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a b s t r a c t

Lysosomes in astrocytes and microglia can release ATP as the signaling molecule for the cells through
ca2þ-dependent exocytosis in response to various stimuli. At present, fluorescent probes that can detect
ATP in lysosomes have not been reported. In this work, we have developed a new water-soluble cationic
polythiophene derivative that can be specifically localized in lysosomes and can be utilized as a fluor-
escent probe to sense ATP in cells. PEMTEI exhibits high selectivity and sensitivity to ATP at physiological
pH values and the detection limit of ATP is as low as 10�11 M. The probe has low cytotoxicity, good
permeability and high photostability in living cells and has been applied successfully to real-time
monitoring of the change in concentrations of ATP in lysosomes though fluorescence microscopy. We
also demonstrated that lysosomes in Hela cells can release ATP through Ca2þ-dependent exocytosis in
response to drug stimuli.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Adenosine 5′-triphosphate (ATP), well-known as energy cur-
rency in cells, plays a crucial role in various cellular functions in
living organisms and has been used as an indicator for cell viability
and cell injury (Pérez-Ruiz et al., 2003). Lysosomes (pH4.5–5.0),
membrane-bound organelles in mammalian cells, are the terminal
degradative compartment of the endocytic pathway (Luzio et al.,
2007) and are involved in various physiological processes, in-
cluding plasma membrane repair, bone and tissue remodelling,
cholesterol homeostasis, pathogen defence, cell death and cell
signaling (Saftig and Klumperman, 2009). Recent studies found
that lysosomes in astrocytes and microglia contain abundant ATP
and could release ATP as an important signaling molecule for the
cells through Ca2þ-dependent exocytosis in response to various
stimuli (Zhang et al., 2007; Dou et al., 2012; Imura et al., 2013).
Release of ATP from astrocytes and microglia is required for Ca2þ

wave propagation among the cells and for modulation of central
synaptic functions (Dou et al., 2012; Guthrie et al., 1999; Cotrina
et al., 2000; Zhang et al., 2003; Pascual et al., 2005; Haydon and
Carmignoto, 2006). However, the possibility that ATP releasing
through lysosome exocytosis may be a general function in other
cells (e.g., HeLa cells) has not been determined. Hence, visualiza-
tion of the concentrations of ATP in lysosomes is significant for
precise understanding of the biological processes associated with
lysosomes. To date, the relationships between ATP and lysosomes
were demonstrated through time-lapse confocal imaging of dye-
labeled lysosomal puncta or vesicle exocytosis (Zhang et al., 2007;
Dou et al., 2012; Imura et al., 2013), rather than the changes of ATP
levels in lysosomes. Therefore, it is necessary to exploit effective
techniques to detect ATP in lysosomes.

Several strategies such as peptides (Schneider et al., 2000;
McCleskey et al., 2003; Butterfield and Waters, 2003), aptamers
(Sazani et al., 2004; Cho et al., 2005; Wang et al., 2005; Das et al.,
2011; Z. Liu et al., 2013, 2014; S. Liu et al., 2013), ATP-dependent
ligation (Ma et al., 2008; Lu et al., 2011; Ma et al., 2013; Lin et al.,
2014) and G-quadruplex-based luminescent assays (He et al.,
2012; Leung et al., 2013), have been developed to detect ATP. Each
of the strategies has distinct advantages, but there are still some
limitations associated with these methods, including high time-
cost as well as higher cost and complexity to the assay. In addition,
few of these methods have been utilized for the determination of
the intracellular ATP level. For example, aptamer-based sensors
can bind to target molecules with high affinity and selectivity (C.H.
Leung et al., 2012; K.H. Leung et al., 2013), but it is expensive and
complicated. G-quadruplex-based detection assays are relatively
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simple and rapid compared with instrumental methods (Ma et al.,
2014). However, G-quadruplex-based probes have not been used
in fluorescence imaging to date (He et al., 2012; K.H. Leung et al.,
2013; Lu et al., 2014; C.H. Leung et al., 2015; Lin et al., 2015). Re-
cently, fluorescent chemosensors have been considered as pow-
erful tools for the identification of ATP in cells because of the high
sensitivity, simplicity, good selectivity, low cost, capability for real-
time analysis, and high temporal and spatial resolution (Ojida et
al., 2008; Quang and Kim, 2010; Zhou et al., 2011; Kurishita et al.,
2012; Yuan et al., 2013; Z. Liu et al., 2013; S. Liu et al., 2013; Li et al.,
2014a, 2014b; Tang et al., 2014; Zhang et al., 2014; Srivastava et al.,
2015; Wang et al., 2016). However, to the best of our knowledge,
fluorescent probes that can be applied to the detection of ATP in
lysosomes have not been reported.

