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A B S T R A C T

Adenosine 5′-triphosphate (ATP), as a “molecular currency” for intracellular energy transfer, not only partici-
pates in various physiological activities, but also involves in various pathological processes of living cells.
Therefore, the establishment of a simple, rapid, sensitive and accurate ATP analysis method is of great sig-
nificance for the study of its physiological functions. In this work, we rationally design a near-infrared phe-
nylboronic acid group-functionalized dicyanovinyl squaraine (SQ-PBA3), with which a supramolecular assembly
was constructed for fluorescent imaging of ATP. In PBS buffer, SQ-PBA3 changes self-assembly when adding
cetyltrimethyl ammonium bromide (CTAB) deriving fluorescence response of SQ-PBA3 to ATP with the max-
imum emission at 700 nm, due to the specificity of phenylboronic acid to diols and the multiple electrostatic
interactions between SQ-PBA3, ATP and CTAB molecules. Meanwhile, the probe was successfully applied to
monitor intracellular ATP level in MCF-7 cells with high sensitivity and selectivity.

1. Introduction

Adenosine 5′-triphosphate (ATP) is not only a universal energy
currency in various cellular activities, but also a signal of many biolo-
gical processes involved in cell division [1], ion channel [2], DNA
synthesis [3], etc. A recent study showed that at micromolar con-
centrations, ATP can act as a source of energy that drives metabolism in
the body, while reaching millimolar concentrations, it in turn serves as
a hydrotrope to help solubilize hydrophobic proteins in the cytoplasm
[4]. On the other hand, extracellular ATP can function as mediators in
tumor metastasis, including cellular proliferation, invasion and death
[5]. Therefore, the establishment of a detection method that can be
used to monitor changes in ATP level in real time is of great significance
for the study of its physiological functions.

Till now, many ATP detection methods have been developed in-
cluding electrophoresis [6], chemiluminescence [7], bioluminescence
[8], and electrochemical analysis [9]. These methods face different
challenges in the detection of intracellular ATP, such as the use of off-
line methods to obtain cell extracts for analysis by disrupting cells,
which will increase the measurement cost, and cannot realize real-time
and in-situ detection [10–13]. Compared to these methods, however,

fluorescence imaging offers many advantages like simple operation,
cost-effectiveness, high sensitivity to analytes, and good selectivity. On
top of it all, it can achieve in-situ visible imaging of ATP, which has
attracted more and more interest [14–19].

NIR absorbing and emitting fluorescent probes have minimal light
damage to organisms, better deep tissue penetration and can effectively
reduce background fluorescence from living systems. Squaraine dyes
have a non-classical resonance system with a unique zwitterionic
structure. The distinctive push-pull electronic structure of the donor-
acceptor-donor (D-A-D) results in their strong absorption in the region
from red (620–670 nm) to near-infrared. Additionally, squaraine dyes
are prone to form diverse aggregates under certain conditions, and
these aggregates exhibit distinctly different optical properties from
monomers [20–22]. The diversity of dye aggregate forms makes it
possible to develop functional fluorescent probes for different target by
regulating of the aggregates [23–26].

Boronic acid derivatives can rapidly and reversibly interact with
1,2- or 1,3-diols, which have been widely applied in the recognition of
1,2- or 1,3-diols structure [15,27–30]. In this work, we report a series of
dicyanovinyl squaraines (SQ-PBA1-3) with boronic acid group in dif-
ferent positions of phenyl ring, whose ability in fluorescent imaging of
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ATP in the NIR region have been studied. The phenylboronic acid group
is designed as a recognition unit, and an electron withdrawing cyano
(–CN) group was introduced in central four-membered ring of squaric
acid to improve its photostability. To improve the responsibility of SQ-
PBA1-3 to ATP, supramolecular assemblies were constructed with them
and cetyltrimethyl ammonium bromide (CTAB). We speculated that the
fluorescence of SQ-PBA1-3 would be quenched due to the aggregation
caused quenching (ACQ) effect. Then in the presence of ATP, it will go
through a process of disaggregation and reassembly owing to the co-
operation of the specificity of phenylboronic acid to diols and the
multiple electrostatic interactions between SQ-PBA1-3, ATP and CTAB
molecules, along with the fluorescence “turn-on”, by which time
fluorescence imaging of intracellular ATP can be achieved, as well as
real-time monitoring of changes in intracellular ATP level.

