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a  b  s  t  r  a  c  t

A  new  pyrene  derivative  (1)  containing  a benzothiazolenhydrazone  moiety  exhibited  high  selectivity  for
Cu2+ detection.  In the  presence  of Cu2+, chemosensor  1 provided  significant  fluorescence  enhancement,
while  Ag+,  Ca2+, Cd2+, Co2+, Fe2+, Fe3+, Hg2+, K+, Mg2+, Mn2+, Ni2+, Pb2+, and  Zn2+ metal  ions  produced  only
minor  changes  in fluorescence  intensity.  The  association  constant  (Ka)  for Cu2+ binding  to  1  had  a  value  of
5.00 × 108 M−2. The  maximum  fluorescence  enhancement  induced  by  Cu2+ binding  to the  chemosensor
vailable online 4 February 2013

eywords:
ensors
opper
yrene

was observed  over  the  range  pH  2–8.5.  Our  fluorescence  microscopy  experiments  demonstrate  that
chemosensor  1 may  have  application  as a  fluorescent  probe  for detecting  Cu2+ in  living  cells.

© 2013 Elsevier B.V. All rights reserved.
maging agents

. Introduction

The development of fluorescent chemosensors that are capable
f detecting biologically or environmentally important metal ions
uch as Cd2+, Cu2+, Fe3+, Hg2+, Pb2+, and Zn2+ has been an important
esearch topic [1–6]. Copper is the third most abundant essential
ransition metal ion in the human body [7].  Many proteins use
opper ions as a cofactor for electron transport, or as a catalyst in
xido-reduction reactions. Copper distribution in the human body
s highly controlled, because of its cellular toxicity. An excess of
opper ions in living cells can catalyze the production of reactive
xygen species (ROS), which that can damage lipids, nucleic acids,
nd proteins. Several serious diseases, including Alzheimer’s dis-
ase [8],  Indian childhood cirrhosis (ICC) [9],  prion disease [10],
nd Menkes and Wilson diseases [11], have been associated with
he cellular toxicity of copper ions. Due to its extensive applications
n our daily lives, copper is also a common metal pollutant. The limit
or copper in drinking water, as set by the US Environmental Pro-
ection Agency (EPA) is 1.3 ppm, which is a molar concentration of
oughly 20 �M.

The development of fluorescent chemosensors for the detection

f Cu2+ ions has attracted much attention [12–27].  Cu2+ is a fluo-
escence quencher, and so most fluorescent chemosensors detect
u2+ by fluorescence quenching processes, which involve charge

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

S.-P. Wu).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.01.054
or energy transfer mechanisms [15]. However, such processes offer
poor sensitivity for metal ion detection; fluorescence enhancement
is more easily monitored than fluorescence quenching. This paper
reports on a newly designed pyrene-based fluorescence enhance-
ment chemosensor for Cu2+ that is based on photoinduced electron
transfer (PET). The binding of Cu2+ to the chemosensor blocks
the PET mechanism and greatly enhances the fluorescence of the
pyrene moiety.

In this study, we  designed a pyrene-based fluorescent
chemosensor, 1, for metal ion detection. The chemosensor
comprises two  parts, a pyrene moiety as a reporter, and a benzoth-
iazolenhydrazone component as the metal ion chelator (Scheme 1).
Chemosensor 1 exhibits weak fluorescence due to fluorescence
quenching by photo-induced electron transfer from nitrogen lone
pairs onto pyrene. The binding of a metal ion the chemosensor
blocks the PET mechanism, resulting in significant enhancement in
pyrene fluorescence. Selectivity testing revealed that Cu2+ causes
a visible color change in 1, from light yellow or colorless, and a
blue emission on ligation to 1; no other tested ions produced any
significant color change.

2. Materials and methods

2.1. Materials and instrumentations
All solvents and 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. IR
data were obtained on Bomem DA8.3 Fourier-Transform Infrared

dx.doi.org/10.1016/j.snb.2013.01.054
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:spwu@mail.nctu.edu.tw
mailto:spwu@faculty.nctu.edu.tw
dx.doi.org/10.1016/j.snb.2013.01.054
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Scheme 1. Synth

pectrometer. NMR  spectra were obtained on a Bruker DRX-300
MR  and Varian Unity INOVA-500 NMR  spectrometer.