Conjugated polymers (CPs) have gained increasing attention as
optical platforms in highly sensitive chemical and biological sen-
sors over the past decades due to the amplification of fluorescent
signals (McQuade et al., 2000; Thomas Ш et al., 2007; Ho et al.,
2008; Kim et al., 2011). In particular, water-soluble conjugated
polymers have been used extensively in biological and biomedical
applications, such as detection of biological molecules, fluores-
cence imaging, diagnosis of tumor cells, monitoring drug delivery
and release, and anticancer therapy (Feng et al., 2010; Zhu et al.,
2012). Water-soluble polythiophene (PT) derivatives, a type of CP,
have been confirmed to be sensitive colorimetric and fluorescent
sensors for the detection of DNA (Ho et al., 2002; Nilsson and
Inganäs, 2003; Dor,é et al., 2004; Ho et al., 2005; Najari et al.,
2006), proteins (Ho and Leclerc, 2004; Abérem et al., 2006; Yao
et al., 2013), and small molecules of biological interest (Ho and
Leclerc, 2003; Li et al., 2005a; Yao et al., 2009, 2011; Wang et al.,
2014; Chen et al., 2015, 2016). Recently, water-soluble PTs are used
extensively in live cell imaging because of their low toxicity and
good photostability (Tang et al., 2011; B. Wang et al., 2013; L. Wang
et al., 2013; Sista et al., 2014; F. Wang et al., 2015). However, to
date, water-soluble PTs have not been used to monitor the changes
of ATP levels in lysosomes in real time.

Fluorescent chemosensors containing imidazolium groups as
binding sites can interact with anions by electrostatic interactions
(Yoon et al., 2006). Herein, we synthesized a series of poly(3-
alkoxy-4�methylthiophene) molecules with side chains bearing
different imidazolium groups (Scheme S1), which were prepared
by oxidative polymerization in chloroform using FeCl3 as the oxi-
dizing agent (Ho et al., 2002; Li et al., 2005b). We anticipated that
the related polymers would adopt a random-coil conformation in
aqueous solution, and that they might form aggregates through
electrostatic interactions upon binding with ATP. (Scheme 1) The
experimental results validated our proposed strategy and
Scheme 1. Schematic illustration of
indicated that the water-soluble cationic PT derivative, PEMTEI,
has high selectivity and a low detection limit for ATP, appreciable
photostability, and good biocompatibility. PEMTEI can also be
utilized to monitor the change in lysosomal ATP levels in HeLa
cells in real time.
2. Experimental

2.1. Materials and measurements

Adenosine 5′-triphosphate (ATP), Adenosine 5′-diphosphate
(ADP) and Adenosine 5′-monophosphate (AMP) were purchased
from Alfa Aesar (Shanghai, China). Apyrase, 3-(4,5-dimethyl-
thiazoly)�2,5-diphenyltetrazolium bromide (MTT) and bis-((o-
aminophenoxy))ethane-N,N,N’,N’-tetra-acetic acid acetoxymethyl
ester (BAPTA-AM) were bought from Sigma-Aldrich (St. Louis,
USA). Lyso-Tracker Red and Golgi-Tracker Red were purchased
from Beyotime (Nanjing, China). Mito-Tracker Red was obtained
from Invitrogen (Shanghai, China). The other reagents were pur-
chased from J&K (Beijing, China) and Aladdin (Shanghai, China). All
the reagents were used without further purification.

