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a  b  s  t  r  a  c  t

A  new  dipyrromethene  derivative  (DP1)  exhibits  an  enhanced  fluorescence  in  the presence  of Zn2+ ions
and  a high  selectivity  for  Zn2+ ions  over  competing  metal  ions  in methanol;  Ag+,  Ca2+,  Co2+, Cr3+,  Fe2+, Fe3+,
Hg2+,  K+,  Mg2+, Mn2+, Ni2+, and  Pb2+ produced  only  minor  changes  in the  fluorescence  of DP1.  The  binding
ratio  of the  DP1–Zn2+ complexes  was  determined  from  a Job  plot  to be 1:1.  The  binding  constant  (Ka)  of
vailable online 21 July 2014
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Zn2+ binding  to DP1  was  found  to  be  6.12 × 104 M−1, with  a detection  limit  of  0.236  �M.  Fluorescence
microscopy  imaging  using  RAW264.7  cells  showed  that  DP1  could  be used  as  an  effective  fluorescent
probe  for  detecting  Zn2+ in  living  cells.

© 2014  Elsevier  B.V.  All  rights  reserved.
maging agents

. Introduction

The development of fluorescent chemosensors for detecting bio-
ogically important metal ions, such as Fe3+, Cu2+, and Zn2+, has
een an important research topic. Among the transition metal ions,
inc is the second most abundant in the human body, after iron.
inc ions are mostly bound within proteins and play various key
oles in biological systems, including neural signal transmission
1], enzyme regulation [2], apoptosis [3], and gene transcription
4]. Disorders in Zn2+ metabolism have been linked to several
evere neurological diseases, including Alzheimer’s disease (AD)
5,6], cerebral ischemia [7], and epilepsy [8]. Therefore, the mea-
urement of Zn2+ is important in monitoring biological processes.

Several methods for Zn2+ detection in various samples have
een developed, such as atomic absorption-emission spectroscopy
9], inductively coupled plasma-atomic emission spectrometry
ICP-AES) [10,11], and voltammetry [12]. Although these meth-
ds provide quantitative data, most of them require expensive
nstruments, and are not appropriate for direct analysis. Recently,

ore attention has been focused on the development of fluores-
ent probes for detecting Zn2+ ions in biological and environmental

amples [13–28].

In this study, a fluorescent chemosensor DP1 has been designed
or metal ion detection. DP1 consists of a dippyromethene and

∗ Corresponding author. Tel.: +886 3 5712121x56506; fax: +886 3 5723764.
E-mail addresses: spwu@mail.nctu.edu.tw, spwu@faculty.nctu.edu.tw

S.-P. Wu).

ttp://dx.doi.org/10.1016/j.snb.2014.07.049
925-4005/© 2014 Elsevier B.V. All rights reserved.
a benzoimidazole moiety (Scheme 1). The metal ions Ag+, Ca2+,
Cd2+, Co2+, Cu2+, Fe2+,Fe3+, Hg2+, Mg2+, Mn2+, Ni2+, and Pb2+ were
tested with chemosensor DP1; Zn2+ was  the only ion that caused
strong fluorescent enhancement upon binding with chemosensor
DP1, producing a “turn-on” type chelation-enhanced fluorescence
(CHEF) sensor.

2. Materials and methods

2.1. Materials and instrumentation

All reagents were obtained from commercial sources and used
as received without further purification. UV–vis spectra were
recorded on an Agilent 8453 UV–vis spectrometer. Fluorescence
spectra were recorded in a Hitachi F-4500 spectrometer. 1H and 13C
NMR  spectra were recorded on Bruker DRX-300 NMR  spectrome-
ter and Varian Unity Inova 500 NMR  spectrometer. Fluorescence
imagings were obtained on a ZEISS Axio Scope A1 Fluorescence
Microscope.

