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Abstract A new pyrene-based chemosensor (1) exhibits
excellent selectivity for Fe** ions over a wide range of tested
metal ions Ag’, Ca*', Cd*', Co*", Cu*', Fe*", Hg2+, K,
Mg®*, Mn?*, Ni**, Pb**, and Zn>". The binding of Fe** to
chemosensor 1 produces an emission band at 507 nm due to
the formation of a Py-Py* excimer that is induced by Fe**-
binding. The binding ratio of 1-Fe** was determined to be
1:1 from a Job plot. The association constant of 1-Fe**
complexes was found to be 1.27x10* M ™! from a Benesi-
Hildebrand plot. In addition, fluorescence microscopy ex-
periments show that 1 can be used as a fluorescent probe for
detecting Fe*" in living cells.
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Introduction

Iron is the most abundant essential transition metal ion in the
human body. Many proteins use iron as a cofactor in a wide
range of biochemical processes, such as electron transport,
oxygen transport, and oxidoreductase catalysis [1]. Iron
distribution in the human body is a highly controlled pro-
cess. A deficiency in iron reduces oxygen delivery to cells,
resulting in exhaustion, poor work performance, and de-
creased immunity [2]. Conversely, iron overload in a living
cell can lead to generation of reactive oxygen species (ROS)
via the Fenton reaction, which can cause damage to lipids,
nucleic acids, and proteins. The cellular toxicity of iron ions
has been connected with serious diseases, including
Alzheimer’s, Huntington’s, and Parkinson’s disease [3-5].
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Several methods for the detection of iron ions in various
samples have been developed including atomic absorption
spectrometry [6], inductively coupled plasma mass spectros-
copy (ICPMS) [7], inductively coupled plasma-atomic
emission spectrometry (ICP-AES) [8], and voltammetry
[9]. These methods either require the destruction of the
sample or are not suitable for on-site assays. Recently, more
attention has been focused on the development of selective
and sensitive fluorescent sensors for iron detection [10-20].

Because of the paramagnetic nature of Fe**, most report-
ed fluorescent Fe®* chemosensors are based on a fluores-
cence quenching mechanism [21-25]. The design of “off-
on” fluorescent Fe** chemosensors remains a challenging
task. In this study, a pyrene-based fluorescent chemosensor
was designed for metal ion detection. Chemosensor 1 was
synthesized through the reaction of 1-pyrenecarboxaldehyde
hydrazone and 1,4-bis(2-formylphenoxy)butane to form two
imine bonds between 1,4-bis-phenoxybutane and pyrene
(Scheme 1). Chemosensor 1 exhibits weak fluorescence
due to fluorescence quenching by photoinduced electron
transfer from the electrons on the nitrogen atom to pyrene.
Binding metal ions to the chemosensor induces the forma-
tion of a Py-Py* excimer. The metal ions Ag", Ca**, Cd*",
C02+, Cu2+, F62+, F63+, Hg2+, K+, Mg2+, Mn2+, Ni2+, Pb2+,
and Zn”>" were tested for metal ion binding selectivity with
chemosensor 1, but Fe>* was the only ion that caused a
visible color change (from colorless to yellow) and a green
emission upon binding with chemosensor 1.

Experiment Section
Materials and Instrumentations

All reagents were obtained from commercial sources and used
as received without further purification. UV/Vis spectra were
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Scheme 1 Synthesis of

chemosensor 1 o
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recoreded on an Agilent 8453 UV/Vis spectrometer. IR data
were obtained on Bomem DAS.3 Fourier-Transform Infrared
Spectrometer. NMR spectra were obtained on a Bruker DRX-
300 NMR spectrometer. Fluorescence imagings were obtained
on a ZEISS Axio Scope A1l Fluorescence Microscope.