The fluorescence spectra were obtained on a PerkinElmr LS 55
spectrometer. 1H NMR and 13C NMR spectra were measured on a
Bruker Avance DRX-500 (500 Hz) spectrometer. The electrospray
ionization mass spectra were determined by a LCQ Fleet spectro-
meter (ThermoFisher). Transmission electron microscopy (TEM)
was measured on JEM-1011 (JEOL). Cells were analyzed using a
LSM 710 microscope (Zeiss).

2.2. Synthesis of intermediates and polymers

2.2.1. 3-Methoxy-4-methylthiophene (MTM)
3-Bromo-4-methylthiophene (4.0 g, 22.6 mmol) and CuBr

(5.0 g, 34.8 mmol) were added to a mixture of 15 mL of sodium
methoxide (28% in methanol) and 15 mL NMP and refluxed for
24 h under N2 atmosphere. After cooling, the solid was filtrated,
and the filtrate was extracted three times with diethyl ether. The
organic phase was dried with magnesium sulfate and then eva-
porated. The final product was purified by column chromato-
graphy (silica gel, hexane) (2.2 g, 78%). 1H NMR (CDCl3, TMS,
500 MHz) δ 6.86 (1 h, s), 6.19 (1 h, d), 3.85 (3 h, s), 2.12 (3 h, s).

2.2.2. 3-(2-bromoethyloxy)�4-methylthiophene (MTEBr)
3-Methoxy-4-methylthiophene (1.20 g, 9.36 mmol), 2-bro-

moethanol (5.60 g, 44.8 mmol), and NaHSO4 (0.790 g, 6.58 mmol)
were added to 24 mL of toluene under N2 atmosphere and heated
the detection strategy for ATP.
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at 100 °C until the produced methanol was distilled off. The re-
action mixture was allowed to cool to room temperature and
washed three times with water. The collected water phases were
extracted with diethyl ether. The organic phase was combined and
dried with magnesium sulfate, filtered and evaporated to dryness.
The crude product was submitted to column chromatography
(silica gel, hexane) to give 1.3 g (62%) MTEBr as colorless oil. 1H
NMR (CDCl3, TMS, 500 MHz) δ 6.87 (1 h, m), 6.22 (1 h, m), 4.30
(2 h, m), 3.68 (2 h, m), 2.17 (3 h, m).

2.2.3. 1-ethyl-3-(2-((4-methylthiophen-3-yl) oxy) ethyl-1 h-imida-
zol-3-ium bromide (EMTEI)

1-ethyl-imidazole (1.19 g, 12.3 mmol) was added to a solution
of 0.54 g (2.44 mmol) of 3-(2-bromoethyloxy)�4-methylthio-
phene dissolved in CH3CN (30 mL). The resulting mixture was
stirred at 70 °C for four days. After evaporation of the solvent, the
crude product was washed twice with warm ethyl acetate and
twice with diethyl ether at room temperature to provide 0.71 g
(91%) EMTEI as colorless oil. 1H NMR (CDCl3, TMS, 500 MHz) δ
10.67 (1 h, s), 7.53 (1 h, d), 7.37 (1 h, s), 6.85 (1 h, m), 6.29 (1 h, d),
4.98 (2 h, m), 4.40 (4 h, m), 2.08 (3 h, m), 1.65 (3 h, m). 13C NMR
(CDCl3, TMS, 500 MHz) δ 12.82, 15.50, 45.40, 49.35, 68.05, 97.85,
120.69, 121.64, 128.32, 136.83, 154.27. ESI MS (m / z): 237.17 [M –

Br]þ .