2.2. Synthesis of 5-(pyren-1-yl)-4,6-dipyrromethane (1):

To a stirred solution of 1-pyrenecarboxyaldehyde (1.25 g,
6.05 mmol) in pyrrole (21 mL,  0.3 mol) at 23 ◦C under N2 atmo-
sphere, trifluoroacetic acid (0.180 mL,  2.40 mmol) was added. After

30 min  the reaction mixture was  evaporated under reduced pres-
sure. The residue was  dissolved in dichloromethane (70 mL)  and
washed with a 1.0 M aqueous solution of NaOH (100 mL). The
aqueous layer was  extracted with dichloromethane (70 mL)  and

dx.doi.org/10.1016/j.snb.2014.07.049
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.07.049&domain=pdf
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Scheme 1. 

he combined organic layers were concentrated under reduced
ressure. The residue was purified by silica gel chromatography
EtOAc/Hexane = 1/6) to give a compound 1 as a white solid (yield:
.25 g, 60%). Melting point: 207–208 ◦C. 1H NMR  (300 MHz, DMSO-
6): ı 10.74 (s, 2H), 8.45 (d, J = 9.3 Hz, 1H), 8.28 (d, J = 3.6 Hz, 1H),
.26 (d, J = 3.3 Hz, 1H), 8.22 (d, J = 8.4 Hz, 2H), 8.16–8.13 (m,  2H),
.07 (t, J = 7.6 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 6.66 (d, J = 1.2 Hz, 2H),
.52 (s, 1H), 5.92 (d, J = 2.7 Hz, 2H), 5.62 (s, 2H). 13C NMR  (75 MHz,
MSO-d6): ı 138.8, 134.1, 131.7, 131.1, 130.3, 128.7, 128.3, 127.6,
27.0, 126.9, 126.0, 125.7, 125.6, 124.9, 124.8, 124.3, 117.8, 107.9,
07.8, 40.6. MS  (EI): m/z (%) = 346 (100), 278 (82), HRMS (EI): calcd.
or C25H18N2 (M+) 346.1470; found: 346.1467.

.3. Synthesis of 1-formyl-5-(pyren-1-yl)-4,6-dipyrromethane
2):

Benzoyl chloride (0.57 mL,  4.7 mmol) was added to a cooled DMF
2.0 mL,  26 mmol) and stirred 30 min. Compound 1 (1.0 g, 2.9 mmol)
n DMF  were added in the reaction mixture under N2 atmosphere.
he mixture was stirred at 0 ◦C for 2 h and then another 2 h at
oom temperature. The reaction mixture was quenched by addi-
ion of Na2CO3 (2.0 g) dissolved in 50% aquous EtOH (150 mL).
he resulting solution was  extracted with CH2Cl2 (100 mL  × 2).
he organic layer was dried over anhydrous MgSO4 and the sol-
ent was evaporated under reduced pressure. The crude product
as purified by silica gel chromatography (EtOAc/Hexane = 1/6)

o give a compound 2 as a gray solid (yield: 0.61 g, 57%). Melt-
ng point: 177–178 ◦C. 1H NMR  (300 MHz, CD3CN): ı 9.39 (s, 1H),
.39 (d, J = 9.6 Hz, 1H), 8.28 (d, J = 6.3 Hz, 1H), 8.25 (d, J = 5.1 Hz, 1H),
.21 (d, J = 7.8 Hz, 1H), 8.17 (d, J = 9.3 Hz, 1H), 8.12 (d, J = 1 Hz, 2H),
.06 (t, J = 7.5 Hz, 1H), 7.69 (d, J = 8.1 Hz, 1H), 6.96 (dd, J = 3.8 Hz,

 = 2.4 Hz, 1H), 6.73 (dd, J = 4.2 Hz, J = 2.7 Hz, 1H), 6.67 (s, 1H),
.07 (dd, J = 5.7 Hz, J = 2.7 Hz, 1H), 5.98 (dd, J = 3.6 Hz, J = 2.4 Hz,
H), 5.79 (s, 1H). 13C NMR  (75 MHz, CDCl3): ı 179.1, 143.2,
34.1, 132.7, 131.7, 131.3, 131.0, 130.9, 129.1, 128.8, 128.1, 127.8,

26.6, 126.6, 126.0, 125.8, 125.5, 125.4, 125.1, 122.9, 122.7, 118.3,
11.7, 109.2, 108.7, 41.2. MS  (EI): m/z  (%) = 374 (98), 278 (100),
01(41). HRMS (EI): calcd. for C26H18N2O (M+): 374.1419; found:
74.1411.
esis of DP1.

