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ABSTRACT: Adenosine triphosphate (ATP) is used as the
energy source in cells and plays crucial roles in various cellular
events. The cellular membrane is the protective barrier for the
cytoplasm of living cells and involved in many essential biological
processes. Many fluorescent probes for ATP have been
successfully developed, but few of these probes were appropriate
for visualizing ATP level fluctuation in cell membranes during the
apoptotic cell death process. Herein, we report the synthesis of a
new water-soluble cationic polythiophene derivative that can be
utilized as a fluorescent sensor for detecting ATP in cell
membranes. Poly((3-((4-methylthiophen-3-yl)oxy)propyl)triphenylphosphonium chloride) (PMTPP) exhibits high sensitivity
and good selectivity to ATP, and the detection limit is 27 nM. The polymer shows low toxicity to live cells and excellent
photostability in cell membranes. PMTPP was practically utilized for real-time monitoring of ATP levels in the cell membrane
through fluorescence microscopy. We have demonstrated that the ATP levels in cell membranes increased during the apoptotic
cell death process. The probe was also capable of imaging ATP levels in living mice.

Adenosine triphosphate (ATP) is the primary energy source
in cells and plays vital roles in many cellular events in

living organisms. Cellular ATP has been used as an indicator for
cell viability and cell injury1 and a trigger for controlled release
of anticancer drugs.2,3 The cellular membrane is the protective
barrier for the cytoplasm of living cells and involved in many
essential biological processes, such as signal transduction,
energy conversion, and transport of ions and molecules into
and out of the cell.4,5 In particular, the transport of ions and
some molecules, such as Na+, K+, Ca2+, amino acid, glucose, and
DNA, is required for the utilization of ATP.6−9 Therefore,
visualization of ATP levels in cell membranes is critical to
accurately assess the biological processes related to the plasma
membrane. In addition, recent studies have shown that
apoptotic stimuli induce significant elevation of cytosolic ATP
levels and mitochondrial ATP levels.10,11 However, to date, the
change of ATP levels in the cell membrane during the
apoptotic cell death process has not been investigated. Hence, it
is necessary to develop useful tools for tracking and imaging
ATP levels in cell membranes.
Several strategies, such as peptides,12−14 aptamers,15−28 ATP-

dependent ligation,29−33 and G-quadruplex-based luminescent
assays,34,35 have been developed to detect ATP. However, few
of these methods have been utilized to determine the ATP level
in cells. In recent years, fluorescent probes are considered as
powerful tools for the identification of substances in biological
systems because of the good selectivity, high sensitivity, low
cost, simplicity, capability for real-time analysis, and high

temporal and spatial resolution.36−41 In particular, fluorescent
chemosensors that can localize in a certain cellular region or
organelle play pivotal roles in detection or imaging biological
molecules in a specific region with high accuracy and low
background noise. Recently, several organelle-targeting fluo-
rescent ATP chemosensors, such as mitochondria-targeting
sensors11,42−44 and lysosome-targeting sensors,45 have been
reported. To the best of our knowledge, only one small-
molecule fluorescent probe was synthesized for cell membrane
ATP imaging,42 but the probe lacks selectivity among various
phosphate anions. Hence, there is a compelling need to develop
a new fluorescent probe for monitoring ATP levels in cell
membranes.
Among water-soluble conjugated polymers (CPs), water-

soluble polythiophene (PT) derivatives have been confirmed to
be highly sensitive fluorescent and colorimetric probes for the
detection of DNA,46−50 proteins,51−53 and small molecules of
biological interest.45,54−61 Recently, several water-soluble PTs
were prepared for live cell imaging because of their low toxicity,
high fluorescence intensity, and good photostability.45,61−66

However, water-soluble polythiophene derivatives were not
utilized for tracking ATP levels in cell membranes.
Triphenylphosphonium (TPP) is a delocalized lipophilic

cation and can be attracted by the negative potential of the
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inner membrane of living cells.67 Moreover, the polythiophene
backbone preferentially accumulates in hydrophobic mem-
branes.42 Herein, we synthesized a new water-soluble cationic
polythiophene derivative with side chains bearing triphenyl-
phosphonium groups, poly((3-((4-methylthiophen-3-yl)oxy)-
propyl)triphenylphosphonium chloride) (PMTPP), using a
FeCl3 oxidative polymerization method (Scheme S1). We
anticipated that PMTPP would adopt a random-coil con-
formation in water. It might form aggregates upon interacting
with ATP (Scheme 1). PMTPP can localize to the cell

membrane and has high sensitivity and good selectivity to ATP.
The polymer exhibits low cytotoxicity and good photostability.
PMTPP can be utilized as a fluorescent sensor for monitoring
ATP levels in cell membranes during the apoptotic cell death
process and in vivo.