.2. Synthesis of chemosensor 1

1-Pyrenecarboxaldehyde (230 mg,  1.0 mmol) and 2-
enzothiazolenhydrazone (182 mg,  1.1 mmol) were added to

 10 mL  ethanol solution. The reaction mixture was  stirred for
2 h at room temperature. The resulting precipitate was  collected
y filtration and then purified by column chromatography (ethyl
cetate:hexane = 1:1) to give 1 as a bright yellow solid. Yield:
36 mg,  89%; m.p. 265.1–267.5 ◦C; MS  (FAB) Found, 378.1 [M+H]+;
RMS (EI) Calcd for C24H15N3S1, 377.0987; Found, 377.0984. 1H
MR  (300 MHz, DMSO-d6) ı 12.45 (b, 1H), 9.15 (s, 1H), 8.87 (d,

 = 9.3 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 8.38–8.35 (m,  4H), 8.27 (d,
 = 9.0 Hz, 1H), 8.22 (d, J = 9.0 Hz, 1H), 8.13 (t, J = 7.5 Hz, 1H), 7.83 (d,
 = 7.8 Hz, 1H), 7.49 (d, J = 7.5 Hz, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.15
t, J = 7.2 Hz, 1H); 13C NMR  (125 MHz, DMSO-d6) ı 167.1, 131.5,
30.9, 130.7, 130.2, 128.7, 128.2, 128.1, 127.4, 127.3, 127.1, 126.6,
26.5, 126.0, 125.8, 125.7, 125.3, 125.1, 124.3, 123.9, 123.8, 123.7,
22.7, 121.7; FTIR (cm−1) 3183, 3036, 2873, 2809, 1625, 1578,
445, 1383, 1272, 1135, 840, 743, 710;

.3. Metal ion binding study by UV–vis and fluorescence
pectroscopy

Chemosensor 1 (50 �M)  was added with different metal ions
25 �M).  All spectra were measured in 1.0 mL  acetonitrile–water
olution (v/v, 3:1, 5 mM,  HEPES buffer, pH 7.0). The light path length
f curvet was 1.0 cm.

.4. The pH dependence on Cu2+ binding in chemosensor 1
tudied by fluorescence spectroscopy

Chemosensor 1 (50 �M)  was added with Cu2+ (25 �M)  in
.0 mL  acetonitrile–water solution (v/v, 3:1, 5 mM buffer). The
uffers were: pH 1–2, KCl/HCl; pH 3–4, CH3COOH/NaOH; pH 4.5–6,
ES/NaOH; pH 6.5–9, HEPES; pH 10–12, Tris/NaOH.

.5. Determination of the binding stochiometry and the apparent
ssociation constants Ka of Cu(II) binding in chemosensor 1

The binding stochiometry of 1–Cu2+ complexes was  deter-
ined by Job plot experiments [28]. The fluorescence intensity at

68 nm was plotted against molar fraction of 1 under a constant
otal concentration. The concentration of the complex approached

 maximum intensity when the molar fraction was  0.65. These
esults indicate that chemosensor 1 forms a 2:1 complex with Cu2+.
he apparent association constants (Ka) of 1–Cu2+ complexes was

etermined by the consequent Eq. (1) [29]:

˛2

1 − ˛
= 1

2KaCF [M]
, (1)
f chemosensor 1.

where CF is the total concentration of chemosensor 1 in the system
and  ̨ is defined as the ratio between the free chemosensor 1 and the
total concentration of chemosensor 1. The value “˛” was obtained
using Eq. (2)

 ̨ =
[

F − F0

F1 − F0

]
, (2)

where F is the fluorescence intensity at 468 nm at any given Cu2+

concentration, F1 is the fluorescence intensity at 468 nm in the
absence of Cu2+, F0 is the maxima fluorescence intensity at 468 nm
in the presence of Cu2+. The association constant Ka was  evalu-
ated graphically by plotting ˛2/(1 − ˛) against 1/[Cu2+]. The plot
˛2/(1 − ˛) vs. 1/[Cu2+] is shown in Fig. 6. Data were linearly fitted
according to Eq. (1) and the Ka value was obtained from the slope
of the line.

