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ABSTRACT

A new zinc(II) complex with a two-dipicolylamine-substituted 1,8-naphthalimide for recognition of pyrophosphate with ratiometrical fluorescence
changes in aqueous solution has been synthesized and characterized. Its biological application to monitor the intracellular pyrophosphate (PPi)
was successfully demonstrated by the observation that the fluorescence of 1 was enhanced by the presence of the Zn2þ ion and was quenched by
addition of PPi.

The development of molecular-recognition and sensing
systems for anions has received considerable attention in
recent years.1 Phosphates are among the most important
anions in biological systems, as they play significant roles
in many biological processes, such as cellular ATP

hydrolysis, DNA and RNA polymerizations, and many
enzymatic reactions.2 Similar to the sensing of nucleosides
and nucleotides,3 the development of artificial pyropho-
sphate (PPi) anion receptors for use under physiological
conditions is of continuous interest.4 Such sensors are
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convenient tools for thedetectionof biologically important
phosphates,with applications inmolecular biology and life
and environmental sciences.
To date, these studies frequently have adopted the fluo-

rescent complexes containing a transition-metal (such as
Zn2þ) chelator coupled with a variety of chromophores,5

and one of the most common chelating groups used for
this purpose is the dipicolylamine (DPA) unit.6 The main
difficulties in studying the intracellular PPi by way of
fluorescent sensor are sensing in an aqueous solution and
selectivity for PPi over a related analogue, suchasATPand
inorganic phosphate (Pi).
With this in mind, herein we report a novel fluorescence

PPi sensor based on 1,8-naphthalimide, bearing two dipi-
colylamino arms. Large fluorescent enhancements (FE of
59-fold) and a 29 nm red-shift were observed upon addi-
tion of Zn2þ to the solution of 1. A selective 23 nm blue-
shift and a 52% fluorescence quenching were only found
with PPi over the related analogues, such asATP and Pi, in
95%aqueous solutions.As a biological application, sensor
1 is successfully applied to monitor the intracellular Zn2þ

ions and PPi staining experiments in C2C12 cells. Since
the discrimination between PPi and Pi is of crucial im-
portance toassays for detectingmany enzymes,7 1provides
a facile platform for investigations of PPi-relevant biolo-
gical processes.
Scheme 1 explains the synthetic route of compound 1.

Starting with 4-nitro-1,8-naphthalic anhydride (5), 4 and 3
were synthesized with improved yield (81% yield for 4;
87% yield for 3) by a modification of the reported
procedure.8 Reaction of 3 with 2-chloroacetyl chloride
gave an intermediate 2 in 77% yield. The target 1, which
was prepared by the condensation of di(2-picolyl)amine
(DPA) in the presence of N,N-diisopropylethylamine
(DIPEA) and KI in acetonitrile, was purified by column
chromatography in 69% yield.9 The detailed procedures
and characterization of the new compounds are described
in the Supporting Information.

The absorption and fluorescence properties of 1 were
tested in a CH3CN�HEPES buffer (20 mM, pH 7.4)
(5: 95, v/v). Compound 1 exhibited a major absorption
band centered at 372 nm.As5.0 equivof variousmetal ions
was added to the solution of 1, no obvious change of the
peaks was found in the UV spectra (Figure S8, Supporting
Information). The fluorescence spectrumof 1 in CH3CN�
HEPES buffer exhibited a characteristic emission band of
1,8-naphthalimide at 476 nm with a weak green color
emission. To obtain insight into the sensing properties of
1 toward metal ions, the emission changes were examined
withdifferent ions suchasLiþ,Naþ,Kþ,Agþ, Ca2þ, Cd2þ,
Cu2þ, Fe3þ, Hg2þ, Mg2þ, Co2þ, Csþ, and Zn2þ. As shown
in Figure 1a, selective and large fluorescent enhancements