■ EXPERIMENTAL SECTION
Reagents and Instruments. DiI was purchased from

Beyotime (Nanjing, China). The primary antibodies directed to
β-actin (1:1000, CST) and [HRP-labeled goat anti-rabbit
IgG(H+L)] secondary antibody (1:1000, CST) were used. The
other reagents were bought from Alfa Aesar (Shanghai, China),
Sigma-Aldrich (St. Louis, USA), J&K (Beijing, China), and
Aladdin (Shanghai, China).

1H NMR and 13C NMR spectra were taken on a Bruker
Avance DRX-500 (500 Hz) spectrometer. The mass spectra
were measured on a LCQ Fleet spectrometer (ThermoFisher).
The molecular weight was determined by an Agilent 1100.
Transmission electron microscopy (TEM) data were measured
on JEM-1011 (JEOL). The fluorescence spectra were collected
on a PerkinElmer LS 55 spectrometer. Cell imaging was carried
out by a LSM 710 microscope (Zeiss). The flow cytometry
analysis was performed on a Microplate Reader (BD
LSRFortessa). The in vivo images of mice were performed
with a CRI Maestro Ex in vivo imaging system.
Synthesis of (3-((4-Methylthiophen-3-yl)oxy)propyl)-

triphenylphosphonium Bromide (MTPP). Tripheylphos-
phine (1.41 g, 5.37 mmol) was added to a solution of 3-(3-
bromopropoxy)-4-methylthiophene (MTPBr) (0.605 g, 2.57
mmol) dissolved in CH3CN (25 mL). The contents were
heated at 70 °C with stirring for 4 days. After workup, the
resulting residue was recrystallized from a mixture of hexane/
ethyl acetate to yield MTPP as yellow solid (0.4 g, 31%). 1H
NMR (CDCl3, TMS, 500 MHz) δ 7.95−7.56 (15H, m), 6.79
(1H, t), 6.20 (1H, dd), 4.28 (2H, t), 4.03 (4H, dd), 2.19 (2H,
t), 2.01 (3H, d). 13C NMR (CDCl3, TMS, 500 MHz) δ 12.82,

19.86, 22.95, 68.62, 97.80, 118.10, 120.11, 128.66, 130.61,
133.73, 135.17, 154.88. ESI MS (m/z): 417.33 [M − Br]+.

Synthesis of Polymer PMTPP. A solution of MTPP (0.1 g,
0.2 mmol) in chloroform (3 mL) was added dropwise to a
stirred solution of FeCl3 (0.13 g, 0.81 mmol) in chloroform (4
mL) under N2 atmosphere. The contents were heated at 35 °C
with stirring for 5 days. After workup, the residue was washed
two times with methanol. The crude product was dissolved in
acetone and then precipitated by adding tetrabutylammonium
chloride. Thereafter, the polymer was dissolved in methanol
and dedoped by addition of hydrazine. The solvent was
removed under vacuum condition, and the product was washed
with acetone saturated with tetrabutylammonium chloride. The
resulting polymer was dried under vacuum condition to yield
PMTPP (0.049 g, 49%). Determination of the molecular
weight of PMTPP was by gel permeation chromatography
(GPC): Mn = 89.9 kDa, Mw = 104.6 kDa, and PD = 1.16 (Mn:
number-average molecular weight; Mw: weight-average molec-
ular weight; PD: polydispersity; 1 Da = 1 g/mol). SPMTPP = 0.25
g/100 g water (S: solubility).

Cell Culture. HepG2 cells, HeLa cells, and HL 7702 cells
were bought from the Cell Bank of the Chinese Academy of
Sciences. The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin in a humidified
atmosphere of 5% CO2 at 37 °C.

