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A synthetic fluorescent sensor (sensor 1) is developed using boron-dipyrromethene as a fluorophore and phenoxo-bridged

dipicolylamine as a receptor. Sensor 1 shows a significant enhancement of fluorescent intensity and a high selectivity for

Zn2þ over various metal cations. The electrochemical study provides a rationale for the fluorescence turn-on of sensor 1

upon complexation with Zn2þ by the blocking of the photo-induced electron transfer mechanism. Sensor 1 can be used to

image Zn2þ in A549 cells.
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Introduction

Zn2þ is an important divalent metal cation in biological

systems, which plays a critical role in DNA synthesis,

enzyme regulation, neural signal transmission and gene

expression (1–4). While most Zn2þ ions are bound to

proteins, the disruption of mobile Zn2þ is associated with a

number of diseases such as ischaemia, epilepsy, Parkin-

son’s disease, Alzheimer’s disease and certain types of

cancer (5–8). Moreover, variation in the intracellular

mobile Zn2þ concentration is a significant factor affecting

the early apoptotic process (9–12). Quantitative analysis

of trace Zn2þ using a chemosensor comprising a selective

analytical receptor and a sensitive fluorophore has become

extremely important for environmental and biological

applications. One of the most widely applied strategies for

the development of effective fluorescent Zn2þ sensors is

the fluorescent turn-on mechanism by the regulation of

photo-induced electron transfer (PeT) (13–15). A large

number of Zn2þ sensors have been reported so far, and

significant efforts are continuing for the development of

more effective sensors to understand the biologically

crucial role of Zn2þ (reviews: 16–20, selected recent

examples: 21–25).

In this article, we describe the design, mechanism and

evaluation of the Zn2þ fluorescent chemosensor, sensor 1

(Scheme 1). The selectivity and the sensitivity of sensor 1

for Zn2þ were examined. The fluorescence turn-on of

sensor 1 upon the addition of Zn2þ is explained by the

blocking of PeT from the electron donor. The utility of

sensor 1 for Zn2þ sensing was demonstrated through the

imaging of intracellular Zn2þ in A549 cells using

fluorescent microscopy.

Results and discussion

First, the fluorescence emission changes of sensor 1 (1mM)

were measured as a function of Zn2þ (perchlorate salt)

concentration. Upon the addition of Zn2þ, the fluorescence

emission intensity of sensor 1 gradually increased. When

10 equiv. of Zn2þ were added to sensor 1, the emission

intensity ratio (I/I0) showed a 4.5-fold enhancement

(Figure 1).

The selectivity of sensor 1 for Zn2þ over other metal

ions was evaluated. The experimental results show that the

existence of a 10-fold excess of Liþ, Naþ, Kþ, Ca2þ,

Mn2þ, Fe2þ, Co2þ, Ni2þ, Cu2þ, Agþ, Cd2þ, Hg2þ or Pb2þ

causes fluorescence quenching (Liþ, Ca2þ, Mn2þ, Fe2þ,

Co2þ, Ni2þ, Cu2þ, Agþ, Cd2þ, Hg2þ and Pb2þ) or no

fluorescence change (Naþ and Kþ), and that only Zn2þ

leads to fluorescence enhancement (Figure 2).

To demonstrate the preferential binding ability of

sensor 1 to Zn2þ over other transition metal ions, we

prepared a 1 mM solution of sensor 1 with a 10-fold excess

of various transition metal ions. The change in

fluorescence intensity upon the addition of Zn2þ was

measured (Figure 3). In the presence of various metal ions,

the fluorescence intensity of sensor 1 decreased compared

to its initial fluorescence intensity. When 10 equiv. of Zn2þ

ions were added to the solution, the fluorescence intensity

ratio showed a ninefold enhancement. The increase in

fluorescence intensity upon treatment with Zn2þ ions is

attributed to the binding of Zn2þ to the nitrogen atoms and

a phenolate oxygen atom in sensor 1. This, in turn, blocked

the PeT, resulting in an increase in the fluorescence

intensity. The fluorescence turn-on mechanism was

rationalised by electrochemical studies (Figure 4). The
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obtained electrochemical data explain the changes in