Scheme 1. Synthetic Route of Compound 1

Figure 1. (a) Fluorescence changes of 1 (1 � 10�5 M, CH3CN�
HEPES buffer (0.02M, pH 7.4) (5:95, v/v)) upon the addition of
5 equiv of variousmetal ions. (b) Fluorescent emission spectra of
1 (1 � 10�5 M) in the presence of different concentrations of
Zn2þ in CH3CN�HEPES buffer (0.02 M, pH 7.4) (5:95, v/v).
Excitation wavelength was 360 nm. Inset: fluorescent intensity
as a function of [Zn2þ].
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(FE of 59 fold) and a 29 nm red-shift (form 476 to 505 nm)
were observed upon the addition of Zn2þ to the solution
of 1. Notably, Cd2þ induced a blue-shift in the emission
(from 476 to 456 nm) with a FE of 13-fold, while Hg2þ

caused FE of 7-fold without an obvious shift. In contrast,
other metal ions did not induce a significant fluorescence
enhancement of 1. The reason for the addition of Zn2þ to
solution 1 resulting in fluorescence enhancement is due to
suppression of photoinduced electron transfer effect (PET)
from the lone pair electron of the tertiary amine (DPA
group) used for metal binding. These results are consistent
with other groups’ works reported elsewhere.10 Upon titra-
tion of Zn2þ, a 1:2 stoichiometry between 1 and Zn2þ was
confirmed by a Job plot analysis (Figure S9, Supporting
Information). A proposed binding mode of 1 and Zn2þ

(complex 6) is shown in Figure 3.

For the purpose of anion sensing, the fluorescence
changes of 1�Zn2þ complex (6) were further examined
using PPi, CN�, F�, Br�, Cl�, I�, Pi, OH�, CH3CO2

�,
ClO4

�, NO3
�, HCO3

�, HPO4
�, HSO4

�,and ATP. Figure
2 shows the changes in fluorescence emission of complex 6
upon the addition of a range of anions (10 equiv) at
CH3CN�HEPES buffer (0.02 M, pH 7.4) (5:95, v/v).
As shown in Figure 2, among these various anions, there
was a selective 23 nmblue-shift (from505 to 481 nm) and an
obvious fluorescence quenching with PPi. Although ATP
molecules also caused relatively weak fluorescence quench-
ing, they did not induce any noticable blue-shift. Approxi-
mately 52% of the fluorescence of complex 6was quenched
upon the addition of 10 equiv of PPi. This system could
detect the concentration of PPi in the range of 5.0 μM to
1.0mMwith a detection limit of 1.5μM. In the case ofATP,

only 31% of the fluorescence of complex 6 was quenched,
and no obvious change was found for Pi addition. There-
fore, it shows complex 6 has selectivity for PPi over related
analogues such as ATP and Pi.

For a deeper understanding of the optical properties
displayed by 1, 6, and 7, the electronic excitation energies
and oscillator strengths were calculated by using time-
dependent density functional theory (TDDFT) at the
B3LYP/6-31G (d) level of theory. All calculations were
performed using aGaussian 09Wprogrampackage.11The
optimized structures of 6 and 7 are given in Figure 3b.
After introduction of one PPi molecule into the optimized
system of 6, compound 1 with flexible chelating moieties
changes its conformation. The strong bonds between the
Zn2þ ion and nitrogen, and oxygen aswell, becomeweaker
in one of the chelating moieties of 1. In 7, one Zn2þ ion
makes bonds with PPi, while the other Zn2þ ion bound to
another chelating moiety does not make bonds with PPi.
Instead, fourH-bonds (Table S1, Supporting Information)
are formed with the oxygen molecules of PPi and CH
hydrogen atoms in the latter chelating moiety.
As shown in Figure S10, (Supporting Information), the

electron density of HOMO-1 andHOMO resides on either
of the two chelatingmoieties of 1, whereasLUMOelectron
density resides only on the fluorophore moiety. This
predicts that available electron density in either of the
chelating moieties may participate in photoinduced elec-
tron transfer (PET), which causes fluorescence quenching
in 1. Binding ofZn2þwith chelatingmoieties eliminates the

Figure 3. (a) Proposed bindingmodes of 1 and Zn2þ (complex 6)
with PPi (complex 7). (b) Optimized structure of complexes 6
and 7 calculated at the B3LYP/6-31G(d) level of theory. The
dotted line represents the hydrogen bond.