2.6. Cell culture

The cell line RAW 264.7 macrophage was  provided by the Food
Industry Research and Development Institute (Taiwan). RAW 264.7
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at 37 ◦C under an
atmosphere of 5% CO2. Cells were plated on 18 mm  glass coverslips
and allowed to adhere for 24 h.

2.7. Fluorescence imaging

Experiments to assess the Cu2+ uptake were performed in
phosphate-buffered saline (PBS) with 20 �M Cu(BF4)2. The cells
cultured in DMEM were treated with 10 mM solutions of Cu(BF4)2
(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) three times 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 1 (2 �L; final
concentration: 20 �M)  dissolved in DMSO. The samples were incu-
bated at 37 ◦C for 30 min. The culture medium was  removed, and the
treated cells were washed with PBS (2 mL)  three times before obser-
vation. Fluorescence imaging was performed with a ZEISS Axio
Scope A1 fluorescence microscope. Cells loaded with chemosen-
sor 1 were excited at 350 nm by using a 50 W Hg lamp. An emission
filter of 420 nm was  used.

2.8. Quantum chemical calculation

Quantum chemical calculations based on density functional the-
ory (DFT) were carried out using a Gaussian 09 program. Ground

state geometry optimization of 1 was  performed using the B3LYP
functional and the 6-31G basis set. Ground state geometry opti-
mization of 1–Cu2+ complexes was  performed using the B3LYP
functional and the LANL2DZ basis set.
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. Results and discussion

.1. Characterization of chemosensor 1

Chemosensor 1 was synthesized by reaction of 2-
enzothiazolenhydrazone and 1-pyrenecarboxaldehyde to form
n imine bond between benzothiazolenhydrazone and pyrene
Scheme 1). Chemosensor 1 is yellow and has an absorption band
entered at 385 nm,  which is red-shifted by 50 nm from the
ypical pyrene absorption band at 335 nm [30,31].  This is due to
onger conjugated double bonds in chemosensor 1. Chemosensor

 exhibits weak fluorescence (  ̊ = 0.013) compared to pyrene
 ̊ = 0.6–0.9). This results from fluorescence quenching by pho-

oinduced electron transfer from electron lone pairs on nitrogen
nto pyrene.

.2. Cation-sensing properties

We tested the selectivity of Chemosensor 1 by mixing it with
g+, Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, K+, Mg2+, Mn2+, Ni2+,
b2+, and Zn2+ metal ions. Cu2+ caused a visible color change in
, from light yellow or colorless, and had a blue emission (Fig. 1).
uring Cu2+ titration with 1, the absorbance at 385 nm decreases

n intensity, and a new band centered at 330 nm appears. The color

hange from light yellow to colorless (Fig. 2) clearly indicates the
5-nm blue shift. The new band at 330 nm is close to the absorp-
ion band of pyrene, 335 nm.  This observation suggests that Cu2+
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ig. 2. Changes in the absorption of chemosensor 1 (50 �M)  in the presence of
arious equivalents of Cu2+ in acetonitrile–water (v/v = 3/1, 5 mM HEPES, pH 7.0)
olutions.
Fig. 3. Fluorescence response of chemosensor 1 (50 �M) to various molar equiv-
alents of Cu2+ in acetonitrile–water (v/v = 3/1, 5 mM HEPES, pH 7.0) solutions. The
excitation wavelength was 385 nm.

binding with chemosensor 1 blocks conjugation between the dou-
ble bonds, resulting in a shorter absorption wavelength.