fluorescence intensity upon the addition of Zn2þ to sensor

1. When Zn2þ binds to sensor 1, there is a decrease in the

electron density on the two nitrogen atoms of the amine

moiety. This leads to the stabilisation of the highest

occupied molecular orbital (HOMO) of sensor 1. In order

to investigate the variations in the HOMO of sensor 1, we

measured the oxidation potential of 2,6-bis((bis(pyridin-2-

ylmethyl)amino)methyl)phenol (DiDPA) (see Scheme 2

for the structure of DiDPA) before and after the addition of

Zn2þ ions. As shown in Figure 4, the first oxidation

potential of DiDPA (E1/2 ¼ 0.83 V) corresponds to the

HOMO level of the amine moiety in DiDPA, and this

potential becomes more positive (E1/2 ¼ 1.17 V) upon the

addition of Zn2þ. The incorporation of Zn2þ into the

DiDPA moiety leads to the stabilisation of the HOMO of

DiDPA through a decrease in the electron density on the

DiDPA nitrogen atoms, and hence, the oxidation potential

becomes more positive.
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Scheme 1. Synthetic procedure for sensor 1. (a) DPA, formaldehyde solution (37 wt%), cat. HCl, ethanol, reflux. (b) (i) 2,4-Dimethyl-3-
ethylpyrrole, cat. trifluoroacetic acid (TFA), 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), CH2Cl2, rt; (ii) BF3-OEt2, TEA, CH2Cl2, rt.

Figure 1. Changes in the fluorescence intensity of sensor 1
(1mM) in acetonitrile upon addition of increasing amounts of
Zn2þ (excitation at 490 nm). The arrow indicates the direction of
[Zn2þ] increase; [Zn2þ] ¼ 0, 0.2, 0.4, 0.9, 1.3, 1.8, 3.0, 4.0, 5.0,
7.0 and 10mM.

Figure 2. Relative fluorescence intensity profiles of sensor 1
(1mM) in acetonitrile in the presence of various cations
(10 equiv.). Excitation wavelength was set at 490 nm and
emission was monitored at 536 nm.

Figure 3. Changes in the fluorescence intensity of sensor 1
(1mM) and various cations (perchlorate salts of Liþ, Naþ, Kþ,
Ca2þ, Mn2þ, Fe2þ, Co2þ, Ni2þ, Cu2þ, Agþ, Cd2þ, Hg2þ, Pb2þ

ions, 10mM each) upon addition of increasing amounts of Zn2þ

(perchlorate salt) in acetonitrile at 258C. The arrow indicates the
direction of [Zn2þ] increase; [Zn2þ] ¼ 0, 0.2, 0.4, 0.9, 1.3, 1.8,
3.0, 4.0, 5.0, 7.0 and 10mM.
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On the basis of the electrochemical data, the

enhancement of the fluorescence intensity can be

explained from a thermodynamics viewpoint (Scheme 3).

The electronic states of sensor 1 correspond to those of

boron-dipyrromethene (Bodipy) and DiDPA. Since these

two moieties are bonded in an orthogonal fashion, their

electronic states are independent of each other, and thus,

only intramolecular through-space electron transfer is

allowed. Therefore, in the absence of Zn2þ, an electron can

be transferred easily from the HOMO of DiDPA to the

half-filled ground state of the excited Bodipy * moiety,

which subsequently leads to the efficient fluorescent

quenching of sensor 1. In the presence of Zn2þ, however,

the HOMO of DiDPA is stabilised because of a decrease in

the electron density on the nitrogen atoms of the DiDPA

moiety. Hence, upon the addition of Zn2þ, fluorescence

enhancement occurs through the blocking of PeT from the

HOMO of DiDPA to the half-filled ground state of the

excited Bodipy * moiety.

N
B

N

FF

BODIPY

OH

N N

N N

NN

DiDPA

Scheme 2. Chemical structures of Bodipy and DiDPA.

Scheme 3. Thermodynamic explanation of fluorescent
enhancement upon Zn2þ addition to sensor 1. Energetic values
of Bodipy show a slight shift when this moiety is incorporated
into sensor 1.

Figure 4. Cyclic voltammograms of (a) 2mMDiDPAmolecule and (b) 2mMDiDPA after addition of 2mM Zn2þ (with 0.2M TBAPF6
supporting electrolyte in acetonitrile).

Figure 5. Fluorescence microscopy images (600 £ ) of A549
cells, incubated without (a) and with (b) 10mM sensor 1 for
30 min. Increased fluorescence signal is observed with the
addition of 50mM ZnCl2 and 10mM 2-pyrithione according to
incubation time: 5 min (c), 15 min (d) and 30 min (e). TPEN
addition induces the decrease in fluorescence signal according to
incubation time: 5 min (f), 15 min (g) and 30 min (h).
Quantification of the fluorescence intensity according to time (i).
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The fidelity of sensor 1 for the sensing of Zn2þ in

biological systems was examined with fluorescence

microscope images obtained using A549 cells (Figure 5).