Synthesis of Chemosensor 1

To a solution containing 1-pyrenecarboxaldehyde hydrazone
[26] (0.122 g, 0.5 mmol) in methanol (50 mL), 1,4-bis
(2-formylphenoxy)butane [27] (0.0775 g, 0.26 mmol) was
added and the mixture was then heated at 80 °C for 4 h.
The resulting yellow precipitate was filtered and washed
with methanol (30 mLx3). The product was recrystallized
by CH,Cly/hexane (1:10, v/v) to give a compound 1 as
a yellow solid. Yields: 114.5 mg (61 %); m.p. 229-
230 °C.'"H-NMR (600 MHz, CDCl;): 5 9.57 (s, 2H), 9.24
(s,2H), 8.72 (d, J=9.4 Hz, 2H), 8.59 (d, J=8.2 Hz, 2H), 7.91-
8.16 (m, 16H), 7.36 (t, J=7.6 Hz, 2H), 6.97 (m, 4H), 4.17
(s, 4H), 2.12 (s, 4H)."*C-NMR (150 MHz, CDCl5): 5 160.2,
158.7, 157.92, 133.3, 132.6, 131.3, 130.7, 130.4, 128.7,
128.7, 127.6, 127.4, 127.0, 126.3, 126.1, 125.9, 125.8,
1249, 1247, 123.2, 122.8, 121.0, 112.3, 68.3, 26.3. IR
(em™'): 3042.3, 2938.1, 2873.5, 1613.2, 1458, 1249.7.
MS(ESI): 751.6. HRMS(ESI): calcd. for Cs,H39N4O5:
751.3073; found 751.3073.

Metal ion Binding Study by UV—vis and Fluorescence
Spectroscopy

Chemosensor 1 (2 uM) was added with different metal ions
(20 uM). All spectra were measured in 1.0 mL acetonitrile-
acetone solution (v/v=99:1). The light path length of
cuvette was 1.0 cm.

Determination of the Binding Stochiometry and the Association
Constants K, of Cu(Il) Binding in Chemosensor 1

The binding stochiometry of 1-Fe®* complexes was deter-
mined by Job plot experiments. The fluorescence intensity
at 507 nm was plotted against molar fraction of 1 under a
constant total concentration (10 uM). The concentration of
the complex approached a maximum intensity when the
molar fraction was 0.5 [28]. These results indicate that
chemosensor 1 forms a 1:1 complex with Fe**. The apparent
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association constants (K,) of 1-Fe** complexes was deter-
mined by the Benesi-Hildebrand Eq. 1 [29, 30]:

1/(F~Fo) = 1/{Ka * (Frnax—Fo) * [FSH]} +1/(Fina=Fo), (1)

where F is the fluorescence intensity at 507 nm at any given
Fe** concentration, F, is the fluorescence intensity at
507 nm in the absence of Fe*', and F is the maxima
fluorescence intensity at 507 nm in the presence of Fe*" in
solution. The association constant K, was evaluated graph-
ically by plotting 1/(F—F,) against 1/[Fe*"]. Typical plots
(1/(F-Fy) vs. 1/[Fe’"]) are shown in Fig. 4. Data were
linearly fitted according to Eq. (1) and the K, value was
obtained from the slope and intercept of the line.

Cell Culture

The cell line HeLa was provided by the Food Industry Research
and Development Institute (Taiwan). The HeLa cells were grown
in DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10 % FBS (fetal bovine serum) at 37 °C and 5 % CO,. Cells
were plated on 14 mm glass coverslips and allowed to adhere for
24 h.

Fluorescence Imaging

Experiments to assess the Fe’" uptake were performed in
phosphate-buffered saline (PBS) with 20 M FeCl;. The cells
cultured in DMEM were treated with 10 mM solutions of FeCl;
(2 uL; final concentration: 20 uM) dissolved in sterilized PBS
(pH=7.4) and incubated at 37 °C for 30 min. The treated cells
were washed with PBS (3 x2 mL) 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 pL;
final concentration: 20 uM) 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 (3 x
2 mL) before observation. Fluorescence imaging was
performed with a ZEISS Axio Scope Al fluorescence micro-
scope. Cells loaded with chemosensor 1 were excited at
480 nm by using a 50 W Hg lamp.

Quantum Chemical Calculation

Quantum chemical calculations based on density functional
theory (DFT) were carried out using a Gaussian 09 program.



J Fluoresc (2013) 23:1139-1145

1141

2

1 Ag" Ca®* Cd* Co® Cu* Fe* Fe® Hg* K' Mg® Mn** N Pb* zn®

Fe™ Hg® K Mg® Mn® N Pb® Zn*

1 Ag® Ca®* Cd* Co* Cu* Fe*

Fig. 1 Color (top) and fluorescence (bottom) changes of chemosensor
1 (2 uM) upon addition of various metal ions (20 M) in acetonitrile-
acetone (v/v=99:1) solutions

Optimized geometry of 1-Fe** complex was performed
using the B3LYP functional and the LANL2DZ basis set.