2. Experimental

2.1. Materials and instruments

Adenosine-5′-triphosphate disodium salt hydrate (ATP), adenosine-
5′-diphosphate sodium salt (ADP), adenosine-5′-monophosphate
monohydrate (AMP), cytidine-5′-diphosphate disodium salt (CDP), cy-
tidine-5′-triphosphate disodium salt (CTP), uridine-5′-monophosphate
disodium salt (UMP), uridine-5′-diphosphate sodium salt (UDP), ur-
idine-5′-triphosphate trisodium salt (UTP), guanosine-5′-monopho-
sphate disodium salt hydrate (GMP), guanosine-5′-diphosphate dis-
odium salt (GDP), and guanosine-5′-triphosphate trisodium salt (GTP)
were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China).
Other reagents not mentioned above are at least analytically pure,
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China), and used without further purification; the organic solvents were
dried according to standard procedures.

1H NMR (400MHz) and 13C NMR (100MHz) spectra were measured
on a Bruker AV-400 spectrometer (TMS as internal standard).
Absorption spectra were recorded on a PerkinElmer Lambda 750
UV–vis spectrophotometer. Fluorescent emission spectra were acquired
using a Cary Eclipse fluorescence spectrophotometer.

2.2. Synthesis

2.2.1. Synthesis of 2
Dicyanovinyl substituted squaric acid derivative 2 was synthesized

according to the reported procedure [31].

2.2.2. Synthesis of 4
2,3,3-Trimethyl-3H-indole (3) (120mg, 0.75mmol) was dissolved

in 4mL of acetonitrile in a 25mL round bottom flask, then bromo-
methyl phenylboronic acid (150mg, 0.70mmol) in 4mL of acetonitrile
was injected and refluxed overnight at 80 °C. The solution was dark red
and the crude product was purified by column chromatography eluting
with dichloromethane: methanol (20:1, v/v) and a khaki solid was
obtained.

4a: 170mg, yield 65%. 1H NMR (400MHz, DMSO‑d6) δ 7.88 (d,
J=7.2 Hz, 1H), 7.80 (t, J=4.3 Hz, 1H), 7.58 (d, J=10.2 Hz, 2H),
7.51 (d, J=7.6 Hz, 1H), 7.37 (t, J=4.6 Hz, 2H), 6.93 (t, J=4.9 Hz,
1H), 6.03 (s, 2H), 2.89 (s, 3H), 1.63 (s, 6H); 13C NMR (100MHz,
DMSO‑d6): δ 198.72, 142.43, 141.91, 136.43, 135.81, 130.89, 129.89,
129.40, 128.00, 125.89, 124.06, 116.32, 54.91, 51.74, 22.60, 15.01;
HRMS (ESI) m/z: Calcd for C18H21NBO2 ([M]+): 294.1665; found:
294.1656.

4b: 153mg, yield 58%. 1H NMR (400MHz, DMSO‑d6) δ 7.88 (d,
J=6.4 Hz, 1H), 7.80 (d, J=6.9 Hz, 1H), 7.67–7.57 (m, 3H), 7.46 (d,
J=6.7 Hz, 1H), 7.25 (d, J=6.7 Hz, 1H), 5.84 (s, 2H), 2.99 (s, 3H),
1.62 (s, 6H); 13C NMR (100MHz, DMSO‑d6): δ 172.44, 161.24, 146.14,
137.36, 136.75, 134.84, 133.12, 128.51, 127.99, 124.08, 122.37,
118.92, 116.40, 105.95, 54.95, 51.33, 21.52, 15.01; HRMS (ESI) m/z:

Calcd for C18H21NBO2 ([M]+): 294.1665; found: 294.1657.
4c: 140mg, yield 53%. 1H NMR (400MHz, DMSO‑d6) δ 7.87 (d,

