pH response of the
control molecule, PS-OMe. At pH 4, the molecule exhibited
a lmax at 490 nm with a high molar absorptivity (3¼ 1.17� 104 L
mol�1 cm�1) and exhibited an emission maximum at 560 nm
with a 2551 cm�1 Stokes shi. With an increase in pH up to 8,
there was no shi in either the absorbance or the emission
maximum (Fig. S6†).

Themaximum absorbance of PS-OH at 460 nm was gradually
decreased with increasing pH and a new maximum at 570 nm
appeared, indicating the deprotonation of the phenolic –OH
(Fig. S7†). In the acidic pH, PS-OH exhibited an intense yellow
uorescence at 560 nm with a large Stokes shi (3882 cm�1) in
the acidic region and became almost non-uorescent at normal
physiological pH (pH 7.4). The gradual decrease of the uo-
rescence intensity with increasing pH from 4 to 7.4 indicates the
potential of PS-OH for monitoring apoptosis. Above pH 8, a new
peak with a maximum at 640 nm appears which is very weak
when compared to the 560 nm emission (Fig. 2a).
This journal is © The Royal Society of Chemistry 2020
For a better insight on the “turn on” emission of PS-OH, the
frontier orbital energy calculation was performed. The ground
and excited state properties of PS-OH and the mono deproto-
nated PS-OH have been studied by using time-dependent
density functional theory (TD-DFT) at the B3LYP/6-31G level
using the Gaussian 16 program and compared with experi-
mental absorption and emission spectra. The calculated
absorption and emission spectra of PS-OH were well correlated
with the experimental results (Fig S8†). However, aer depro-
tonation, structural optimizations and subsequent frequency
calculations revealed that a mixed state electronic transition
from the unsymmetrical highest occupied molecular orbital
(HOMO) to the symmetrical lowest unoccupied molecular
orbital (LUMO) and LUMO+1 also correlates with the absorp-
tion bands. Due to a mixed excited state, there are at least two
emissions with very minimum oscillator strength (f) indicating
the non-emissive nature of PS-OH under neutral to basic
conditions.
pH monitoring and imaging

The pKa of PS-OH, calculated from the uorescence titration
curve using nonlinear regression by tting the Boltzmann
function was found to be 6.2 � 0.03 (Fig. 2b). The emission
intensity showed good linearity (R2 ¼ 0.9962) from pH 7.2 to 5.6
with a 48-fold enhancement, as shown in Fig. 2b (inset). Inter-
estingly, the decrease of pH by 0.4 unit from normal cellular pH
7.4, enhanced the uorescence intensity by 5.5-fold. Thus, even
a minute uctuation of the pH of a normal cell can be moni-
tored with PS-OH.

For monitoring the dynamic pH change, a molecule should
respond quickly towards pH variation, have good reversibility
and photostability. The response of PS-OH was very fast towards
Chem. Sci., 2020, 11, 12695–12700 | 12697
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Fig. 3 (a) Fluorescence imaging of A549 cells after 10 min incubation
with PS-OH (20 mM) in buffer solutions of different pH, in the presence
of 10 mM nigericin. (b) A plot showing intensity of fluorescence ob-
tained from the intracellular imaging at different pH. (c) Intracellular pH
calibration curve of PS-OH obtained from the normalized intensity of
fluorescence obtained from the cells at different pH.

Fig. 4 Fluorescence imaging of A549 cells after treatment with
different anti-cancer drugs and apoptotic agents. In each case, two
sets of A549 cells were taken and incubated with 20 mM of PS-OH for
20min. Then, one set of cells was kept as the control (a, d, g) and other
sets were treated with (b) Mdivi-1, (e) LPS and (h) cisplatin respectively,
for 12 h. The final fluorescence intensities of the control and treated
cells were calculated (c, f, i) and compared with the calibration curve in
Fig. 3c. Scale 20 mm.
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H+, as it reaches a maximum uorescence intensity within 9 s
from pH 7.4 upon addition of triuoroacetic acid (20 mL)
(Fig. 2c). The retention of uorescence intensity aer four cycles
between pH 4 and 7.4 (Fig. 2d) indicates that PS-OH is a good
candidate for monitoring dynamic pH changes in the cellular
system. The absolute quantum yields in the PBS buffer of pH 4
and 7.4 were found to be 0.11 and 0.03 respectively. In addition,
photostability of PS-OMe and PS-OH was compared with
rhodamine B and uorescein by irradiation with a 200 W
mercury lamp using a 455 nm long pass lter for 60 min. PS-
OMe and PS-OH showed stability similar to rhodamine B and
better than uorescein (Fig. S9†).