The cells were seeded on a cover-glass-bottomed Petri dish

and incubated overnight. The cells were then washed with

phosphate-buffered saline (PBS buffer) solution for 5 min

each, and sensor 1 (10mM in PBS buffer) was treated for

30 min. Then, 2-pyrithione (10mM) and ZnCl2 (50mM)

were added. The fluorescence signal was measured at each

time point. After 30 min, N,N,N0,N0-tetrakis(2-pyridyl-

methyl)ethylenediamine (TPEN) (100mM) was added to

the A549 cells without washing, and the fluorescence

signal was measured at each time point. The strong

intracellular fluorescence of sensor 1 was observed until

the well-known metal chelator, TPEN, induced the

decrease in the fluorescence signal. Figure 5(i) shows the

quantification of the fluorescence intensity according to

the time domain.

Conclusion

In summary, sensor 1 binds to Zn2þ ions in preference to

other transition metal ions. Hence, it can be used to

quantify the concentration of Zn2þ in the presence of other

transition metal ions. Furthermore, electrochemical

studies reveal that the fluorescence intensity of sensor 1

increases upon the addition of Zn2þ through blocking of

PeT from the HOMO of DiDPA to the half-filled ground

state of the excited Bodipy * moiety. We have also shown

that sensor 1 can image the intracellular Zn2þ of A549

cells. This approach is expected to be relevant to various

biomedical applications, and may lead to an improved

understanding of intracellular Zn2þ.

Experimental details

Synthesis of sensor 1

Sensor 1 was prepared according to the reported procedure

(26). Briefly, 5.9 g of 37% aqueous formaldehyde solution

was added to ethanol and then to a catalytic amount of

HCl. Then, 2,20-dipicolylamine (DPA, 11.8 mL) was added

to this solution. The reaction mixture was heated at reflux

for 1 day. Subsequently, 4 g of 4-hydroxybenzaldehyde

was added to the reaction mixture. After stirring for 2 days

at reflux, the reaction mixture was cooled to room

temperature and concentrated in vacuo to remove all

volatiles. The residue was subjected to silica column

chromatography (CH2Cl2/MeOH) to give the desired

product 2 (8.6 g, yield 48%).

Compound 2 (654 mg, 1.2 mmol) and 2,4-dimethyl-3-

ethylpyrrole (0.32 mL, 2.4 mmol) were dissolved in 50 mL

of absolute CH2Cl2 under an Ar atmosphere. One drop of

trifluoroacetic acid was added, and the solution was stirred

at room temperature overnight. When thin-layer chroma-

tography monitoring (silica; CH2Cl2) showed complete

consumption of the aldehyde, a solution of 2,3-dichloro-

5,6-dicyanobenzoquinone (300 mg, 1.1 mmol) in CH2Cl2
was added, and stirring was continued for 15 min. The

reaction mixture was washed with H2O, dried over

Na2SO4, filtered and evaporated. The crude compound

(387 mg, 0.5 mmol) and triethylamine (TEA, 1.3 mL,

9.38 mmol) were dissolved in 60 mL of absolute CH2Cl2
under N2 atmosphere and stirred at room temperature for

10 min. Then, BF3-OEt2 (1.3 mL, 9.37 mmol) was added,

and stirring was continued for 1 h. The reaction mixture

was washed with H2O and 2 N NaOH. The aqueous

solution was extracted with CH2Cl2. The combined

organic extracts were dried over Na2SO4, filtered and

evaporated. The crude compound was purified by

column chromatography over aluminium oxide (CH2Cl2/

MeOH, 20:1) to afford a purple powder, sensor 1 (312 mg,

yield 38%).

Electrochemical measurements

The electrochemical study was conducted using a CH

Instruments 660 Electrochemical Analyzer (CH Instru-

ments, Inc., Austin, TX, USA). In the electrochemical

study, cyclic voltammetry and differential pulse voltam-

metry were performed on the individual solutions in order

to investigate their electrochemical oxidative and reduc-

tive behaviours. All the electrochemical experiments were

referenced with respect to an Ag/Agþ reference electrode.

All potential values were calibrated against the saturated

calomel electrode (SCE) by measuring the oxidation

potential of 1mM ferrocene (vs Ag/Agþ) as a standard

(E8(Fcþ/Fc) ¼ 0.424 V vs SCE).
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