2.4. Synthesis of 1-(2-benzoimidazoyl)-5-(pyren-1-yl)-4,
6-dipyrromethane (3):

Compound 2 (150 mg,  0.4 mmol) and o-phenylenediamine
(43 mg,  0.4 mmol) were thoroughly mixed in 5 ml  of EtOH. Sodium
hydrogen sulfite (62 mg,  0.6 mmol) was  added to mixture and
stirred at 80 ◦C for 8 h. The reaction mixture was  cooled to
room temperature, and concentrated at reduced pressure. The
crude product was  purified by column chromatography (ethyl
acetate/hexane, 1:6) to give a red-orange solid. (Yield: 130 mg,
70%). Melting point 250–251 ◦C. 1H NMR  (300 MHz, DMSO-d6): ı
12.4 (s, 1H), 11.9 (s, 1H), 10.8 (s, 1H), 8.55 (d, J = 9.6 Hz, 1H), 8.30
(d, J = 8.7 Hz, 1H), 8.28 (d, J = 6.0 Hz, 1H), 8.26 (d, J = 1.5 Hz, 1H), 8.23
(d, J = 9.0 Hz, 1H), 8.14–8.11 (m,  2H), 8.08 (t, J = 7.8 Hz, 1H), 7.77 (d,
J = 8.1 Hz, 1H), 7.49 (d, J = 3.9 Hz, 1H), 7.40 (d, J = 3.9 Hz, 1H), 7.12 (d,
J = 2.4 Hz, 1H), 7.09 (d, J = 2.4 Hz, 1H), 6.77 (t, J = 3.0 Hz, 1H), 6.71 (s,
1H) 6.70 (d, J = 1.8 Hz, 1H), 5.95 (dd, J = 5.4 Hz, J = 3.0 Hz, 1H), 5.81
(d, J = 2.4 Hz, 1H), 5.70 (s, 1H). 13C NMR  (75 MHz, CDCl3): ı 146.8,
143.8, 138.1, 135.1, 134.0, 132.0, 131.6, 130.9, 130.7, 128.6, 127.9,
127.4, 126.3, 126.2, 125.5, 125.4, 125.3, 125.1, 124.9, 122.8, 121.8,
121.5, 121.2, 117.7, 117.3, 114.4, 110.5, 110.4, 108.6, 108.2, 40.7.
MS(EI): m/z (%) = 462 (100), 395 (32), 278 (60), 261 (34). HRMS (EI):
calcd. for C32H22N4 (M+): 462.1844; found: 462.1847.

2.5. Synthesis of DP1

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ; 110 mg,
0.5 mmol) dissolved in THF (5 mL)  was added to a solution of com-
pound 3 (130 mg,  0.28 mmol) in THF (10 mL). After the solution
was stirred for 30 min, the reaction mixture was evaporated under
reduced pressure. The crude product was purified by column
chromatography (ethyl acetate/hexane, 1:2) to give a red solid DP1
(yield: 87 mg,  67%). Melting point: 239–240 ◦C, 1H NMR  (300 MHz,
CD3OD): ı 8.37 (d, J = 7.5 Hz, 1H), 8.33 (d, J = 7.5 Hz, 1H), 8.24 (d,
J = 6.9 Hz, 3H), 8.10–8.06 (m,  2H), 8.05–8.01 (m, 2H), 7.71 (m,  2H),
7.59 (s, 1H), 7.39 (d, J = 2.7 Hz, 1H), 7.30 (d, J = 3.3 Hz, 1H), 7.19 (d,

J = 4.5 Hz, 1H), 6.56 (d, J = 4.8 Hz, 1H), 6.30 (t, J = 2.7 Hz, 1H), 6.11
(d, J = 3.3 Hz, 1H). 13C NMR  (125 MHz, DMSO-d6): ı 157.3, 149.3,
147.9, 144.2, 140.6, 135.2, 134.7, 133.4, 132.1, 131.5, 131.1, 130.9,
130.3, 129.8, 128.3, 128.1, 128.0, 127.4, 126.7, 126.6, 125.9, 125.0,
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24.1, 124.0, 123.7, 123.6, 122.9, 122.1, 119.6, 115.8, 112.6, 111.8.
S  (EI): m/z  (%) = 460 (11), 335 (7.8), 277 (21). HRMS (EI): calcd.

or C32H20N4 (M+) 460.1688; found: 460.1673.