J=7.0 Hz, 1H), 7.81 (d, J=7.8 Hz, 2H), 7.78 (d, J=7.7 Hz, 1H), 7.60
(t, J=7.2 Hz, 1H), 7.56 (d, J=7.2 Hz, 1H), 7.37 (d, J=7.6 Hz, 2H),
5.82 (s, 2H), 2.98 (s, 3H), 1.60 (s, 6H); 13C NMR (100MHz, DMSO‑d6):
δ 198.85, 142.43, 141.91, 136.45, 135.81, 130.89, 129.89, 129.40,
128.00, 125.89, 124.06, 116.32, 54.91, 51.74, 22.60, 15.01; HRMS
(ESI) m/z: Calcd for C18H21NBO2 ([M]+): 294.1665; found: 294.1657.

2.2.3. Synthesis of SQ-PBA1-3
Phenylboronic acid substituted indole 4 (99mg, 0.265mmol) and

dicyanovinyl substituted squaric acid derivative 2 (38mg, 0.132mmol)
were dissolved in 20mL of n-butanol and toluene (1:1, v/v) in a 50mL
two-necked flask equipped with a Dean-Stark trap and then the solution
was refluxed under nitrogen with stirring for 5 h. The reaction was
monitored by thin layer chromatography (TLC) until the completion of
the reaction. After that, the solution was cooled to room temperature,
washed with water, and dried the organic layer with anhydrous sodium
sulfate. After removing the solvent, the residue was purified by column
chromatography eluting with dichloromethane: methanol (15:1, v/v) to
afford a dark green solid.

SQ-PBA1: 53mg, yield 56%. 1H NMR (400MHz, DMSO‑d6): δ 7.75
(d, J=7.2 Hz, 2H), 7.62 (d, J=7.3 Hz, 2H), 7.33–7.21 (m, 8H), 7.15
(d, J=6.9 Hz, 2H), 6.73 (d, J=7.2Hz, 2H), 6.35 (s, 2H), 5.57 (s, 4H),
1.82 (s, 12H); 13C NMR (100MHz, DMSO‑d6): δ 172.88, 172.53,
166.65, 165.48, 142.38, 142.27, 133.98, 132.49, 128.70, 128.40,
125.42, 122.85, 118.54, 111.92, 89.06, 79.04, 66.75, 49.81, 47.37,
33.46, 31.99, 31.62, 29.95, 29.47, 26.54, 20.95; HRMS (ESI) m/z: Calcd
for C43H39B2N4O5 ([M+H]+): 713.3107; found: 713.3104.

SQ-PBA2: 33mg, yield 35%. 1H NMR (400MHz, DMSO‑d6): δ
7.72–7.63 (m, 8H), 7.37–7.32 (m, 8H), 6.37 (s, 2H), 5.34 (s, 4H), 1.76
(s, 12H); 13C NMR (100MHz, DMSO‑d6): δ 172.88, 172.53, 166.65,
165.48, 142.38, 142.27, 133.98, 132.49, 128.70, 128.42, 125.42,
122.85, 118.54, 111.91, 89.16, 78.98, 66.79, 49.81, 47.38, 33.42,
32.02, 29.92, 26.54, 20.95; HRMS (ESI) m/z: Calcd for C43H39B2N4O5

([M+H]+): 713.3107; found: 713.3101.
SQ-PBA3: 31mg, yield 33%. 1H NMR (400MHz, DMSO‑d6): δ 7.74

(d, J=7.6 Hz, 4H), 7.62 (d, J=7.2 Hz, 2H), 7.44–7.37 (m, 4H), 7.28
(d, J=7.3 Hz, 2H), 7.22 (d, J=7.0 Hz, 4H), 6.34 (s, 2H), 5.33 (s, 4H),
1.74 (s, 12H); 13C NMR (100MHz, DMSO‑d6): δ 172.76, 172.40,
172.39, 165.45, 142.44, 142.25, 137.00, 135.10, 128.76, 126.06,
125.47, 122.90, 118.56, 111.86, 89.20, 49.78, 47.30, 33.42, 32.07,
29.47, 26.52, 20.95; HRMS (ESI) m/z: Calcd for C43H39B2N4O5 ([M
+H]+): 713.3107; found: 713.3140.