Results and Discussion
Synthesis of Chemosensor 1
Chemosensor 1 was synthesized through the reaction of

1-pyrenecarboxaldehyde hydrazone and 1,4-bis(2-formyl-
phenoxy)butane to form two imine bonds between 1,4-bis-
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Fig. 2 Absorption changes (fop) and fluorescence response (bottom) of
chemosensor 1 (4 uM) to various equivalents of Fe** in CH;CN/acetone
(v/v=99:1) solutions. The excitation wavelength was 382 nm

200

150

100

(I-)"X

504

04 [ ]

T

0.0

T
0.2

T
0.4

T
0.6

T
0.8

T

1.0

X = {11/ (1] + [Fe*])}

Fig. 3 Job plot of the Fe’*-1 complexes in an acetonitrile-acetone
(v/v=99:1) solution. The monitored emission wavelength was
507 nm. The total concentration of [1] and [Fe*] was 10 uM

phenoxybutane and pyrene (Scheme 1). Chemosensor 1 is
pale yellow and has an absorption band centered at 382 nm,
which is a 47-nm red shift from the typical absorption band of
pyrene, 335 nm [31]. Compared to the structure of pyrene,
chemosensor 1 has longer conjugated double bonds. These are
the reasons behind chemosensor 1 having a longer UV—vis
absorption wavelength than pyrene. In addition, chemosensor
1 exhibits weak fluorescence ($=0.001) compared to pyrene
(©=0.6~0.9) [32]. This is due to fluorescence quenching by
photoinduced electron transfer from the electrons on the ni-
trogen atom to pyrene.

Cation-Sensing Properties

The sensing ability of chemosensor 1 was tested by mixing
it with the metal ions Ag+, Ca?t, Cd*', Co*, Cu*, Fe*',
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Fig. 4 Benesi-Hildebrand plot of the Fe**-1 complexes in acetonitrile-
acetone (v/v=99:1) solutions
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Fig. 5 Fluorescence response of 500
chemosensor 1 (2 uM) to Fe**

(10 uM) or 10 uM of other metal

ions (the black bar portion) and

to the mixture of other metal
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Fig. 6 "HNMR (300 MHz) spectra of 1 (2 mM) in the presence of (a) 0 equiv, (b) 0.2 equiv, (¢) 0.4 equiv of Fe*" in CD;CN/THF-dg (v/v=1:9)
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Fig. 7 IR spectra of 1 and 1-Fe*" complex

Fe**, Hg*', K', Mg®", Mn**, Ni**, Pb*", and Zn*". Fe’" was
the only ion that caused a visible color change (from colorless
to yellow) and a green emission from chemosensor 1 (Fig. 1).
Figure 2 shows the Fe" titration with chemosensor 1 moni-
tored by UV—vis and fluorescence spectrometry. After adding
Fe**, the maximum absorbance at 382 nm gradually shifted to
363 nm, which is close to the absorption band of pyrene,
335 nm. For fluorescence spectrometry, a new emission band
centered at 507 nm formed during the Fe** titration with
chemosensor 1. After adding 4 equivalents of Fe*", the emis-
sion intensity reached a maximum. The quantum yield of the
emission band was 0.041, which is 41-fold higher than that of
chemosensor 1 at 0.001. The emission band is due to the
formation of a pyrene excimer. These observations indicate
that Fe’" is the only metal ion that readily binds with
chemosensor 1, causing significant fluorescence enhancement
and permitting highly selective detection of Fe**.

In order to understand the binding stoichiometry of
1-Fe** complexes, Job plot experiments were carried
out. In Fig. 3, the emission intensity at 507 nm is
plotted against the molar fraction of chemosensor 1

Fig. 8 Optimized geometries of

under a constant total concentration. Maximum emission
intensity was reached when the molar fraction was 0.5.
These results indicate a 1:1 ratio for 1-Fe*" complexes,
in which one Fe*" ion was bound to one chemosensor
1. The formation of a 1:1 1-Fe’" complex was con-
firmed by ESI-MS, in which the peak at m/z=806.6
indicates a 1:1 stoichiometry for the 1-Fe®* complex.
The association constant K, was evaluated graphically
by plotting 1/AF against 1/[Fe*"] (Fig. 4). The data was
linearly fitted according to the Benesi—Hildebrand equa-
tion and the K, value was obtained from the slope and
intercept of the line. The apparent association constant
(K,) of Fe** binding in chemosensor 1 was found to be
1.27x10* M.

