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Intracellular pH plays a pivotal role in various biological processes. In eukaryotic cells, lysosomes contain
numerous enzymes and proteins exhibiting a variety of activities and functions at acidic pH (4.5-5.5),
and abnormal variation in the lysosomal pH causes defects in lysosomal function. Thus, it is important to
investigate lysosomal pH in living cells to understand its physiological and pathological processes. In this
work, we designed a one-step synthesized rhodamine derivative (RM) with morpholine as a lysosomes
tracker, to detect lysosomal pH changes with high sensitivity, high selectivity, high photostability and
low cytotoxicity. The probe RM shows a 140-fold fluorescence enhancement over a pH range from 7.4 to
4.5 with a pKj value of 5.23. Importantly, RM can detect the chloroquine-induced lysosomal pH increase
and monitor the dexamethasone-induced lysosomal pH changes during apoptosis in live cells. All these
features demonstrate its value of practical application in biological systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Intracellular pH plays a pivotal role in various biological
processes, such as cell growth and apoptosis [1-5], ion transport
and homeostasis [6-8], drug resistance [9], endocytosis [10,11],
and enzymatic activity [12,13]. In eukaryotic cells, lysosomes
contain numerous enzymes and proteins exhibiting a variety of
activities and functions at acidic pH (4.5-5.5) [14-16]. Abnormal
variation in the lysosomal pH causes defects in lysosomal function,
which leads to lysosomal storage diseases [17], cancer [18,19], and
Alzheimer's disease [20-22]. Importantly, the gradient decay of
lysosomal proton during apoptosis process seems to cause the
acidification of the cytosol and lysosomal pH increase [23], which
would be used for monitoring apoptosis. Thus, it is important to
investigate lysosomal pH in living cells to understand its physio-
logical and pathological processes.

In recent years, fluorescent probes [24-31], nanoparticles [32-35]
and polymers [36,37] have been widely used for measuring pH
changes in solutions or live cells. Among them, fluorescent probes
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have attracted particular interest by virtue of its high sensitivity,
real-time spatial imaging and non-damaging detection of targets
in living cells or tissues [38-40]. Although some of them have been
applied to subcellular pH sensing, only a limited number of probes
based on rhodamine derivatives can track pH changes in the
lysosome [25,41-44,48-54]. Moreover, most of such lysosomal
pH probes suffered from severe disadvantages, including compli-
cated synthesis route [44,49], low sensitivity [50,53,54], interfer-
ences from other species [49,52,53], and the short-wavelength
emission which is not beneficial for bio-imaging [44]. Therefore, it
is still essential to develop an easy-synthesized lysosome-targe-
table pH fluorescent probe with high sensitivity and selectivity.
Rhodamine dyes have been extensively used as fluorophores by
virtue of their excellent photophysical properties [55-59], such as
high extinction coefficients, excellent quantum yields, great photo-
stability, and relatively long emission wavelengths. More impor-
tantly, the rhodamine with a ring-closed spirolactam unit has been
reported to show HT-triggered “turn-on” fluorescence signals.
Based on this mechanism, some pH fluorescence probes have been
developed for measuring pH changes [45-54]. On the other hand,
morpholine has been reported as a lysosomes tracker [60-62], and
so we envisioned that a more convenient and sensitive lysosomal
pH probe might be achieved if we introduced a morpholine into
a ring-closed rhodamine derivative. Based on these two points,
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we designed a new rhodamine-morpholine (RM) fluorescent
probe to detect lysosomal pH changes in this work. In our novel
probe RM, a 4-(2-aminoethyl) morpholine was chosen as an
important reactant, in which the amino group was utilized to
construct the rhodamine spirolactam ring-closed form as a pH
sensitive module and the morpholine was introduced as a
lysosomes-targeting unit [60-62]. To the best of our knowledge,
morpholine as a lysosomes tracker has never been used to develop
a lysosomal pH fluorescent probe, and so we investigated the
analytical performances of the probe RM such as sensitivity,
selectivity, photostability, and cytotoxicity, which demonstrated
its value of practical application in biological systems.