3-(4,5-Dimethyl-thiazoly)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. 2 × 104 cells were seeded into 96-well
cell-culture plates, followed by incubation for 12 h at 37 °C.
Thereafter, different amounts of PMTPP were added to each
well, and wells were incubated for 24 h. Then, 20 μL of 0.5 mg/
mL MTT was added to each well. After incubating the cells for
4 h, the medium was removed and 150 μL of DMSO was added
to each well to dissolve the blue formazan. The absorbance was
measured on an automatic enzyme-linked immunosorbent
assay plate reader at a wavelength of 560 nm.

Cell Imaging. HepG2 cells, HeLa cells, and HL 7702 cells
were seeded into cell-culture plates, followed by incubation for
12 h at 37 °C. Thereafter, PMTPP was added onto the plates,
which were then incubated for 24 h at 37 °C. Cells stained with
PMTPP were incubated with DiI for 30 min at 37 °C. Then,
the medium was removed, and the cells were washed three
times with PBS. Cell imaging was performed with a laser
scanning confocal fluorescence microscope.

Flow Cytometric Assay. HepG2 cells were plated on 6-
well plates for 12 h and then were stained with PMTPP for 24
h at 37 °C. The cells stained with PMTPP were washed with
PBS and then were detached from the 6-well plates using
Trypsin-EDTA solution. The solution containing treated cells
was centrifuged (1000 rpm, 4 min) and resuspended in PBS
three times. Flow cytometry analysis was performed with a
Microplate Reader.

Western Blot Analysis. HepG2 cells were seeded into 6-
well plates and incubated for 24 h at 37 °C under a 5% CO2
atmosphere and then were treated with cisplatin (20 μM) for 0,
0.5, 1, 2, and 3 h. Cells were harvested and washed with ice cold
PBS twice. The extracts of total cellular protein were obtained
at 4 °C in lysis buffer containing 20 mM Tris-HCl (pH 8.0),
250 mM NaCl, 0.4 mM Na3VO4, 1% SDS, and 1× Complete
mini protease inhibitor cocktail tablets. Samples were separated
by 12% SDS-PAGE and transferred to an immobilon-P transfer
membrane (Millipore, USA). Membranes were blocked with
5% nonfat milk in TBS containing 0.1% Tween 20 at room

Scheme 1. Proposed Fluorescent Sensing Mechanism of
PMTPP to ATP
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temperature for 1 h and incubated with primary antibodies. The
antibodies were diluted in TBS with 5% nonfat milk overnight
at 4 °C. Then, the blots were incubated with an [HRP-labeled
goat anti-rabbit IgG(H+L)] secondary antibody (1:4000) for 1
h at room temperature. Enhanced chemiluminescence (ECL,
Millipore) was performed afterward.
In Vivo Imaging. Male nude mice were purchased from

Beijing Vital River Laboratory Animal Technology Co., Ltd. at
8 weeks of age. All animal experiments were performed in
accordance with the guidelines issued by The Ethical
Committee of Nanjing University. For in vivo imaging,
HepG2 cells (5 × 106 cells suspended in 100 μL of PBS)
were inoculated into the right forelimb of the nude mice after
anesthetization by injection of 4% chloral hydrate (150 μL).
After inoculation for 2 weeks, the mice were chosen for in vivo
imaging experiments with the tumor diameters reaching
approximately 0.5 cm. HepG2 tumor-bearing nude mice were
subcutaneously injected with PMTPP (250 μM, 100 μL in
saline) near the tumor tissue and then were given i.p. cavity
injection with cisplatin (20 μM, 200 μL in saline) for 30 min.
The nude mice were imaged using a CRI Maestro Ex in vivo
imaging system. The excitation filter and emission filter were
set as 455 and 560 nm, respectively.
Preparation of Stock Solutions of PMTPP and Anions.

Stock solutions of PMTPP and various anions were prepared in
aqueous solution. Concentrations of adenosine monophos-
phate (AMP), adenosine diphosphate (ADP), and adenosine
triphosphate (ATP) were measured with UV−vis spectra in
100 mM phosphate buffer solution with pH 7.0
(ε259(AMP, ADP, ATP) = 1.54 × 104 M−1 cm−1).
General Fluorescence Spectra Measurements. Stock

solutions of PMTPP were diluted to the required concentration
(50 μM). During the titration, different concentrations of
anions were, respectively, added into the PMTPP solution and
the fluorescence spectra of PMTPP was collected at room
temperature.