To further evaluate the selectivity of chemosensor 1, we inves-
tigated the fluorescence spectra of chemosensor 1 in the presence

2+
of various transition metal ions. Only treatment with Cu resulted
in a significant blue emission (Fig. 1). During Cu2+ titration with
chemosensor 1, a new emission band centered at 468 nm formed
(Fig. 3). After adding 0.5 molar equivalents of Cu2+, the emission
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Fig. 4. Fluorescence response of chemosensor 1 (25 �M)  to Cu2+ (15 �M)  or of other
metal ions (15 �M) (black bar), and to a mixture of other metal ions (15 �M)  with
15 �M of Cu2+ (gray bars) in acetonitrile–water (v/v = 3/1, 5 mM HEPES, pH 7.0)
solutions.
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Fig. 7. 1H NMR  (300 MHz) spectra of 1 in the presence of Cu2+ in DMSO-d6.

Fig. 8. DFT-optimized structures of (a) 1 and (b) Cu2+–12 complexes calculated using
EPES, pH 7.0) solutions. The total concentration of 1 and Cu2+ was 50.0 �M.  The
onitored wavelength was 468 nm.

ntensity reached a maximum. The quantum yield of the new emis-
ion band was 0.49, which is 38-fold that of chemosensor 1 at 0.013.
u2+ was the only metal ion of those we tested that readily binds
ith chemosensor 1 to yield a significant fluorescence enhance-
ent, suggesting application for the highly selective detection of

u2+ ion.
To study the influence of other metal ions on Cu2+ binding with

hemosensor 1, we performed competitive experiments with other
etal ions (15.0 �M)  in the presence of Cu2+ (15.0 �M)  (Fig. 4).

he observed fluorescence enhancement for mixtures of Cu2+ with
ost metal ions was similar to that seen for Cu2+ alone. Reduced

uorescence enhancement was only observed for mixtures of Cu2+

nd Co2+ or Fe2+, indicating that Co2+ and Fe2+ compete with Cu2+

or binding with chemosensor 1. No other metal ions appeared to
nterfere with the fluorescence of the chemosensor 1 and Cu2+.

To understand the binding stoichiometry of 1–Cu2+ complexes,
e conducted Job plot experiments. In Fig. 5, the emission inten-
ity at 468 nm is plotted against the molar fraction of chemosensor
 at a constant total concentration of 50.0 �M.  Maximum emis-
ion intensity was reached for a molar fraction of 0.65, indicating
hat complexes comprise 1 and Cu2+ in a 2:1 ratio; one Cu2+
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ig. 6. A binding curve was  generated from analysis of fluorescence enhancement
easurements, and fitted in accordance with Eq. (1).  The association constant, Ka,

or  Cu2+ in chemosensor 1 was 5.0 × 108 M−2.
the  B3LYP/LanL2DZ method (yellow atom, S; blue atom, N; pink atom, Cu). (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

ion binds with two  chemosensor 1 molecules. The formation of
a Cu2+–1 complex was  confirmed by ESI-MS, in which the peak
2
at m/z = 815.1 indicates a 2:1 stoichiometry for the [Cu2+ 12–H]+

complex (Fig. S3 in the supplementary data). The association
constant, Ka, was evaluated graphically by plotting ˛2/(1 − ˛) vs.
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Fig. 9. Fluorescence response (468 nm)  of free chemosensor 1 (50.0 �M)  (�) and
after addition of Cu2+ (25.0 �M) (�) in CH3CN/H2O (v/v = 3/1, 5 mM buffer) solutions
as a function of various pH values. The excitation wavelength was 385 nm.
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Fig. 10. Fluorescence images of RAW 264.7 cells treated with 1 and Cu2+. (

/[Cu2+], where  ̨ is defined as [F − F0]/[F1 − F0] (Fig. 6). The data
as linearly fitted, and the Ka value was determined from the slope

nd intercept of the line. Ka for Cu2+ binding in chemosensor 1 was
ound to be 5.0 × 108 M−2. The limit of detection for chemosen-
or 1 as a fluorescent sensor for Cu2+ detection was  determined
rom a plot of fluorescence intensity as a function of Cu2+ con-
entration (Fig. S4 in the supplementary data). It was found that
hemosensor 1 has a limit of detection of 2.73 �M,  which is rea-
onable for the detection of micromolar concentrations of Cu2+ ion,
o gain a clearer understanding of the structure of Cu2+–12 com-
lexes, we used 1H NMR  spectroscopy. Cu2+ is a paramagnetic ion
hich affects the NMR  resonance frequency of protons that are