2. Experimental section
2.1. Reagents and apparatus

All chemicals were obtained from commercial suppliers and
used without further purification. Water used in all experiments
was doubly distilled and purified by a Milli-Q system (Millipore,
USA). Mass spectra were performed using an LCQ Advantage ion
trap mass spectrometer (Thermo Finnigan). NMR spectra were
recorded on a Bruker DRX-400 spectrometer using TMS as an
internal standard. All chemical shifts are reported in the standard
O notation of parts per million. Thin layer chromatography (TLC)
was carried out using silica gel 60 F254, and column chromato-
graphy was conducted over silica gel (100-200 mesh), both of
them were obtained from Qingdao Ocean Chemicals (Qingdao,
China). The pH was measured with a Mettler-Toledo Delta 320 pH
meter. Fluorescence measurements were carried out on a Hitachi-
F4500 fluorescence spectrometer with excitation and emission
slits set at 5.0 nm and 10.0 nm respectively. Fluorescence images
of MCF-7 cells were obtained using OLYMPUS FV-1000 inverted
fluorescence microscope.

2.2. Synthesis of compound RM

Rhodamine B (0.6 g, 1.3 mmol) and 4-(2-aminoethyl)-morpho-
line (0.26 g, 2 mmol) were dissolved in ethanol (50 mL), and the
solution was refluxed for 8 h. After the solution was cooled to
room temperature, the solution was concentrated under reduced
pressure and the residue was purified by the silica gel chromato-
graphy (CH,Cl,/CH30H =25:1, v/v) to afford compound RM as
a white solid (0.35 g, 49%). '"H NMR (DMSO-dg, 400 MHz) & (ppm):
7.763-7.784 (m, 1H), 7495-7.521 (m, 2H), 7.031-7.051 (m, 1H), 6.298-
6.384 (m, 6H), 3.396-3418 (t, J=4.4 Hz, 2H), 3.293-3.339 (q, 8H),
3.057-3.093 (t, J="7.6 Hz, 2H), 2.062 (s, 4H), 1.878-1.914 (t, J=6.8 Hz,
2H), 1.057-1.091 (t, J=6.8 Hz, 12H). MS (ESI) m/z 555.4 (M+1)*.

2.3. Spectrophotometric experiments

The fluorescence measurement experiments were measured in
buffered (40 mM Britton-Robinson buffer solution) aqueous
DMSO (as co-solvent) solution (H,O/DMSO=99:1, v/v). The pH of
Britton-Robinson buffer solution used was between 4 and 7.4,
which was achieved by adding minimal volumes of HCI or NaOH.
The fluorescence emission spectra were recorded at excitation
wavelength of 525 nm with emission wavelength range from 550
to 650 nm. A 1x 1073 M stock solution of RM was prepared by
dissolving RM in dimethyl sulphoxide (DMSO). Procedure of
calibration measurements with RM in the buffer with different
pH was as follows: 20 pL stock solution of RM and 1980 pL
Britton-Robinson buffer solution with different pH were combined
to afford a test solution, which contained 10 x 10~ M of RM. The
solutions of various testing species were prepared from NaNOs,

NaBr, NaH,POy4 - 2H,0, NaAc, KI, Na,COs, Na,SO4, Na,HPO, - 12H,0,
NaCl, KCl, KNOs, CaCl,, MgS04, Co(CH3COO0); - 4H,0, CuCl, - 2H,0,
Ba(NOs3),, NiCly-6H50, CrCls-6H,0, Zn(NOs),-6H,0, CdCl,-5/
2H20, AI(NO3)3 . 9H20, MH(CH:),COO)Z . 4H20 and Fe(NO3)3 . 9H20
using twice-distilled water with final concentrations of 0.0125 M
for them, as well as, glutathione (GSH), cysteine (Cys), homocys-
teine (Hcy), arginine (Arg), valine (Val), tryptophan (Trp) and
glutamate (Glu) using twice-distilled water with final concentra-
tions of 0.025 M for them. Procedure of selectivity experiments
was as follows: for cations or anions, 20 pL stock solution of RM,
1948 pL Britton-Robinson buffer solution (pH=5) and 32 pL
solution of each cation or anion were combined to afford a test
solution, which contained 10 x 10~® M of RM and 200 puM cation
or anion; for amino acids, 20 pL stock solution of RM, 1900 pL
Britton-Robinson buffer solution (pH=5) and 80 pL solution of
each amino acid were combined to afford a test solution, which
contained 10 x 10~ M of RM and 1 mM amino acid.

