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ARTICLE INFO ABSTRACT

Keywords: Calcium ions play an important role in intracellular signaling, metabolism and a wide range of cellular processes.

Calcium ion An abnormal calcium concentration may cause many adverse symptoms, such as physiological responses in

zillmpyra_n obesity, immune responses and pathological responses in Alzheimer’s disease. Therefore, the development of
oroquine

specific fluorescent probes for monitor Ca®" in living organism is of great significance. Herein, a red-emitting
probe SP-CE was successfully designed and synthesized based on spiropyran derivatives as the fluorophore
and aza-15-crown-5 as the sensing moiety for the recognition of calcium ions. Under the ultraviolet light irra-
diation, SP-CE was transformed to merocyanine (MC) form, which releasing negative oxygen ions, thereby
achieving the recognition of calcium ions with the collaboration of crown ethers. According to the literature,
chloroquine (CQ) could stimulate the up-regulation of pH in the sub-organelle lysosome in cells, resulting in
changes of the calcium ions abundance in the cytoplasm. Interestingly, SP-CE could be used to visualize the
occurrence of the above mentioned physiological processes in living cells. In addition, the probe SP-CE has been

Aza-15-crown-5

successfully employed for labeling calcium ions in living zebrafish model.

1. Introduction

Ca* plays a major role that transmits in intracellular signaling and a
variety of intracellular processes [1-4]. However, dysregulation of
intracellular Ca®" signaling is related to physiological responses in
obesity, immune responses and pathological responses in Alzheimer’s
disease [5-11]. Therefore, it is important to track the dynamic changes
of calcium concentration in cytosolic and understand the Ca®* signal
pathways in cells [12]. In addition, according to the literature reported
that chloroquine (CQ) could cause calcium ion release by increasing
lysosomal pH. Importantly, blockading lysosomal calcium ions release
disrupts CQ-induced M1 macrophages polarisation, suggesting that
lysosomal calcium release is necessary [13]. Therefore, a specific and
ultra-fast detection tool is urgently needed for visualizing the fluctuation
of calcium ion abundance in living cells and in vivo, which is essential for
preventing related diseases by formulating corresponding intervention
strategies.

Fluorescent probes based on small organic molecules combined with
fluorescence imaging technology, using their unique advantages of good
specificity, high sensitivity, and in-situ monitoring, have become
important research methods in modern life sciences and disease diag-
nosis [14-17]. To date, great efforts have been made to monitor metal
ions based on crown ether recognition sites [18,19]. For example,
Heng’s research group designed a light-controllable spiropyran revers-
ible sensor optical probe for calcium ion detection [20]. Subsequently,
Yin’s research group designed a fluorescent probe based on photo-
chromic crown ether spiropyran for lithium ion detection [21]. How-
ever, these fluorescent probes for monitoring metal ions were rarely
exploited at the level of cellular imaging.

Spiropyran (SP) is one of the most common photochromic com-
pounds, under UV/visible light irradiation, which could be reversibly
converted from SP form to MC form [22-24]. “Hard” metal ions could be
chelated with crown ethers by using lone pairs from oxygen effectively
[25]. Due to these favourable characteristics, we designed and
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Fig. 1. Spectroscopic analysis of photochromic SP-CE. Fig. 1(a) and (b) show that the UV-Vis absorption spectrum change of SP-CE (0.1 mM) under the ultraviolet
light irradiation and visible light irradiation in HyO:CH3CN = 4:1 (v/v). Fig. 1(c) and (d) shown the fluorescence spectral change of SP-CE (0.1 mM) under ultraviolet

light irradiation and visible light irradiation.

synthesized a red-emitting fluorescent probe (SP-CE), using spiropyran
derivatives as the fluorophore and aza-15-crown-5 as the recognition
site for calcium ions. Upon adding calcium ions into H;0:CH3CN = 4:1
(v/v), the crown ether partly chelated with calcium ions to form cor-
responding complexe, and induced the hydroxyl in the MC to negative
oxygen ions, which enhanced the coordination ability with calcium ions.
Further cells and zebrafish experiments clearly revealed that SP-CE
could be used to monitor calcium ions in biological systems. Addition-
ally, the probe could detect the calcium ions released from lysosome to
cytoplasm due to chloroquine-induced pH changes in the lysosome.