2.3. General procedure for spectral measurement

Stock solutions of SQ-PBA1-3 (10mM) were prepared by dissolving
them in DMSO. A stock solution of ATP (10mM) was prepared in twice
distilled water. Solutions of AMP, ADP, CDP, CTP, GMP, GDP, GTP,
UMP, UDP, UTP were prepared in twice distilled water (50mM), re-
spectively. 0.8 μL of SQ-PBA1-3 stock solutions were added to 2mL of
PBS buffer solutions (10mM, pH 7.4) in quartz cuvettes of 1 cm path
length to acquire 4.0 μM dye solutions, and different volumes of the
ATP solutions were added.

2.4. Dynamic light scattering measurement (DLS)

Solutions of SQ-PBA3, CTAB and ATP were filtered through a filter
membrane with a pore size of 0.25 μm, and then transferred to clean
cuvettes for testing.

2.5. Field emission scanning electron microscope (FESEM)

Solutions of SQ-PBA3 alone in PBS solution, in the presence of
surfactant CTAB (0.25 mM) and subsequently addition of ATP were
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prepared respectively. After standing at room temperature for 20min, a
drop of the solution was added on the cleaned single crystal silicon
wafer, evaporated at room temperature, and tested after spraying gold.

2.6. Cell incubation and fluorescence microscopy imaging

The MCF-7 cells were cultivated in a 35mm confocal culture dish in
an atmosphere of 5% CO2 at 37°C in DEME culture medium containing
10% fetal bovine serum (FBS), 1.0% penicillins and treptomycin. After
incubation for 24 h, the MCF-7 cells were further treated with 4.0 μM
SQ-PBA3 at 37 °C for 1.5 h. Following the removal of the culture
medium, the cells were washed with PBS buffer three times and then
incubated with 10 nM paclitaxel in DEME culture medium for 24 h.
Fluorescence imaging was performed on a Nikon confocal microscope
C2/C2si.

3. Results and discussion

3.1. Synthesis and sensing mechanism of supramolecular assembly

The chemical structure and synthetic procedure of SQ-PBA1-3 are
summarized in Scheme 1. Substitution reaction between bromomethyl
phenylboronic acid and 2,3,3-trimethyl-3H-indole (3) gave compound
4. SQ-PBA1-3 were prepared by condensation reaction between di-
cyanovinyl substituted squaric acid derivative 2 and phenylboronic
acid substituted indole 4, and characterized by 1H NMR, 13C NMR, and
high-resolution mass spectrometry (Figs. S1–S18, Supplementary Data).

As shown in Scheme 2, the proposed sensing supramolecular as-
sembly was composed of ATP probe and CTAB. When SQ-PBA3 alone is
dissolved in PBS solution, the molecules are self-aggregated due to
hydrophobic interaction and π-π interaction, leading to the fluores-
cence quenching. With further addition of CTAB, the electrostatic in-
teraction between SQ-PBA3 and CTAB would change the aggregates of
the probe, contributing to the sensing of ATP. In order to obtain a low

background signal, the concentration of CTAB should be optimized. In
the presence of ATP, the molecules are reassembled to form a short and
small rod-like structure owing to the electrostatic interaction between
the SQ-PBA3, ATP and CTAB molecules, accompanied by the fluores-
cence “turn-on” of SQ-PBA3.

3.2. Construction of supramolecular assembly

In order to improve the response of compounds under physiological
conditions, we first studied the effect of different surfactants on the ATP
response ability of SQ-PBA3. The cationic surfactant CTAB and the
nonionic surfactant Tween 80 (TW80) were added into PBS buffer
(pH=7.4, 10mM), respectively, then the same amount of ATP was
added for UV–Vis spectral analysis. It was found from Fig. S19 (Sup-
plementary Data), that the absorption of the monomer around 680 nm
was significantly enhanced with a bathochromic shift only in the pre-
sence of CTAB, indicating that CTAB was helpful to improve the re-
sponse of SQ-PBA3 to ATP. This may be attributed to the electrostatic
interaction between SQ-PBA3 and CTAB, which can modulate the ag-
gregation state of dye.