2.4. Cell culture and imaging experiments

The living MCF-7 cells were provided by the Biomedical
Engineering Center of Hunan University (China). Immediately
before the experiments, the cells were washed with Dulbecco's
phosphate buffered saline (DPBS), followed by incubating with RM
(10 uM) for 30 min (in DPBS containing 0.2% DMSO) at 37 °C, then
by washing with DPBS three times and imaged. LysoSensorTM
Green DND-189 (1 uM, Invitrogen) was used to co-stain the cells to
lysosome. Chloroquine (100 uM) was added to induce lysosomal
pH change, and dexamethasone (2 uM) was added to induce
lysosomal pH change during apoptosis. Fluorescence microscopy
imaging of MCF-7 cells was observed under an Olympus FV1000
laser confocal microscope. Excitation wavelength of the laser was
543 nm. Emissions were between 550-650 nm.

2.5. Photostability test

MCF-7 cells were incubated with RM (10 uM) for 30 min. The
cells were then washed three times with DPBS, exposed to laser
illumination (Aex=543 nm), and then imaged for 20 min.

2.6. Cytotoxicity experiments

The cytotoxic effects of probe RM were assessed using the MTT
assay |63]. Briefly, MCF-7 cells were seeded in 96-well microplates
(Nunc, Denmark) at a density of 1 x 10°cells/mL in 100 uL of
medium containing 10% fetal bovine serum (FBS). After 24 h of cell
attachment, the plates were washed with 100 uL/well DPBS. The
cells were then cultured in a medium with 10 pM RM for 12 h. Cells
in a culture medium without fluorescent dyes were used as the
control. Six replicate wells were used for each control and test
concentration. MTT (10 uL, 5 mg/mL) in DPBS was subsequently
added to each well. The plates were then incubated at 37 °C for 4 h
in a 5% CO, humidified incubator. The medium was carefully
removed, and the purple products were lysed in 200 uL DMSO.
The plate was shaken for 10 min, and the absorbance was measured
at 570 nm using a microplate reader (Thermo Fisher Scientific). Cell
viability was expressed as a percentage of the control culture value.

3. Results and discussion
3.1. Optimized design and synthesis of probe RM for lysosomal pH
In recent years, some lysosomal pH probes based on rhodamine

derivatives have been developed [49,50,52-54]. In 2012, the Peng
group reported a rhodamine derivative with a methylcarbitol



358 X.-L. Shi et al. / Talanta 130 (2014) 356-362

group for imaging lysosomal pH with a 50-fold fluorescence
enhancement, which showed a moderate sensitivity over a pH
range from 7.4 to 4.5 [50]. Next, the Miao group reported a new
rhodamine B-based lysosomal pH fluorescent indicator, RCE. The
probe RCE exhibited an excellent analytical performance for
lysosomal pH, but it suffered interferences from other species
such as Cu®?*, Co®* and Lysine [52]. In 2013, the Miao group
reported another new fluorescent pH probe for imaging lyso-
somes, but the probe showed a low sensitivity with only a 20-fold
fluorescence enhancement over a pH range from 7.5 to 4.1 and
suffered interferences from metal ions such as Cu?*, Co®*, Zn?*
and AIP* [54]. In 2014, the Han group reported a rhodamine-
benzimidazole-based probe for imaging of lysosomal pH. How-
ever, the reported probe also showed a low fluorescence
enhancement and suffered slight interferences from metal ions
such as Fe3* [53]. To obtain a lysosomal pH fluorescent probe
with improved sensitivity and selectivity, a lysosome-targetable
pH fluorescent probe, RM has been developed. We designed the
probe with two considerations. Firstly, rhodamine B was chosen
as a fluorophore by virtue of its excellent photophysical proper-
ties. Furthermore, the rhodamine B derivatives with a spirolac-
tam ring have been reported to show H™-triggered “turn-on”
fluorescence signals. On the other hand, in order to achieve
lysosome-targetability, = 4-(2-aminoethyl)-morpholine  was
attached to the rhodamine fluorophore, which can help the
probe to accumulate selectively in lysosomes. The specific
localization of aminoethyl morpholine in lysosomes has been
proved by some recent reports [60-62].

Compound RM was efficiently synthesized following the syn-
thetic methodology shown in Scheme 1, with Rhodamine B and 4-
(2-aminoethyl)-morpholine as initial material. The probe was
characterized using 'H NMR and MS (Figs. S1 and S2).