lose to the Cu2+ binding site. The 1H NMR  spectra of chemosensor
 revealed that an amine proton (NH) signal at 12.4 ppm almost
ompletely disappears upon the addition of Cu2+ (Fig. 7). The pro-
on (Hf) signal at 9.15 ppm became broader after binding with Cu2+,
ndicating that Cu2+ binds to nitrogen at an imine bond. Other peaks
emained unchanged. These observations indicate that Cu2+ binds
o chemosensor 1 through two nitrogen atoms, one of which is an
mine.

To elucidate the structure of the Cu2+–12 complex, we employed
ensity functional theory (DFT) calculations using the Gaussian
9 software package. Because of the 2:1 ligand-to-metal com-
lexes, as determined from the mass spectrum and Job plot
easurements, we applied the B3LYP/LANL2DZ energy optimiza-

ion routine to determine the possible structure of the Cu2+–12
omplex. The lowest energy conformations for 1 and Cu2+–12
omplexes are shown in Fig. 8. Cu2+ ligates two chemosensor

 molecules, and is coordinated by four nitrogen atoms at dis-
ances of 2.00, 2.01, 2.12, and 2.18 Å (Fig. S5 in the supplemen-
ary data).

We  performed pH titration of chemosensor 1 to investigate
 suitable pH range for Cu2+ sensing. As shown in Fig. 9, the
mission intensities of the metal-free chemosensor 1 are very
ow. After mixing chemosensor 1 with Cu2+ in the range of pH
–8.5, the emission intensity at 468 nm rapidly increases to a
aximum. For pH values greater than 9.0, the emission intensity

s significantly less than that for the middle pH values, indi-

ating poor stability of the Cu2+–12 complexes at high pH. For
H < 2, the enhanced emission does not occur, because of pro-
onation of the amine groups, preventing formation of Cu2+–12
omplexes.
right field image; (center) fluorescence image; and (right) overlaid image.

3.3. Living cell imaging

Chemosensor 1 was  used for living cell imaging. To detect Cu2+

in living cells, RAW 264.7 cells were cultured in DMEM supple-
mented with 10% FBS at 37 ◦C under 5% CO2. Cells were plated on
18 mm glass coverslips and allowed to adhere for 24 h. RAW 264.7
cells were treated with 20 �M Cu(BF4)2 for 30 min  and washed with
PBS three times. The cells were then incubated with chemosensor 1
(20 �M)  for 30 min  and washed with PBS to remove any remaining
sensor. The images of RAW 264.7 cells were obtained using a flu-
orescence microscope. Fig. 10 shows images of RAW 264.7 cells
with chemosensor 1 after treatment with Cu2+. An overlay of flu-
orescence and bright-field images shows that the fluorescence
signals are localized in the intracellular area, indicating subcellu-
lar distribution of Cu2+ and good cell-membrane permeability of
chemosensor 1.

4. Conclusion

In conclusion, we  report a pyrene-based fluorescent chemosen-
sor for Cu2+ sensing. We  observed significant fluorescence
enhancement with chemosensor 1 in the presence of Cu2+. How-
ever, adding Ag+, Ca2+, Cd2+, Co2+, Fe2+, Fe3+, Hg2+, K+, Mg2+, Mn2+,
Ni2+, Pb2+, or Zn2+ to the chemosensor solution caused only min-
imal changes in fluorescence emission. The optimal pH range for
Cu2+ detection by chemosensor 1 is pH 2–8.5. Chemosensor 1
may have application in fluorescence imaging of living cells. This
pyrene-based Cu2+ chemosensor provides an effective probe for
Cu2+ sensing.
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Appendix A. Supplementary data
1H and 13C NMR  spectrum of chemosensor 1, ESI mass
spectra of Cu2+–12 and DFT-optimized structure of the
Cu2+–12 complexes calculated with B3LYP/LanL2DZ method
are included in supplementary data. Supplementary data
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