2. Experiments
2.1. Synthesis of SP-CE

2.1.1. Compound 1

Compound 1 was prepared according to literature [22]. mp,
176 °G-178 °C. IR (cm ™~ 1): 3309, 2973, 2529, 1720, 1594, 1469, 1400,
1360, 1349, 1270, 1207, 1030, 939, 757. ESI-MS m/z: [C + H]* Caled
for C14H1gNO3 232.13321, Found (Fig. S1).

2.1.2. Compound 2
Related synthetic steps for compound 2 were described in the sup-
port information.

2.1.3. Compound 3

Compound 2 (0.581 g, 1 mmol), EDCI (0.767 g, 4 mmol) and 1-
hydroxybenzotriazole (0.54 g, 4 mmol) were dissolved in 15 mL of
anhydrous N,N-dimethylformamide solution, the mixture was reacted
for 30 min under the protection of argon at 0 °C. Then 1-aza-15-crown-5-
ether (0.58 g, 1 mmol) and triethylamine (0.3 mL) were added to the
reaction solution, and the mixture continued to react at room temper-
ature for 24 h. After the reaction was completed, the reactants were
poured into distilled water (100 mL) to continue stirring, and the
resulting precipitate was filtered, washed with distilled water and dried

in vacuum. Finally, a dark gray solid was obtained (0.30 g, 52.3%). A
similar substance was reported in this patent. We referred to the syn-
thesis method of SP-CE in this patent [26]. mp, 103 °C-106 °C. IR
(em™): 2970, 2865, 2362, 1706, 1641, 1609, 1508, 1484, 1460, 1331,
1270, 1126, 1081, 1029, 940, 912, 804, 747, 679.'H NMR (600 MHz,
CD3CN) 6 8.10 (s, 1H), 8.03 (d, J = 8.9 Hz, 1H), 7.18 (t, J = 7.6 Hz, 1H),
7.14 (d, J = 7.2 Hz, 1H), 7.07 (d, J = 10.4 Hz, 1H), 6.86 (t, J = 7.4 Hz,
1H), 6.76 (d, J = 9.0 Hz, 1H), 6.68 (d, J = 7.7 Hz, 1H), 5.97 (d, J = 10.4
Hz, 1H), 3.66-3.34 (m, 22H), 2.72 (dt, J = 15.0, 7.4 Hz, 1H), 2.58-2.52
(m, 1H), 1.27 (s, 3H), 1.15 (s, 3H) (Fig. $3). '3C NMR (151 MHz, CD3CN)
8 171.24, 159.32, 146.59, 141.14, 136.18, 128.10, 127.77, 125.64,
122.76,122.01,121.81,119.41, 119.06, 115.37, 107.01, 106.83, 70.54,
70.44, 69.93, 69.75, 69.57, 69.49, 68.83, 52.56, 50.07, 48.67, 39.73,
31.65, 25.26, 18.95. ESI-MS of probe SP-CE m/z: [SP-CE]" calcd for
582.28129; [SP-CE + Na]™ aled for 604.26308 (Fig. S3).

2.2. Materials

Related solvents and apparatus are described in the support
information.

2.3. Fluorescence imaging

2.3.1. Cell imaging

HeLa cells and HepG2 cells were cultured in DMEM medium con-
taining 12% fetal bovine serum and 1% double antibody at 37 °C and 5%
carbon dioxide incubator. When the cells were in the logarithmic growth
phase, HeLa cells and HepG2 cells were inoculated in a special laser
confocal culture dish, and continue culturing for another 24 h until the
cells adhered to the wall.

The probe SP-CE (10 xM) was dissolved in phosphate buffered saline
(PBS) (2 mL), and then added to a confocal culture dish inoculated with
HeLa cells and HepG2 cells and incubated at 37 °C for 20 min. In the
experiment for detecting exogenous calcium ions, the HeLa cells and
HepG2 cells loaded with SP-CE were incubated in PBS at 37 °C for 20
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Fig. 2. Fluorescence spectrum responses of SP-CE (10 yM) to calcium ions
(0-200 uM), in HyO:CH3CN = 4:1 (v/V) dex = 535 nm, dey = 622 nm, slit: 10
nm/10 nm; Inserted: The working curve of SP-CE (10 xM) in the presence of
various concentrations of Ca>* (0-100 uM), Aex = 535 nm, slit: 10 nm/10 nm.

min, then incubated with calcium ions (100 M) for 15 min, washed
twice with PBS (2 mL), and then imaged. In the experiment for detecting
endogenous calcium ions, HeLa cells and HepGz2 cells loaded with SP-CE
and CQ (100 uM) were incubated in PBS at 37 °C for 40 min, washed
with PBS (2 mL) twice, and then imaged. The incubated cells were
imaged under a UV lamp irradiation for 4 min.