2.2.4. Polymer PEMTEI
A solution of EMTEI (0.15 g, 0.47 mmol) in chloroform (5 mL)

was added dropwise to a solution of iron trichloride (0.29 g,
1.78 mmol) in chloroform (9 mL) under nitrogen. The mixture was
stirred at 45 °C for a period of five days. After evaporation of the
reaction mixture to dryness the crude product was washed quickly
with methanol and dissolved in an excess of acetone and pre-
cipitated by addition of an excess of tetrabutylammonium chlor-
ide. The black-red polymer was dissolved in methanol and de-
doped by adding a few drops of hydrazine. The final solution was
evaporated. The resulting polymer was washed again several times
with a saturated solution of tetrabutylammonium chloride in
acetone and by Soxhlet extraction with acetone over a period of six
hours and dried under reduced pressure to yield polymer PEMTEI
(0.099 g, 66%).

For the synthesis of other intermediates and polymers, please
see supplementary materials.

2.3. Cell culture

Human cervix carcinoma HeLa cells were purchased from the
Cell Bank of the Chinese Academy of Sciences, Shanghai, China.
Cells were grown in DMEM (Gibco, USA) supplemented with 10%
fetal bovine serum (Gibco, USA) in a humidified atmosphere at
37 °C.
Fig. 1. Fluorescence sensing selectivity of PEMTEI (50 mM) in 10 mM HEPES buffer
solution (pH 7.4) toward various anions as indicated. The concentration of the
anions is 5000 nM except for P3O10

5-(3000 nM). λex¼410 nm.
2.4. Cytotoxicity assay

3-(4,5-dimethyl-thiazoly)�2,5-diphenyltetrazolium bromide
(MTT) assays were applied to test cell viability. Briefly, 2�104 cells
were seeded onto 96-well plates (Corning, NY, USA) and incubated
for 12 h. Then different concentrations of PEMTEI were added to
the wells and incubated for 24 h. Thereafter, 20 μL of MTT
(0.5 mg cm-3 final concentration) was added to each well. After
incubation for 4 h, 150 μL of DMSO was added to the cultures to
dissolve the crystals. The absorption values at 560 nm were
monitored by an automatic enzyme-linked immunosorbent assay
plate reader (Thermo Scientific, USA).
2.5. Cell imaging

HeLa cells were cultured in DMEM with 10% fetal bovine serum
(FBS). For co-staining studies, the cells were plated on glass bot-
tomed dishes for 12 h, and then were stained with PEMTEI for
12 h in DMEM with FBS at 37 °C under 5% CO2 atmosphere. The
PEMTEI stained cells were treated with different dyes, BATPA-AM
and apyrase at 37 °C under 5% CO2 atmosphere. The probe stained
cells treated with ATP, chloroquine and dexamethasone were in-
cubated at room temperature. The treated cells were washed three
times with phosphate buffer before imaging. The cell images were
obtained with a laser scanning confocal fluorescence microscope
(Zeiss LSM 710).

2.6. Preparation of polymer and analyte solutions

Solutions of polymers and analytes were prepared in pure
water. The concentrations of ATP, ADP and AMP were determined
by using e259 (ATP, ADP, AMP)¼1.54�104 M�1 cm�1 in 100 mM
phosphate buffer solution with pH of 7.0.

2.7. The general procedure for the detection of ATP

The prepared PEMTEI solution was diluted with 10 mM HEPES
buffer solution to get the stock solution (50 mM). According to
fluorescence titration conditions, the corresponding-fold molar
ration of ATP were respectively added to the PEMTEI solution, and
the fluorescence was measured directly at room temperature.
3. Results and discussions

3.1. Specificity of PEMTEI toward ATP

The specificity of PEMTEI toward ATP was measured by the
fluorescence spectra in the presence of various biological anions
including adenosine 5′-diphosphate (ADP), adenosine 5′-mono-
phosphate (AMP), inorganic pyrophosphate (PPi), triphosphate
(P3O10

5-), H2PO4
-, HPO4

2� , PO4
3� , F� , Cl� , Br� , I� , SO4

2� , NO3
� ,

HCO3
� , CH3CO2

� , and AsO2
� . Fig. 1 summarizes the emission de-

crease ratio (Io/I at 520 nm) upon addition of a variety of anionic
species. PEMTEI shows a high selectivity for ATP over other anions,



Fig. 2. (a) Fluorescence sensing selectivity of PEMTEI (50 mM) in 10 mM HEPES buffer solution (pH 7.4) with increasing concentrations of ATP as indicated (λex¼410 nm).
(b) The linear relationship between the Io/I and concentrations of ATP. Relative standard deviations (RSD) of ATP concentrations: 0.08% (10 nM), 0.3% (60 nM), 0.21% (100 nM),
0.51% (200 nM), 0.38% (300 nM), 0.37% (500 nM), 0.5% (750 nM).