The concentration of CTAB was then optimized. Absorbance
changes of SQ-PBA3 solutions before and after the addition of ATP
were measured with different concentrations of CTAB. The results are
shown in Fig. 1. When the concentration of CTAB is 0.25mM, the ab-
sorbance change of the solution is the largest, indicating the formation
of the supramolecular assembly. Thus it is determined that 0.25mM is
the best test concentration.

3.3. Spectral response of supramolecular assemblies to AMP, ADP and ATP

Firstly, we studied the fluorescence response of supramolecular as-
semblies to AMP, ADP and ATP in PBS buffer solution (pH=7.4,
10mM, 0.25mM CTAB). As shown in Fig. 2, supramolecular assembly
containing SQ-PBA2 displayed no response to AMP, ADP and ATP,

Scheme 1. Synthesis of SQ-PBA1-3.
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while SQ-PBA1 and SQ-PBA3 all exhibited different levels of fluores-
cence response to ATP, and the strongest fluorescence response of SQ-
PBA3 to ATP was observed. This result may be ascribed to the electron
effect on the benzene ring. Although the ortho-position substitution is
responsive to ATP, it is not conducive to the recognition due to the large

space steric hindrance of the ortho position. Thus, SQ-PBA3 was chosen
to evaluate its response towards ATP.

Following, we performed ATP fluorescence titration experiments in
PBS solution (pH=7.4, 10 mM, 0.25mM CTAB). Fig. 3 shows the
fluorescence spectra of SQ-PBA3 with different amounts of ATP. It can
be seen that the fluorescence of SQ-PBA3 in PBS solution was weakly
fluorescent, with the addition of ATP, gradual increase in the fluores-
cence intensity at 700 nm was found, and then the saturated fluores-
cence intensity with a 15-fold enhancement was obtained upon the
addition of 40 μM ATP. As shown in Fig. S20 (Supplementary Data), a
good linear relationship was discovered between the fluorescence in-
tensity of the solution and the ATP concentration from 2 to
22 μM (R2=0.9918, k=3.12×108). According to 3σ/k, the calcu-
lated detection limit is 28 nM.

The relative amount of ATP and its dephosphorylated products ADP
and AMP, control the metabolic activity of the cell. Thus, we performed
AMP, ADP and ATP fluorescence titration experiments in PBS solution
(pH=7.4, 10mM, 0.25mM CTAB). As can be seen in Fig. 4a, SQ-PBA3
exhibited different response towards AMP, ADP and ATP, and the ad-
dition of ATP lead to the largest increases of fluorescence, which was
about 2 times of ADP and 3 times of AMP.

3.4. The specificity of SQ-PBA3 to ATP

Meanwhile we examined the specificity of SQ-PBA3 to ATP over
some metal ions, amino acids and nucleotides present in biological

Scheme 2. Schematic illustration of self-assembly of squaraine dye SQ-PBA3 in aqueous solution and detection of ATP.

Fig. 1. Absorption spectra of SQ-PBA3 (4.0 μM) in PBS solution (pH=7.4,
10mM) in the presence of increasing concentration of CTAB from 0 to 0.3 mM.

Fig. 2. Fluorescence spectra of SQ-PBA1-3 responding to ATP. (λex=670 nm,
slit: 5 nm/5 nm, PMT Volts: 650).

Fig. 3. Fluorescence spectra of SQ-PBA3 with the increasing addition of ATP in
PBS solution (pH=7.4, 10mM, 0.25mM CTAB).
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systems by recording fluorescence spectra of SQ-PBA3. Due to the si-
milarity of nucleotide structures, such as UTP, GTP and CTP, these
substances all induced increase of fluorescence (Fig. 4b), which may
indirectly indicate that the recognition of ATP is mainly due to the
specificity of phenylboronic acid to diols. ATP plays a major role in the
energy metabolism of the human body. The release and absorption of
energy in the body is mainly manifested by the production and con-
sumption of ATP. In addition, UTP, CTP and GTP are also sources of
energy in the anabolism of some substances. Thus SQ-PBA3 can be used
to monitor changes in the total intracellular nucleoside triphosphate
content caused by drugs or diseases.