Figure 2. Fluorescence responses of 1�Zn2þ complex (6) (1 �
10�5 M) to 10 equiv of various anions in CH3CN�HEPES
buffer (20 mM, pH 7.4) (5:95, v/v), excitation at 360 nm: (1) 6
only, (2) PPi, (3) CN�, (4) F�, (5) Br�, (6) Cl�, (7) I�, (8) Pi, (9)
OH�, (10) CH3CO2

�, (11) ClO4
�, (12) NO3

�, (13) HCO3
�, (14)

HPO4
�, (15) HSO4

�, (16) ATP.
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available electron density from the chelating moieties in 6.
Therefore, PET is prohibited in complex 6, which is the
reason for fluorescence turn-on after adding Zn2þ into the
solution of 1. In 7, HOMO-1 and HOMO are located in
PPi, while LUMO and LUMOþ1 are located either in the
chelating moiety or in fluorophore moiety. This suggests
that upon excitation the photoinduced charge transfer oc-
curs fromanonfluorophoremoiety (negatively chargedPPi)
to either a nonfluorophore moiety (chelating unit) or a
fluorophore moiety. Both kinds of charge transfer diminish
fluorescence intensity or inhibit the process fully, which is in
accordance with the results of spectral studies.

Taking advantage of the excellent selectivity of com-
pound 6 to detect PPi, a biological applicationwas attempted
to monitor intracellular Zn2þ ions and PPi..
Little fluorescence was observed by addition of 1 to

C2C12 cells without any exogenous Zn2þ ions; however, it
was dramatically enhanced with the addition of 1 to the

cells preloaded with 5.0 μM zinc acetate (Figure 4a,b).
These results indicate that the probe emits fluorescence in
the presence of Zn2þ. With the subsequent addition of PPi
to the cells, the fluorescence intensity from the C2C12 cell
decreased accordingly in a dose-dependent manner
(Figure 4c,d). Some portion of the fluorescence intensty in
the cells might be quenched by the intracellular ATP, and
the remaining intensity was shown in Figure 4b. However,
it is also clear that the intensity was quenched by the
presence of PPi, and 1 can detect the change of PPi
concentration.
In conclusion, a new 1,8-naphthalimide-based receptor

bearing two Zn2þ center was investigated as selective
fluorescent chemosensor for PPi over other anions in a
95% aqueous solution. Large fluorescent enhancements
(FE of 59 fold) and a 29 nm red-shift were observed upon
addition of Zn2þ to the solution of 1. A selective 23 nm
blue-shift and a fluorescence quench were only found with
PPi over the related analogue, such as inorganic phosphate
(Pi), in 95% aqueous solutions. As the biological applica-
tion, sensor 1 is successfully applied to monitor the in-
tracellular zinc(II) ions and PPi staining experiments in
C2C12 cells. The cell study also confirmed that the fluor-
escence of sensor 1 enhances with Zn2þ ion followed by
quenching in the presence of PPi.
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Figure 4. (a) Fluorescence image of C2C12 cells treated with 1
(1.0 μM). (b) Fluorescence images of C2C12 cells treated with 1
(1.0 μM) and Zn2þ (5.0 μM). (c) Fluorescence images of C2C12
cells treated with 1 (1.0 μM), Zn2þ (5.0 μM) and PPi (0.5 mM).
(d) Fluorescence images of C2C12 cells treated with 1 (1.0 μM),
Zn2þ (5.0 μM) and PPi (1.0 mM). (e) Bright field images of (a).
(f) Bright field images of (b). (g) Bright field images of (c). (h)
Bright field images of (d).