Fig. 3. (a) TEM image of PEMTEI (100 mM). (b) TEM image of PEMTEI (100 mM) in the presence of ATP (10 mM).
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and the emission band at 520 nm undergoes an 8.5-fold decrease in
fluorescence intensity. Obviously, other anions scarcely induced a
decrease in fluorescence intensity except for PPi (2.0-fold) and
P3O10

5-(1.7-fold). Additionally, the intracellular environment is
complex with large amounts of metal ions, other small biomole-
cules (e.g., amino acids and biological thiols) and negatively charged
biomacromolecules (e.g., protein and DNA) (Ellis, 2001). Because
these analytes may also induce optical changes of PEMTEI and
disturb the fluorescence signal of the probe, we examined the
fluorescence response of PEMTEI to glutamic acid (Glu), lysine (Lys),
cysteine (Cys), glutathione (GSH), albumin from bovine serum
(BSA), DNA from calf thymus (CTDNA) and metal ions such as Naþ ,
Kþ , Mg2þ , Ca2þand Zn2þ . As shown in Fig. S1, the amino acids,
biological thiols, protein, DNA and metal ions scarcely induced
fluorescence changes of PEMTEI. Moreover, PEMTEI can also show
excellent response to ATP even in the presence of metal ions.

3.2. Fluorescence response of PEMTEI to ATP

Fig. 2(a) shows the fluorescence response of PEMTEI to ATP
under physiological conditions. PEMTEI is fluorescent with an
emission maximum at approximately 520 nm in 10 mM HEPES
buffer solution (pH 7.4) when it is excited at 410 nm. Upon addi-
tion of increasing amounts of ATP, the fluorescence intensity de-
creases gradually, indicating that the fluorometric detection of ATP
is possible. A good linear relationship exists between the emission
intensity ratio (Io/I) and the concentration of ATP within the range
from 0 to 750 nM (R2¼0.995) (Fig. 2(b)), and the detection limit
for ATP is 36 pM (3s/slope). Hence, PEMTEI was chosen as the
model polymer to perform the following experiments because it
possesses greater sensing abilities toward ATP compared with the
other polymers. For example, PEMTEI shows the lowest detection
limit, a broad linear range and high selectivity (Table S1). Fur-
thermore, we investigated the pH effect on the fluorescence re-
sponse of PEMTEI toward ATP. As shown in Fig. S2, upon addition
of ATP, the fluorescence intensity of PEMTEI decreased 5.5-fold,
5.1-fold, 3.5-fold and 8.4-fold respectively in pH 4.0, 5.0, 6.0, 7.4,
indicating the good response capability of PEMTEI to ATP under
weak acid and physiological conditions.

3.3. Sensing mechanism for ATP

The sensing mechanism for ATP was investigated by using
transmission electron microscopy (TEM). Water-soluble PTs are
fluorescent with a random-coil conformation, and the formation of
tight aggregates causes fluorescence quenching due to π-π stack-
ing of the backbones of the PTs (Feng et al., 2010; Zhu et al., 2012).
As shown in Fig. 3(a), PEMTEI exhibits a random-coil conforma-
tion in water but forms aggregates upon binding with ATP (Fig. 3
(b)). The TEM measurements indicate that isolated PEMTEI can be
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induced by ATP to form aggregates through electrostatic and hy-
drophobic cooperative interactions. Because of the conformation
transition from random-coil to aggregates, the fluorescence of the
probe is simultaneously quenched. The conformation transition of
other polymers such as PMMTPI and PMTEPI can also be induced
from random-coil to aggregates upon binding with ATP (Figs. S3,
S4). The results mentioned above support the proposed strategy
illustrated in Scheme 1.