.6. Determination of the binding stoichiometry and the
ssociation constants for the binding of Zn(II) to DP1

The binding stoichiometry of DP1–Zn2+ complexes was deter-
ined from a Job plot. The fluorescence intensity at 560 nm was

lotted against the molar fraction of DP1 with a total concentra-
ion of the sensor and Zn2+ ion of 80.0 �M.  The molar fraction at

aximum emission intensity represents the binding stoichiome-
ry of the DP1–Zn2+ complexes. The maximum emission intensity
as reached at a molar fraction of 0.5. This result indicates that

hemosensor DP1 forms a 1:1 complex with Hg2+. The apparent
ssociation constant (Ka) of DP1–Zn2+ complexes was determined
y the Benesi–Hildebrand Equation (1) [29].

1
(F − F0)

= 1

{Ka × (Fmax − F0) × [Zn2+]}
+ 1

(Fmax − F0)
(1)

here F is the fluorescence intensity at 560 nm at any given Zn2+

oncentration, F0 is the fluorescence intensity at 560 nm in the
bsence of Zn2+, and Fmax is the maxima fluorescence intensity at
60 nm in the presence of Zn2+ in solution. The association constant
a was evaluated graphically by plotting 1/(F − F0) against 1/[Zn2+].
ata were linearly fitted according to Equation (1) and the Ka value
as obtained from the slope and intercept of the line.

.7. Cell culture

The cell line RAW264.7 cells was provided by the Food Indus-

ry Research and Development Institute (Taiwan). RAW264.7 cells
ere grown in H-DMEM (Dulbecco’s Modified Eagle’s Medium,
igh glucose) supplemented with 10% FBS (Fetal Bovine Serum)

n an atmosphere of 5% CO2 at 37 ◦C.

ig. 1. (Top) Photographic images of DP1 in the presence of various metal ions. (Bottom)
n  methanol.
tors B 203 (2014) 719–725 721

2.8. Fluorescence imaging

The cells cultured in DMEM were treated with 10 mM solutions
of Zn2+ (2 �L; final concentration: 20 �M) dissolved in sterilized
PBS (pH 7.4) and incubated at 37 ◦C for 30 min. The treated cells
were washed with PBS (2 mL  × 3) to remove remaining metal ions.
DMEM (2 mL)  was added to the cell culture, which was then treated
with a 10 mM solution of chemosensor DP1 (2 �L; final concen-
tration: 20 �M)  dissolved in DMSO. The samples were incubated
at 37 ◦C for 30 min. The culture medium was removed, and the
treated cells were washed with PBS (2 mL  × 3) before observation.
Fluorescence imaging was  performed with a ZEISS Axio Scope A1
Fluorescence Microscope. The cells were excited with a white light
laser at 480 nm,  and emission was  collected at 535 ± 25 nm.

2.9. Computational methods

Quantum chemical calculations based on density functional the-
ory (DFT) were carried out using a Gaussian 09 program. The
ground-state structures of DP1 and the DP1–Zn2+ complexes were
computed using the density functional theory (DFT) method with
the hybrid-generalized gradient approximation (HGGA) functional
B3LYP. The 6-31G basis set was assigned to nonmetal elements (C,
H, and N). For the DP1–Zn2+ complex, the LANL2DZ basis set was
used for Zn2+, whereas the 6-31G basis set was used for other atoms.