3.2. Fluorescent analytical performance of probe RM

The fluorescence responses of the probe RM at various pH were
recorded at an excitation wavelength of 525 nm, with results
illustrated in Fig. 1a. RM was almost nonfluorescent at pH
7.4 because of its stable “ring-closed” form. However, the fluores-
cence intensity of RM was significantly enhanced as the H*
concentration was increased to induce the spirolactam ring open.
It shows a 140-fold increase in the emission intensities within the
pH range of 7.4-4.5. In Fig. 1b, the analysis of fluorescence
intensity changes as a function of pH by using the Henderson-
Hasselbalch equation [64]: log[(Imax—I)/(I—Imin)]=pH—pKj,
where [ is the observed fluorescence intensity, I;hax and Iy, are
the corresponding maximum and minimum respectively, yielded
a pK, of 5.23, which is valuable for studying lysosomal pH. More-
over, RM can respond to H* quickly and its fluorescence intensity
saturation is reached within several seconds at pH 4.50 and 5.00,
which is vital to detect lysosomal pH changes in real time.
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Scheme 1. Structure and synthetic route of RM and its response mechanism to pH.

Besides sensitivity, selectivity is another very important para-
meter to evaluate the performance of a new fluorescent probe.
Particularly, for a bio-imaging probe with potential application
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Fig. 1. (a) Fluorescence spectra of RM (10 uM) at various pH in Britton-Robinson
buffer solution (40 mM), Aex=525 nm. (b) pH titration curve of RM, Aex=525 nm,
Aem=573 nm.
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Fig. 2. Fluorescence intensity of RM in the presence of miscellaneous ions in
Britton-Robinson buffer solution at pH 5.00. From left to right: H*, Na™, K+, Ca™*,
Mg2*, Zn?*, Cu*, Fe**, AP+, Mn?*, Ni2*, Co®*, Cd®*, NO5, C1-, Br—, 1, CO3 ™,
SO;~, H,PO, , HPO%~, PO}~ and Ac™ were 200 uM. Arg, Val, Trp, Glu, Cys, GSH and
Hcy were 1 mM. Condition: excitation wavelength is 525 nm, emission wavelength
is 573 nm.
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in complex biological samples, a highly selective response to the
target specie over other potentially competing species is necessary.
As shown in Fig. 2, the selectivity experiments of RM were
extended to 29 kinds of other biological-related species. The
responses of RM were found to be highly selective for H*
(pH=5) in the presence of common cations, anions or amino
acids. The fluorescence intensity of RM (10 pM) did not
obviously changed upon the addition of 20 equiv of biologically
relevant metal ions (200 pM), i.e., Na*, K*, and Ca?* and 20
equiv of other transition metal ions (Mn?*, Ni**, Co?* and
Cd2+). Moreover, various common anions (Nosy, Cl7, Br—, I,
€03, S037, Hy,PO; , HPO3~, PO3~ and Ac ™) exhibited negligible
interference on the responses of RM to H*. In the presence of
1 mM of biologically relevant amino acids including GSH, Cys,
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Fig. 3. Fluorescence intensity of RM in Britton-Robinson buffer solution. pH was
changed repeatedly between 4.57 and 7.34. Conditions: excitation wavelength is
525 nm, emission wavelength is 573 nm.

Hcy, Arg, Val, Trp, and Glu, the fluorescence intensity of RM
remained generally stable also. The results reveal that the H* -
induced fluorescence response was unaffected by the other
species, which indicate that the probe RM has a highly specific
selectivity for H™. Most notably, the probe displayed an excel-
lent reversibility. In Fig. 3, it showed the fluorescence intensity
changes of RM when the pH is switched between 4.57 and 7.43
three times, and approximately 92.5% of the original signal was
successfully generated.

3.3. Co-localization experiments to lysosomes

The acidity of the lysosome (pH 4.5-5.5) is vital to the optimal
activities of various hydrolases. Next we applied RM in living cells
to assess the ability of the probe RM for localizing the lysosomes.
The MCF-7 cells were co-stained with RM and LysoSensor Green
DND-189 which is a commercially available lysosome-specific
staining probe. As shown in Fig. 4, the confocal fluorescence
microscopy results showed that RM exhibited observable red
punctate fluorescence near the perinuclear regions of live MCF-7
cells. The co-localization of RM with LysoSensor Green was
observed with high overlaps, which suggest that RM selectively
stains lysosomes in live cells.