3.4. Cell viability, organelle-targeting ability and photostability of
PEMTEI

To evaluate the biocompatibility of the probe in living organ-
isms, the cytotoxicity of PEMTEI for HeLa cells was examined by a
standard 3-(4,5-dimethyl-thiazol-2-yl)�2,5-diphenyltetrazolium
bromide (MTT) assay. The MTT test shows that PEMTEI has no
obvious effects on the cells, even at a high concentration of 15 mM
(Fig. S5). Therefore, PEMTEI exhibits good biocompatibility and is
favourable for application in living cells.

Colocalization experiments involving PEMTEI were performed
to investigate the target specificity of the probe. HeLa cells were
co-stained with PEMTEI and Lyso-Tracker Red (a lysosome-tar-
geting dye). Both PEMTEI and Lyso-Tracker Red display strong
localized fluorescence within lysosomes (Fig. 4(b), (c)). The green
Fig. 4. Colocalization of HeLa cells stained with PEMTEI and Lyso-Tracker Red. (a) Bright
Red (75 nM) (λex¼543 nm, λem¼560–650 nm). (d) a merged image of (b) and (c). Scale
reader is referred to the web version of this article.)
fluorescence signal from PEMTEI is well-overlapped with the red
fluorescence signal from Lyso-Tracker Red (Overlap Coefficient:
0.88) (Fig. 4(d)). These results suggest that PEMTEI can specifically
target the lysosomes of living cells with good cell-membrane
permeability. HeLa cells were also co-stained with PEMTEI and
Mito-Tracker Red (a mitochondrial-targeting dye) or Golgi-Tracker
Red (a Golgi-targeting dye), but a poor overlap was found between
PEMTEI and Mito-Tracker Red (Fig. S6) or Golgi-Tracker Red (Fig.
S7), confirming the superior lysosome-targeting ability of PEMTEI.
The moderate alkalinity of the imidazole moiety within PEMTEI
may play an important role in lysosome-targeting ability of the
probe. Imidazole has a pKa of 6.0, so it can be protonated only in
lysosomes (pH 4.5–5.0) but not in mitochondrion or in Golgi ap-
paratus. When PEMTEI permeated into lysosomes and was pro-
tonated, it became more hydrophilic and was retained in lyso-
somes. Additionally, the fluorescence of PEMTEI is stable in lyso-
somes, and only 14% of the fluorescent signal was lost after 10
scans with a total irradiation time of 18 min (Fig. S8).

3.5. Real-time monitoring the changes of ATP levels in lysosomes in
HeLa cells

PEMTEI is expected to sense ATP in lysosomes. In this experi-
ment, HeLa cells stained with PEMTEI were incubated with ATP
-field image. (b) PEMTEI (15 mM) (λex¼488 nm, λem¼500–600 nm). (c) Lyso-Tracker
bars: 10 mm.(For interpretation of the references to color in this figure legend, the



Fig. 5. Confocal microscopy images of HeLa cells stained with PEMTEI and then incubated with (c, d) or without (a, b) apyrase (0.05 U/mL) in DMEM for 90 min at 37 °C. (a,
c) Bright-field images. (b, d) PEMTEI (10 mM) (λex¼488 nm, λem¼500–600 nm). Scale bars: 10 mm.
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(500 mM) for 18 min. As shown in Fig. S9, the fluorescence in lyso-
somes was obviously quenched, suggesting that PEMTEI can interact
with ATP in lysosomes. Furthermore, HeLa cells stained with PEMTEI
were also treated with apyrase. Apyrase is an enzyme that can hy-
drolyze ATP to yield AMP and inorganic phosphate. When HeLa cells
were incubated with apyrase (0.05 U/mL) at 37 °C for 90 min, there
was an obvious fluorescence enhancement in lysosomes (Fig. 5(d))
compared to the cells that were not treated with apyrase (Fig. 5(b)).
The experimental results suggest a significant decrease in the ATP
levels in lysosomes, and that PEMTEI responded to the change in
lysosomal ATP levels in HeLa cells. Thereafter, PEMTEIwas applied to
the real-time monitoring of the change in the concentration of ATP in
lysosomes. As shown in Fig. S10, the trend where the fluorescence
signal gradually increases in a time period after an initial decrease,
and then increases again in another time period indicates that the
concentration of ATP in lysosomes slowly declined or increased in a
certain time period. The experimental results suggest that the ATP
level in lysosomes is not stationary but presents a dynamic equili-
brium on the order of minutes. This finding is consistent with a
previous study that reported that the intracellular ATP concentration
is oscillating (Özalp et al., 2010).