The selectivity of the PS-OH towards different biologically
relevant analytes including metal ions (Na+, K+, Ca2+, Al3+, Mg2+,
Zn2+ and Fe3+), anions (AcO�, OH�, and OCl�), reactive oxygen
species (H2O2 and O2

�), biothiols (Cys and GSH) and H2S at pH
4 and 7.4 was tested. None of the analytes interfered with the
uorescence property of PS-OH (Fig. S10 and S11†). The
observation indicates the potential for further exploring the
response of PS-OH as a pH probe in live cells. The cytotoxicity of
the probe using the human lung adenocarcinoma cancer cell
line A549 was checked by incubating with PS-OH up to 10 mM
concentration for 48 h. More than 90% cells were unaffected
indicating the excellent biocompatibility of the probe
(Fig. S12†). Also, the photobleaching of PS-OMe in the cell was
compared with Mitotracker green and Lysotracker red. From
the uorescence intensity data, we could clearly see a compa-
rable stability with Mitotracker green but less stability when
compared to Lysotracker red (Fig. S13†).

Owing to the high turn-on sensitivity at acidic pH and good
biocompatibility, the probe was used to investigate the intra-
cellular pH response in the A549 cell line. At pH 7.4, there was
almost no uorescence observed with a green emission lter at
20 mM PS-OH. Nigericin was used to maintain the pH equilib-
rium between cells and the medium.With a decrease in pH to 7,
a detectable uorescence signal was observed (Fig. 3a). On
further decrease of the pH, the intensity of uorescence
increased gradually (Fig. 3b). The uorescence intensity ob-
tained from the cells was plotted against pH which shows
a good co-linearity with the photophysical data.

The quantitative data of the uorescence response towards
pH imbalance in live cells indicates the efficacy of the probe in
cell imaging. Thus, PS-OH can be used to quantitatively deter-
mine the pH of the cell depending on its uorescence response
(Fig. 3c).

Various anticancer drugs and apoptotic agents target cells in
different signalling pathways, varying the pH in each case. For
example, it is reported that lipopolysaccharide (LPS) decreases
intracellular pH (pHi) to around 6,20 and cisplatin induces only
a slight decrease in pHi of the cytoplasm,21 whereas Mdivi-1
causes apoptosis via mitochondrial hyperfusion which does
not acidify the cell cytoplasm.22 We tried to evaluate pH
imbalance by using the new probe during the treatment of these
anticancer drugs or apoptotic agents. Cells were rst incubated
with PS-OH (c ¼ 20 mM) for 10 minutes, followed by the treat-
ment of Mdivi-1 (100 mM) LPS (1 mg mL�1), and cisplatin (10 mM)
separately for 12 h. The uorescence images of cells were
12698 | Chem. Sci., 2020, 11, 12695–12700
analysed and it was found that in the case of Mdivi-1, there was
no detectable change in uorescence intensity (Fig. 4a–c).
However, in the case of cisplatin, there was a slight change
owing to minute acidication of the cells (pH � 6.49) compared
to that of the control (pH� 7) (Fig. 4g–i), and for LPS treatment,
the uorescence intensity was signicantly increased and the
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Real time fluorescence imaging of A549 cells stained with
the probe PS-OH (20 mM) up to 60 minutes after treatment with 500
mM H2O2. (b) A plot of the fluorescence intensity with time during
apoptosis. (c) Quantification of the corresponding dynamic changes in
pH at different time points in comparison with the calibration curve in
Fig. 3c.
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nal pH was found to be �6.07 (Fig. 4d–f). These results show
a very good agreement with the previous reports,20–22 under-
lining the sensitivity and applicability of the new probe for the
pH monitoring of cellular environments aer chemotherapy.

Dynamic pH change monitoring with a molecular probe is
undoubtedly an important aspect of cancer treatment modality.
Thus, we investigated how the new probe can monitor the
dynamic pH change in cells during apoptotic treatment. For
this purpose, H2O2 was chosen as a reactive oxygen species
which causes rapid cell death.23,24 In the selectivity test, we have
found that H2O2 does not affect the uorescence response
directly. Therefore, initially the cells were treated with the probe
PS-OH for 10 min and then 500 mM of H2O2 was added to the
medium. At 0, 5, 15, 30 and 60 min, uorescence images were
taken (Fig. 5a). An obvious increase in uorescence was found
within 5 min. With increase in time, the intensity further
increased which is attributed to the continuous pHi value
decrease of the cells (Fig. 5b). This result proves the capability of
the probe in monitoring the dynamic cellular pH change. From
the previously calibrated graph, we could quantify the pH
change at each time point (Fig. 5c).
Conclusions

In conclusion, we have established a new synthetic protocol to
prepare a “core scaffold” of a pentacyclic pyrylium dye PS-OMe.
A mechanistic understanding of the reaction pathways helped
to establish an alternate efficient synthetic protocol of PS-OMe
with nearly 70% yield. The pyrylium uorescent probe PS-OH
exhibited an ‘on–off’ response against the pH variation in cells
during apoptosis. The strong acceptor at the centre ring of
pyrylium, connected through two hydroxyl groups is the key to
the bright uorescent dye with excellent photophysical prop-
erties, including photostability, high molar absorptivity and
large Stokes shis. PS-OH exhibited an exceptional ‘turn-on’ pH
response in the window of biological relevance both in solution
state and in live cells. The new probe is capable of monitoring
even a minute change of physiological pH (7.4) in cells during
This journal is © The Royal Society of Chemistry 2020
the therapeutic process with chemo drugs or apoptotic agents
in real time.
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