2.3.2. Zebrafish culture and imaging

The probe SP-CE (20 uM) was added to E3 embryo medium con-
taining zebrafish (5 days old) and incubated at 29 °C for 20 min and then
imaged. In the experiment to detect exogenous calcium ions, the
zebrafish was incubated with SP-CE (20 zM) for 20 min, then incubated
with calcium ions (100 M) for 20 min, then imaged. After incubation,
the zebrafish was irradiated under UV light (365 nm) for 4 min.

3. Results and discussion
3.1. Study on the photochromic properties of probe SP-CE

We studied the photochromic properties of the SP-CE. The probe SP-
CE (0.1 mM) showed a strong UV absorption band at 530 nm under the
UV lamp 365 nm irradiation (0-4 min). However, when the SP-CE was
irradiated with visible light (0-2 min), the UV absorption spectrum
signal returned to the initial state, indicating that the MC form was
converted into SP form. At the same time, when irradiated with 365 nm
ultraviolet lamp, the fluorescence intensity of the SP-CE (0.1 mM) at
622 nm also increased with time (0-4 min). Nevertheless, it dropped to
its original state under visible light irradiation, and the progress sup-
ported the UV-Vis spectrum analysis results.

3.2. SP-CE fluorescence spectrometric titration responds to calcium ions

The spectral properties of SP-CE and its response to calcium ions
were obtained in HpO:CH3CN = 4:1 (v/v) (see Fig. 1). Upon adding
(0-200 uM) calcium ions to the detection solution containing probe SP-
CE (10 uM), the solution changed from light pink to dark pink and the
corresponding spectrum mainly showed an upward trend at near 620
nm, as depicted in Fig. 2. We plotted the maximum emission intensity of
SP-CE at lex = 535 as a function of calcium ions concentration. The
probe exhibited a good linear range and low detection limit (0.570 uM)
for calcium ions (0-100 M) (Fig. 2 Inserted). The detection limit of the
probe was calculated according to the definition of IUPAC (CDL = 36/k)
[27,28].
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3.3. Selectivity of SP-CE

We then tested the selection recognition of the SP-CE to calcium ions
under H>0:CH3CN = 4:1 (v/v). As shown in Fig. 3, after adding calcium
ions, the emission intensity increased significantly at 622 nm. Whereas
upon the addition of other ions (500 pM) (Zn?*, Cu®*, Na™, Ag*, Mg?*,
Fe2+, LiT, K"), the emission intensity did not increase remarkably.
Therefore, the experiment proved that SP-CE has good selectivity to
calcium ions. In addition, We tested the effect of different pH on the
fluorescence responses of SP-CE to calcium ions. Notably, the fluores-
cence changes of SP-CE to Ca®" reached a maximum at around pH = 7. It
was further confirmed that SP-CE could recognize Ca%* in physiological
environment (Fig. S5).



Y. Wu et al.

Bright Field

al

Red channel Merge

aqold

i 20 pm

Bright Field

128D+

Red channel

Merge

aqoud

DD+

Fig. 4. Confocal images of the SP-CE responds to exogenous Ca®*and endog-
enous Ca’* in HepG2 cells. (al) HepG2 cells were incubated with SP-CE (10
uM) for 20 min (a2) HepG2 cells were incubated with SP-CE (10 M) for 20
min, and then incubated with exogenous calcium ions (0.1 mM) for 15 min (b1)
HepG2 cells were incubated with SP-CE (10 xM) for 20 min (b2) HepG2 cells
were incubated with SP-CE (10 xM) and CQ (100 M) for 40 min. Red channel:
emission wavelength 622 + 20 nm (excitation wavelength 535 nm) Scale bar:
20 pM.