Lysosomes in astrocytes and microglia have been reported to
secrete ATP in response to various stimuli (Zhang et al., 2007; Dou
et al., 2012; Imura et al., 2013). PEMTEI was therefore used to
investigate whether lysosomes in HeLa cells could release ATP
through exocytosis. To observe dynamic changes in lysosomal ATP
levels, chloroquine and dexamethasone were employed to stimu-
late the lysosome (B. Wang et al., 2013; L. Wang et al., 2013).
During a 16-min period of stimulation with chloroquine (20 mM),
the fluorescence within lysosomes gradually improved (Fig. S11)
and a 71% increase in fluorescence intensity was observed (Fig.
S12), suggesting that the concentration of ATP in lysosomes slowly
decreased. However, the fluorescence in lysosomes was almost
unchanged (Fig. S13) and only 16% of the fluorescent signal in ly-
sosomes was lost after 16 min in the absence of chloroquine (Fig.
S12). A similar result was also obtained when the lysosome was
stimulated with dexamethasone (10 mM) (Figs. S14, S15). These
results indicate that the lysosomes in HeLa cells can also release
ATP when they are under stimulation. More importantly, this
finding demonstrates that ATP release through regulated lysosome
exocytosis may be a general function in living cells.

3.6. Release of ATP in HeLa cells through Ca2þ-dependent lysosome
exocytosis

Calcium has been considered necessary for lysosome exocytosis in
astrocytes and microglia, and ATP release is dependent on the
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elevation of cytoplasmic Ca2þconcentration (Zhang et al., 2007; Dou
et al., 2012; Imura et al., 2013). Hence, PEMTEI is used to examine
whether lysosomal exocytosis in HeLa cells is Ca2þ-regulated. In this
experiment, a membrane-permeable Ca2þchelator, bis-((o-amino-
phenoxy))ethane-N,N,N’,N’-tetra-acetic acid acetoxymethyl ester
(BATPA-AM), is utilized to chelate Ca2þ in cells. HeLa cells stained
with PEMTEI were incubated with BATPA-AM (200 mM) at 37 °C for
30 min, and then stimulated with chloroquine (20 mM). During a 16-
minute period of stimulation, the fluorescence within lysosomes was
almost unchanged (Fig. S16) and only a 5% decrease in fluorescence
intensity was observed (Fig. S17), suggesting that the release of ATP
induced by chloroquine was prevented. Thus, Ca2þ is necessary for
lysosome exocytosis in HeLa cells.
4. Conclusions

In conclusion, we have developed a water-soluble cationic
polythiophene derivative (PEMTEI) that can specifically localize
within lysosomes and can be used as a fluorescent probe to detect
ATP in cells. PEMTEI exhibits high selectivity and sensitivity to ATP
under physiological conditions with a broad linear range and low
detection limit. PEMTEI possesses low cytotoxicity, good perme-
ability and high photostability in living cells. More importantly,
PEMTEI has been practically applied to real-time monitoring of
the change in lysosomal ATP levels in HeLa cells by using fluor-
escence microscopy. For the first time, lysosomes in HeLa cells
were found to be able to release ATP through Ca2þ-regulated
exocytosis in response to stimulation by two typical lysosomal
drugs.
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