■ RESULTS AND DISCUSSION

Selectivity Studies of PMTPP toward ATP. Fluorescence
responses of PMTPP to various biological anions were
investigated. Figure 1 summarizes the emission decrease ratio
(Io/I at 524 nm) upon adding various anions including AMP,

ADP, ATP, phosphate anions (PO4
3−, HPO4

2−, H2PO4
−),

pyrophosphate (PPi), triphosphate (P3O10
5−), HCO3

−, NO3
−,

F−, Cl−, Br−, I−, CH3CO2
−, AsO2

−, and SO4
2−. PMTPP shows

good selectivity to ATP, and the emission at 524 nm undergoes
a 4.0-fold decrease in fluorescence intensity in the presence of
ATP. In contrast, other anionic species scarcely induced clear
fluorescence alterations except for P3O10

5− (1.5-fold). More-
over, the plasma membrane is a dynamic structure composed of
various proteins, lipids, and other biomolecules. Thus, we also
investigated the fluorescent response of PMTPP to bovine
serum albumin (BSA), cysteine (Cys), glutamic acid (Glu),
glutathione (GSH), lysine (Lys), and calf thymus DNA
(CTDNA). As shown in Figure S1, the protein, DNA,
biological thiols, and amino acids induced no changes in the
fluorescence of PMTPP. In addition, the presence of common
metal ions like Zn2+, Mg2+, Ca2+, K+, and Na+ also created no
interference with the detection of ATP (Figure S1).

Fluorescence Response of PMTPP to ATP. To
investigate the fluorescence response of PMTPP to ATP,
titration experiments were performed (Figure 2a). We observed

that free PMTPP has a fluorescent emission maximum at 524
nm. Upon adding increasing concentrations of ATP, the
fluorescence intensity of PMTPP decreases progressively. The
emission intensity ratio ((Io − I)/Io) is linearly proportional to
the concentration of ATP within the range from 0 to 2.5 μM
(R2 = 0.996) (Figure 2b), and the detection limit for ATP is 27
nM (3σ/slope). Moreover, we also examined the effect of
different pH values on the fluorescent responses of PMTPP to
ATP. As shown in Figure S2, upon addition of 5 μM ATP, the
fluorescence intensity decreased 2.8-fold, 3.3-fold, 4.0-fold, 2.7-
fold, and 3.6-fold in solutions of pH 5.0, 6.0, 7.4, 8.0, and 9.0,
respectively, indicating that PMTPP possesses a good response
capability to ATP at a wide range of pH values.

Sensing Mechanism for ATP. Water-soluble polythio-
phene derivatives are fluorescent with random-coil conforma-
tion in aqueous solution, and the polymer aggregation induced
by analytes through electrostatic and hydrophobic cooperative
interactions results in fluorescence quenching because of π−π
stacking of the polythiophene backbone.68,69 Therefore, the
conformation of PMTPP was investigated with transmission
electron microscopy. As shown in Figure 3a, PMTPP exhibits
random-coil conformation in aqueous solution. It can aggregate
upon interacting with ATP (Figure 3b). These results indicate
that ATP can induce the aggregation of PMTPP through
electrostatic interaction and hydrophobic cooperative inter-
action. At the same time, the fluorescence of the probe is
quenched due to the polymer conformation changing from
random-coil to aggregates.

Figure 1. Fluorescence response of PMTPP (50 μM) to 5 μM of
various anions in 10 mM HEPES buffer solution of pH 7.4. λex = 410
nm.

Figure 2. (a) Fluorescence spectral changes of PMTPP (50 μM) upon
adding ATP in 10 mM HEPES buffer solution of pH 7.4 (λex = 410
nm). (b) Linear plot of (Io − I)/Io against concentrations of ATP.
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Cytotoxicity of PMTPP. In order to assess the biocompat-
ibility of the polymer, the toxicity of PMTPP was assayed using
a MTT method. As shown in Figure 4, PMTPP does not
display obvious toxicity on living cells, which indicates that
PMTPP has low cytotoxicity and is favorable for biological
imaging.