3.4. Proposed mechanism

The response mechanism of SP-CE for detecting calcium ions was
described in Scheme 2. Besides, as shown in Scheme 2, the SP-CE
structure was easily transformed into MC-CE structure under UV irra-
diation, and the presence of calcium ions would further promoted the
transformation of SP-CE structure into MC-CE through the combined
action of negative oxygen anions and crown ether. Therefore, the fluo-
rescence intensity was significantly enhanced after adding calcium ions.
The corresponding reaction product was characterized by ESI-MS. The
SP-CE acetonitrile solution (1 mL, 1 mM) was mixed with CaCl; aqueous
solution under the ultraviolet light irradiation for 4 min, and then
sample were measured by a mass spectrometer. As shown in Fig. S4, an
obvious strong peak indicates that MC-CE is stably complexed with
calcium ions. Due to the influence of the negative oxygen ion of spi-
ropyran on the binding efficiency of calcium ions, we used Prism-8
software to perform a non-linear regression fitting for calcium ions, as
shown in Fig. S6, the stability constant of the SP-CE combining with
calcium ions was 1.12 x 10* M~ in H50: CH3CN = 4:1. Therefore, the
selective binding of MC-CE isomer for calcium ions was attributed to the
electrostatic interaction with p-nitrophenolate and the suitability of the
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Fig. 5. Confocal images of the SP-CE responds to exogenous Ca?*and endog-
enous Ca’* in HeLa cells. (al) HelLa cells were incubated with probe SP-CE (10
uM) for 20 min (a2) HeLa cells were incubated with SP-CE (10 M) for 20 min,
then treated with exogenous calcium ions (0.1 mM) for 15 min (b1) HeLa cells
were incubated with SP-CE (10 M) for 20 min (b2) Hela cells were incubated
with SP-CE (10 yM) and CQ (100 uM) for 40 min. Red channel: emission
wavelength 622 + 20 nm (excitation wavelength 535 nm) Scale bar: 20 pM.

size of alkali metal ions and crown ethers. (see Scheme 1)
3.5. Cellular imaging

We evaluated the SP-CE response to calcium ions in cell imaging
experiments. After HepG 2 cells with SP-CE (10 zM) were incubated for
20 min and then irradiated with UV light (4 min), a weak red fluores-
cence signal appeared in the red channel (Fig. 4al). Furthermore, we
also tracked to the exogenous calcium ions by fluorescence imaging.
HepG2 cells were incubated with SP-CE (10 M) for 20 min and then
incubated with calcium ions (0.1 mM) for 15 min and irradiated with UV
light (4 min). A similar fluorescence phenomenon appeared in the red
fluorescence signal, and it was greatly enhanced. (Fig. 4a2). Meanwhile,
we also investigated the sensing performance of probe SP-CE for
endogenous calcium ions in living cells. We used CQ drugs that change
the lysosomal pH value, causing calcium ions to be released into the
cytoplasm. As shown in Fig. 4b2, HepG2 cells were cultured with the SP-
CE (10 xM) and CQ (100 uM) for 40 min, a significant red fluorescence
signal was enhanced in the red fluorescence channel. At the same time,
SP-CE was studied in HeLa cells (Fig. 5). These results implied that SP-
CE could be considered as a cell-permeable molecular tool to examine
and visualize dynamic equilibrium of calcium ions in cells.
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Fig. 6. Confocal images of probe SP-CE response to exogenous Ca*>" in zebrafish. (a) The zebrafish was incubated with the SP-CE (20 M) for 20 min, and then
irradiated with UV (365 nm) light for 4 min. (b) The SP-CE-loaded (20 uM) zebrafish incubated for 20 min then incubated with Ca** (100 M) for 20 min, and then
irradiated with UV (365 nm) light for 4 min. Red channel: emission wavelength 622 + 20 nm (excitation wavelength 535 nm) Scale bar: 500 pM.

3.6. Zebrafish imaging

Next, we explored the feasibility of using the probe SP-CE (20 uM)
for imaging low concentration of calcium in zebrafish. As shown in
Fig. 6a, the zebrafish was incubated with the probe SP-CE (20 uM) for
20 min and then irradiated with UV lamp at 365 nm for 4 min, a weak
red fluorescence signal appeared in the red channel. Simultaneously,
when the zebrafish was incubated with SP-CE (20 pM) for 20 min, then
incubated with calcium ions (100 M) for 20 min, under the ultraviolet
light irradiation for 4 min, the red fluorescence signal was enhanced in
the red channel (Fig. 6b). Therefore, these imaging findings demonstrate
the probe can effectively image calcium ions in vivo.

4. Conclusions

In summary, a red-emitting fluorescent probe SP-CE was explored to
detect the endogenous and exogenous calcium ions in cells. SP-CE
response mechanism was based on calcium ion induce the isomerized
spiropyran MC to release negative oxygen ions, which could be specif-
ically combined with crown ethers to achieve specific detection for
calcium ions. Besides, further cells and zebrafish experiments clearly
revealed that SP-CE could be used for monitoring calcium ions in bio-
logical system. Moreover, we applied CQ drugs to promote the release of
calcium ions into the cytoplasm and to detect the level of calcium ion in
the cytoplasm.
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