To study the influence of other metal ions on Fe** bind-
ing with chemosensor 1, competitive experiments with other
metal ions (10 uM) in the presence of Fe** (10 pM) were
performed (Fig. 5). Fluorescence enhancement caused by
the mixture of Fe®" with most metal ions was similar to that
caused by Fe’" alone. Smaller fluorescence enhancement
was observed only when Fe*" was mixed with Co*", Cu®",
or Ni*", indicating that Co*", Cu®", and Ni** compete with
Fe** for binding with chemosensor 1. None of the other
metal ions were found to interfere with the binding of
chemosensor 1 with Fe*".

To gain a clearer understanding of the structure of 1-Fe*"
complexes, '"H NMR and Infrared (IR) spectroscopy were
employed. Fe’" is a paramagnetic ion and can affect the
proton signals that are close to the Fe** binding site. In the
"H NMR spectra of chemosensor 1, the proton (CH=N)
signals at 9.57 ppm and 9.24 ppm almost disappeared upon
the addition of Fe*” (Fig. 6). These observations indicate the
binding of Fe*" with an imine group. The IR spectra were
primarily characterized by bands in the double-bond region.
Two bands, 1613 cm ! and 1601 cmfl, were associated with
double bond (C=C and C=N) absorption in chemosensor 1
(Fig. 7). Binding of Fe*" with chemosensor 1 resulted in
only one band at 1599 cm ™" in the double-bond absorption
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Fig. 9 Fe''-treated HeLa cell
images. (left) Bright field image;
(middle) fluorescence image;
and (right) merged image

Bright field

region. This was due to Fe’*-binding with 1 through the
nitrogen at the imine bonds.

To elucidate the structure of the 1-Fe** complex, we
employed density functional theory (DFT) calculations
using the Gaussian 09 software package. Because of the
1:1 ligand-to-metal ratio of the complexes, as determined
from the mass spectrum and Job plot measurements, we
applied the B3LYP/LANL2DZ energy optimization routine
to determine the possible structure of the 1-Fe*" complexes.
The lowest energy conformation for 1-Fe** complexes is
shown in Fig. 8. Fe*" binding with chemosensor 1 induced
the formation of a Py-Py* excimer. Fe*" is mainly coordi-
nated to two nitrogen atoms at distances of 2.17 A and
2.17 A.

Living Cell Imaging

Chemosensor 1 was also applied to living cell imaging. For
the detection of Fe*" in living cells, HeLa cells were cul-
tured in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10 % phosphate-buffered saline (FBS)
at 37 °C and 5 % CO,. Cells were plated on 14 mm glass
coverslips and allowed to adhere for 24 h. HeLa cells were
treated with 10 um FeCl; for 30 min and washed with PBS
three times. Cells were then incubated with chemosensor 1
(10 uM) for 30 min and washed with PBS to remove the
remaining sensor. The images of the HeLa cells were
obtained using a fluorescence microscope. Figure 9 shows
the images of HeLa cells with chemosensor 1 after the
treatment of Fe**. The overlay of fluorescence and bright-
field images reveal that the fluorescence signals are local-
ized in the intracellular area, indicating a subcellular distri-
bution of Fe’" and good cell-membrane permeability of
chemosensor 1.

Conclusion

This study developed a pyrene-based fluorescent chemosensor
for Fe’" sensing. The experiment synthesized chemosensor 1
from the reaction of 1-pyrenecarboxaldehyde hydrazone and
1,4-bis(2-formylphenoxy)butane to form two imine bonds be-
tween 1,4-bis-phenoxy butane and pyrene. We observed signif-
icant fluorescence enhancement with chemosensor 1 in the
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presence of Fe*". However, adding Ag*, Ca**, Cd*", Co*",
Fe*', Hg', Mg*, Mn®", Ni**, Pb*", or Zn*' to the
chemosensor solution caused only minimal change in fluores-
cence emission. This pyrene-based Fe®" chemosensor provides
an effective means of sensing Fe®".
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