3.4. Photostability of probe RM for lysosomal pH

Photostability is one of the most important criteria for devel-
oping fluorescent imaging dyes, which adversely affects the
temporal monitoring of dynamic events in cells. Thus, we inves-
tigated the photostability of RM in the live MCF-7 cells. As shown
in Fig. 5, the MCF-7 cells co-stained with RM exhibited similar
fluorescence intensity at different time throughout the cells was
exposed to laser illumination for 20 min, which indicates the high
photostability of RM under biological conditions.

Fig. 4. Cells were stained with: (a) 1 uM LysoSensor Green, (b) 10 uM RM. (c) areas of colocalization appear in yellow. RM and LysoSensor Green were excited at 543 nm and
488 nm, respectively. The fluorescence images were recorded at 550-650 nm and 495-515 nm.

Fig. 5. Photostability of RM in MCF-7 cells illuminated with a laser. (a)-(e) Confocal fluorescence images of RM at various time points.
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b

Fig. 6. Fluorescence images of RM in MCF-7 cells stimulated with chloroquine. (a-c) Images of the stained cells before chloroquinest simulation; (d-f) images of cells in (a—c)
exposed to 100 uM chloroquine for 2 min. The probe was excited at 543 nm and the fluorescence was collected at 550-650 nm.

3.5. Lysosomal pH tracking in chloroquine-treated MCF-7 cells

In order to prove that the probe RM can track lysosomal pH
changes under different acidic conditions in cells, we made the
following experiment. MCF-7 cells were first cultivated with RM
(10 uM) for 30 min, which showed a strong fluorescence at this
time. And then the same MCF-7 cells were treated with the
antimalaria drug chloroquine, which is a cell-permeable base
and can neutralize the acidic environment in lysosomes, thus
leading to an increase in lysosomal pH [65]. With addition of
chloroquine (100 uM), the fluorescence intensities were clearly
reduced after 2 min (Fig. 6). This result indicates that RM can
detect lysosomal pH changes in real time.

3.6. Lysosomal pH tracking during apoptosis

It is known that the lysosomal pH shows an increase during
apoptosis, which might be due to lysosomal proton release [23,50].
In order to further prove that the probe RM can track lysosomal
pH changes in cells, RM was applied to monitor lysosomal pH
changes during apoptosis in live cells. MCF-7 cells were first
cultivated with RM (10 uM) for 30 min, which showed a strong
fluorescence at this time. And then the same MCF-7 cells were
treated with the drug dexamethasone, which can induce apoptosis
in live cells. After the dexamethasone (2 uM) was added, the
fluorescence intensity of MCF-7 cells exhibited time-dependent

decreases due to the increase of the lysosomal pH induced by
apoptosis which was proved by dramatically morphological
changes of the cells (Fig. 7). The result is consistent with the
previous studies [50,66] and further proves that the probe RM can
indeed image lysosomal pH changes in real time.

3.7. Cytotoxicity experiments

To assess the biological compatibility of the RM probe, cyto-
toxicity experiments were carried on. MTT assays indicated that
MCF-7 cells viabilities were not affected by incubation with 10 pM
RM for 12 h. These results demonstrate that the probe RM has
a high biological compatibility and it is suitable for imaging of the
lysosomal pH changes.

4. Conclusions

In summary, we have reported a new rhodamine-morpholine
(RM) fluorescent probe for monitoring of lysosomal pH changes in
live cells, which has high sensitivity and selectivity, as well as high
photostability and low cytotoxicity. The fluorescence intensity of
RM is sensitive to acidic pH in a short response time with a pKj,
value of 5.23. It shows a 140-fold increase in the emission
intensities within the pH range of 7.4-4.5 due to the H ™ -triggered
“turn-on” fluorescence signal. Importantly, RM was successfully
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Fig. 7. Time dependent fluorescence changes of RM in MCF-7 cells undergoing apoptotic death. a, b, ¢, d, e, f, g and h indicated times of 0, 2, 6, 12, 16, 20, 30 and 60 min,
respectively. 1, 2 and 3 represent red channel image (Aex=>543 nNm, Aem=>550-650 nm), bright field and overlap of 1 and 2, respectively.

applied to detect the chloroquine-induced increase in lysosomal
pH and monitor the lysosomal pH changes during apoptosis in live
cells, demonstrating its value of practical application in biological
systems.
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