3. Result and discussion

3.1. Synthesis of DP1

The synthesis of chemosensor DP1 is outlined in Scheme 1.
Compound 1 was prepared by the condensation of 1-

pyrenecarboxaldehyde and pyrrole. Compound 2 was  obtained
by the Vilsmeier–Haack reaction using benzoyl chloride and
DMF  to form mono formylated dipyrromethane. In the next step,
condensation of o-phenylenediamine with compound 2 yielded

 Fluorescence change of DP1 (20 �M) upon addition of various metal ions (20 �M)
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Fig. 3. Fluorescence response (560 nm) of chemosensor DP1 (20 �M)  to Zn2+

(20 �M)  or 20 �M of other metal ions (the black bar portion) and to the mixture
of  other metal ions (20 �M)  with 20 �M of Zn2+ (the gray bar portion).

400
22 H.-M. Liu et al. / Sensors and

ompound 3. Further oxidation of compound 3 using DDQ gave
he product DP1.

.2. Metal ion sensing ability of DP1

The sensing ability of DP1 was tested by mixing it with the metal
ons Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Hg2+, Mg2+, Mn2+, Ni2+, and Zn2+.
ig. 1 shows the effect of the metal ions on the appearance of DP1 in
olution. Zn2+ was the only ion that caused a yellow-green emission
and at 560 nm.  The other metal ions did not produce a great change

n the emission spectra. During Zn2+ titration with chemosensor
P1, a new emission band centered at 560 nm was  formed (Fig. 2).
fter the addition of more than one equivalent of Zn2+, the emis-
ion intensity reached a maximum, with a quantum yield  ̊ = 0.103,
hich is 20 times higher than that of DP1, at  ̊ = 0.005. For the
V–vis absorption spectra, the absorbance at 477 nm decreased

n intensity, and a new band centered at 540 nm appeared dur-
ng Zn2+ titration with DP1 (Fig. 2). The color change from yellow
o purple clearly indicates the 63 nm blue shift. These observations
uggest that Zn2+ is the only metal ion causing significant fluores-
ence enhancement, thereby permitting highly selective detection
f Zn2+.

To study the influence of other metal ions on Zn2+ binding with
hemosensor DP1, we performed competitive experiments with

ther metal ions (20 �M)  in the presence of Zn2+ (20 �M)  (Fig. 3).
he fluorescence enhancment caused by the mixture of Zn2+ with
ost other metal ions was  similar to that caused by Zn2+ alone. A

maller fluorescence enhancement was observed when Zn2+ was

ig. 2. Absorption (Top) and fluorescence (Bottom) changes of chemosensor DP1
20  �M)  in the presence of various equivalents of Zn2+ in methanol. The excitation
avelength was 535 nm.

1.00.80.60.40.20.0

0

100

200

300
Fig. 4. Job plot of the DP1–Zn2+ complex in methanol. The total concentration of
CBS  and Zn2+ was 80 �M.  The monitored wavelength was 560 nm.

2+ 2+
mixed with Co or Hg . Fluorescence quenching was  observed
when Zn2+ was  mixed with Cu2+. This indicates that Co2+, Hg2+,
and Cu2+ can compete with Zn2+ for binding with DP1. Most of the
other metal ions do not interfere with the binding of DP1 with Zn2+.

Fig. 5. Benesi–Hildebrand plot of DP1 with Zn2+ in methanol. The excitation wave-
length was  535 nm and observed wavelength was 560 nm.  The binding constant was
6.12 × 104 M−1 for Zn2+ binding in DP1.
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Fig. 6. 1H NMR  spectra of DP1 (5 mM)  upon titration w

his indicates that the other metal ions do not interfere significantly
ith the binding of chemosensor DP1 with Zn2+.

In order to understand the binding stoichiometry of the
P1–Zn2+ complexes, Job plot experiments were carried out. In
ig. 4, the emission intensity at 560 nm is plotted against the molar
raction of DP1 under a constant total concentration of DP1 and
n2+. Maximum fluorescent enhancement occurred at the ratio
.5. This result indicates a 1:1 ratio for DP1–Zn2+ complexes, in
hich one Zn2+ ion binds to one chemosensor DP1. In addition, the

ormation of 1:1 DP1–Zn2+ complexes was also confirmed using
SI-MS, in which the peak at m/z  541.1 indicates a 1:1 stoichiome-

ry for DP1–Zn2+ complexes (see Fig. S9 in the supplementary data).
he association constant Ka was evaluated graphically by plotting
/(F − F0) against 1/[Zn2+] (Fig. 5). The data were linearly fit and the

ig. 7. DFT-optimized structures of DP1–Zn2+ complexes. Blue atom, N; red atom,
;  gray atom, Zn2+.(For interpretation of the references to color in this figure legend,

he reader is referred to the web version of the article.)
) 0 equiv, (b) 0.2 equiv, (c) 1 equiv of Zn2+ in DMSO-d6.