3.5. Response mechanism

First, the binding ratio between the SQ-PBA3 and ATP was studied
by Job's Plot experiment. The change of the maximum absorbance of
solution increases linearly with the increase of the ATP concentration.
Then the inflection point occurs when [ATP]/[ATP]+[SQ-PBA3] is
0.67, so the binding ratio of ATP to SQ-PBA3 is 2:1 (Fig. S21, Sup-
plementary Data).

To further confirm that ATP induced reassembly of SQ-PBA3 in
aqueous solution, we conducted dynamic light scattering experiments
(DLS) to study the particle size distribution of aggregates. As shown in
Fig. 5, the average hydrated particle size of SQ-PBA3 in PBS buffer
solution is 570 nm. When the CTAB was added to the solution, the
particle size decreased to 120 nm, indicating that CTAB has a good
solubilizing effect on the dye, which is consistent with the experimental
results of the absorbance spectrum. With the subsequent addition of
ATP, the particle size of the solution was further decreased to 70 nm. All
the results revealed the reassembly of SQ-PBA3 by the addition of ATP.

The aggregates morphology of SQ-PBA3 alone in PBS solution, in
the presence of surfactant CTAB and subsequently addition of ATP were
observed respectively by field emission scanning electron microscopy.
When SQ-PBA3 was alone in PBS solution, it self-aggregated and ag-
glomerated together in the form of small spheres (Fig. 6a). After adding
CTAB, the morphology of the aggregates changed greatly (Fig. 6b).
With further addition of ATP, the agglomerated aggregates in the so-
lution disappeared, exhibiting a short and small rod-like structure, and
the structures spread in a dendritic shape (Fig. 6c).

3.6. Intracellular imaging for endogenous ATP

We then examined the capacity of SQ-PBA3 to monitor ATP levels
in living cells. Paclitaxel was used for fluorescence imaging because it
interferes with the normal function of the cytoskeletal component mi-
crotubules, stopping cell division in mitosis, until death [32]. It can be
seen from Fig. 7 that MCF-7 cells incubated with 4.0 μM SQ-PBA3
displayed bright red fluorescence and have good dispersion in the cells,
indicating that the probe has good cell permeability. The cells con-
tinued to be incubated with paclitaxel, as expected, showed sig-
nificantly weakened fluorescence, suggesting that the decreased ATP
level in the cells and the abilities of SQ-PBA3 to sense the changes of
intracellular ATP level.

Fig. 4. (a) Fluorescence titration curve of SQ-PBA3 (4.0 μM) in PBS solution (pH=7.4, 10mM, 0.25mM CTAB) upon the addition of ATP (blue), ADP (red) and AMP
(black). (b) The fluorescence response of SQ-PBA3 (4.0 μM) in the PBS solution (pH=7.2, 10mM, 0.25mM CTAB) in the presence of 5mM proline (1), histidine (2),
cysteine (3), arginine (4), GSH (5), lysine (6), glutamic acid (7), asparaginic acid (8), tyrosine (9), serine (10), Zn2+ (11), Na+ (12), K+ (13), Mg2+ (14), Ca2+ (15),
CDP (16), CTP (17), UTP (18), GTP (19), UMP (20), AMP (21), ADP (22), ATP (23), GDP (24), UDP (25). (λex= 670 nm, slit: 5 nm/5 nm, PMT Volts: 650). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. DLS analysis of SQ-PBA3 (4.0 μM) alone, in the presence of CTAB, and
CTAB + ATP in PBS solution (pH = 7.4, 10 mM).
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4. Conclusion

In conclusion, based on multisite combining and “aggregation-re-
assembly” strategies, we have developed a near-infrared squaraine (SQ-
PBA3) attached with two phenylboronic acid groups for selectively and
sensitively detection of ATP in living cells. The dye can effectively
monitor changes in intracellular ATP level. We expect that our work
should provide new attempts for the design of near-infrared squaraine
based fluorescent probes for biosensing detection with higher

sensitivity and better selectivity.
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