Membrane-Targeting Ability and Photostability of
PMTPP. Colocalization experiments involving PMTPP were
carried out to assess the membrane-targeting specificity of the
polmer by using a confocal laser scanning microscope (CLSM).
HepG2 cells and HeLa cells were costained with PMTPP and
DiI (a commercially available red membrane dye). As shown in
Figures 5a and S3, the green emission from PMTPP merges
well with the red emission from DiI (overlap coefficient: 0.72),
suggesting that PMTPP was mostly accumulated in the cell
membrane. To further investigate the membrane targeting
ability of PMTPP, flow cytometry experiments were employed.
As shown in Figure 5b, there was a remarkable fluorescence
intensity enhancement in living cells stained with PMTPP
compared to the cells that were not stained with PMTPP.
These results provide strong evidence that PMTPP was located
on the cell membrane. Except for cancer cells, normal HL 7702
cells were stained with PMTPP. Confocal microscopy analysis
showed that PMTPP was also located on the cell membrane
(Figure S4). In addition, the fluorescence of PMTPP is stable in
cell membranes, and the fluorescence loss of the polymer is less
than 16% after 16 scans with a total irradiation time of 30 min
(Figure S5). Hence, PMTPP can be used as a specific

fluorescent agent for plasma membrane imaging and is
applicable for all types of cells.

Fluorescence Imaging of ATP in Cell Membranes. We
examined the applicability of PMTPP to detect ATP in cell
membranes. HepG2 cells stained with PMTPP were treated
with 500 μM ATP. After 22 min, the fluorescence within the
cell membrane was obviously quenched (Figure S6), suggesting
that PMTPP can sense ATP in the plasma membrane.
To demonstrate the capability of PMTPP to monitor

changes in ATP levels in cell membranes, cisplatin was utilized
to induce apoptosis. HepG2 cells stained with PMTPP were
incubated with cisplatin (20 μM). During 20 min of apoptotic
stimuli, the fluorescence in cell membranes was gradually
quenched (Figure 6, Video S1) and a 48% of fluorescence loss
was observed (Figure S7). After 40 min, the fluorescence within
the cell membrane was almost unchanged (Figure S8). This
result was also confirmed by flow cytometry analysis (Figure
S9). To confirm the apoptotic process, Western blot experi-
ments were used to detect caspase-3 in HepG2 cells under the
stimuli of cisplatin. Caspase-3 is believed to play the role of
executioner farthest downstream in apoptotic pathways, as it is
commonly activated in cells by various death stimuli.70 As
shown in Figure S10, caspase-3 was obviously expressed when
HepG2 cells were treated with cisplatin for 1 h. The above
results indicated that the ATP levels in the plasma membrane
increased during the apoptotic cell death process.

Visualization of ATP in Vivo. We also demonstrated the
capability of PMTPP to monitor ATP levels in living animals.
HepG2 tumor-bearing nude mice were subcutaneously injected
with PMTPP near the tumor tissue and then were given an i.p.
cavity injection with cisplatin for 30 min. As shown in Figure
7a, the tumor tissue showed strong fluorescence of the probe
when the mice were injected with PMTPP. After the injection

Figure 3. TEM images of PMTPP (a) and PMTPP/ATP complex (b).
[PMTPP] = 100 μM, [ATP] = 10 μM.

Figure 4. Cytotoxicity of PMTPP on HepG2 cells determined by
MTT assays.

Figure 5. (a) Colocalization of HepG2 cells stained with PMTPP (15
μM) (λex = 488 nm, λem = 500−600 nm) and DiI (10 μM) (λex = 514
nm, λem = 530−620 nm). Scale bars: 10 μm. (b) Flow cytometry
analysis of living cells stained with PMTPP (15 μM).
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of cisplatin for 30 min, the fluorescence within tumor tissue was
obviously quenched (Figure 7b) and a 41% decrease in
fluorescence intensity was observed (Figure 7c), suggesting that
the ATP levels in the tumor tissue increased responding to the

cisplatin stimuli. The above results confirm that PMTPP can
sense ATP in mice and is favorable for imaging in vivo.

■ CONCLUSIONS
In summary, we synthesized a new water-soluble cell-
membrane-targeting polythiophene derivative that can be
utilized as a fluorescent sensor for detecting ATP in the
plasma membrane. PMTPP has high sensitivity and good
selectivity to ATP at physiological pH values with low detection
limit. The polymer possesses low toxicity to live cells and
excellent photostability in cell membranes. PMTPP has been
practically applied to real-time monitoring of ATP levels in cell
membranes by using fluorescence microscopy. More impor-
tantly, we found that the ATP levels in cell membranes
increased during the apoptotic cell death process. In addition,
the probe was also successfully utilized to image the tumor ATP
levels in living mice.
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