Ka value was obtained from the slope and intercept of the line. The
association constant (Ka) of Zn2+ binding to chemosensor DP1 was
found to be 6.12 × 104 M−1. The detection limit of chemosensor DP1
as a fluorescent sensor for the detection of Zn2+ was determined
from a plot of fluorescence intensity as a function of the concen-
tration of Zn2+. It was found that chemosensor DP1 has a detection
limit of 0.236 �M (see Fig. S10 in the supplementary data), which
allows for the detection of Zn2+ in the micromolar concentration
range.

To gain a clearer understanding of the structure of DP1–Zn2+

complexes, 1H NMR  spectroscopy (Fig. 6) was  employed. In the

1H NMR  spectra of DP1, the proton signals at 13.4 and 13.0 ppm
decreased upon addition of Zn2+. This indicates that Zn2+ binding
occurs mainly at the nitrogen atoms in pyrrole and benzoimidazole.

2 4 6 8 10 12
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DP1 + Zn2+
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Fig. 8. Fluorescence response (560 nm)  of free DP1 (20 �M)  and after addition of
Zn2+ (20 �M)  in methanol–water (v/v = 9:1, 10 mM buffer, pH 2–4: sodium cit-
rate/citratic acid; pH 4.5–6: MES; pH 6.5–8.5: Hepes; pH 9–12: Tris–HCl) solution
as  a function of different pH values. The excitation wavelength was  530 nm.
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Fig. 9. Fluorescence images of RAW264.7 cells treated with DP1 and Zn2+

hese observations reveal that Zn2+ binding with DP1 is through
wo nitrogens at pyrrole, and one nitrogen at benzoimidazole.

To elucidate the structures of the DP1–Zn2+ complexes,
ensity functional theory (DFT) calculations were undertaken
sing the Gaussian 09 software package. The DP1–Zn2+ com-
lexes were subjected to energy optimization using B3LYP/6-31G
nd B3LYP/LANL2DZ. The global minima structure for the
P1–Zn2+complexes is shown in Fig. 7. The distances of Zn2+ from

he three nitrogen atoms are about 2.0 and 2.1 Å.
We performed pH titration of chemosensor 1 to determine a

uitable pH range for Zn2+ sensing. In Fig. 8, the emission intensi-
ies of metal-free chemosensor 1 at most pH values are low. After

ixing chemosensor 1 with Zn2+, the emission intensity at 560 nm
uddenly increased in the pH range of 5.0–10.0. When the pH was
ower than 5, the emission intensity at 560 nm decreased slightly,
ompared to that at pH 7.0. This is due to protonation on the nitro-
en atom, preventing the formation of the Cu2+–1 complex.

.3. Living cell imaging

The potential of DP1 for imaging Zn2+ in living cells was then
nvestigated. First, images of cells were obtained using a fluores-
ence microscope. When RAW264.7 cells were incubated with DP1
10 �M),  no fluorescence was observed (Fig. 9a). After treatment
ith Zn2+, bright green fluorescence was observed in the RAW264.7

ells (Fig. 9b). An overlay of the fluorescence and bright-field images
hows that the fluorescence signals are localized in the intracel-
ular area, indicating a subcellular distribution of Zn2+ and good
ell-membrane permeability of DP1.

. Conclusion

In conclusion, we developed a fluorescent chemosensor for Zn2+

etection. We  observed significant fluorescence enhancement in
he presence of Zn2+. However, other metal ions, such as Ag+, Ca2+,
d2+, Co2+, Cu2+, Fe2+, Fe3+, K+, Mg2+, Mn2+, Ni2+, and Pb2+, barely
ffected the fluorescence. In addition, this chemosensor DP1 serves
s an effective probe for Zn2+ detection in living cells.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2014.07.049.
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