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A novel fluorescent sensor, 7-hydroxy-4-methylcoumarin-8-carbaldehyde-(fluorescein) hydrazone was
designed and synthesized for selective recognition of Zn** in HEPES buffer medium of PH 7.4. This re-
agent could be used as a probe for Zn?>* by monitoring changes in the absorption and the fluorescence
spectral patterns. More importantly, this sensor displays an extreme selectivity, sensitivity and color
change for Zn?* over other earth- and transition metal ions, which was mainly due to the spirolactam
ring-opening power of Zn?*. Upon the addition of Zn®*, an overall emission change of 33-fold was
observed and the detection limit was low as 6.54 ppb. Photoinduced electron transfer process, coupled
with the intramolecular charge transfer process, are proposed to explain the observed spectral response.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc is the second most abundant transition metal in the human
body behind iron [1], total zinc levels of ~2—3 g in adult, the
concentration of Zn?* that is released during neurotransmission is
~300 uM [2]. Zinc plays vital roles in enzyme regulation structure
and function, neural signal transmission, and gene expression [3].
Furthermore, Zn?* is mostly trapped within proteins, as a structural
or catalytic cofactor [4]. It is also associated with pathological
processes, such as Alzheimer’s disease, infantile diarrhoea, and
cerebral ischemia [5—9]. Accordingly, the development of methods,
enabling professionals to spatially and temporally track intracel-
lular Zn®*, is challenging but essential to address these issues and
has become the subject of current chemical research.

In comparison with the laborious and expensive traditional
detection methods, fluorescent sensor molecules offer useful in-
formation about chelatable Zn>* in cellular systems, because we
can study the concentration or distribution of Zn>" in real time [10],
and fluorescence imaging of Zn’>* has become a widely and
frequently used technique. Up to now, significant advances have
been made in the design of fluorescence probes for Zn?* [11-15].
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Most of them, however, have disadvantages such as insufficient
selectivity or sensitivity, or interference problems from other
transition metal ions, especially Cd?*, which is in the same group of
the periodic table and shows similar properties to Zn?* [16—18].
Furthermore, some of them often require laborious multistep
organic synthesis [19]. In this sense, the design and synthesis of
fluorescent select Zn’>* sensors have aroused many scientists’
interests.

To develop a simple, facile and reliable Zn>* sensor with better
sensitivity, selectivity and solubility, we describe herein a simple
Zn** sensor with functionalized fluorescein-coumarin conjugation.
Lippard and collaborators [20—23], Tsien [22], O’'Halloran [24,25],
Kennedy [26,27], and Gee [28,29], and co-workers have recently
introduced a new generation of sensors based on fluorescein
chromophores conjugated to picolylamines, aminocarboxylate, and
cyclen chelating groups. Although fluorescein derivatives are
among the most widely studied and used fluorescent dyes, very few
investigations have been carried out on their coumarin conjugates
[30]. Coumarins (2H[1]benzopyran-2-ones) have many advantages
including high fluorescence quantum yield, large Stokes shift,
excellent light stability, and less toxicity. Therefore coumarins have
been widely used in the fields of biology, medicine, perfumes,
cosmetics, and fluorescent dyes [31—33]. Variations of the nature of
the chelating unit, position of the attachment point of the chelating
unit (3- or 4-position), and nature of the 7-substituent (—OH, —OAc,
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or —NR3) on the coumarin play a crucial role in whether, and to
what extent, a CHEF-type or ratiometric response of the chemo-
sensor is observed [32]. Herein, we introduced a Schiff base fluo-
rescent sensor 7-hydroxy-4-methylcoumarin-8-carbaldehyde-
(fluorescein) hydrazone (1) for Zn?*, as shown in Scheme 1.

2. Experimental
2.1. Materials and instrumentation

All solvents and reagents were obtained from commercial sup-
pliers and used without further purification. 'H NMR spectra were
measured on a Bruker Avance Drx 300-MHz spectrometer with
TMS as an internal standard. ESI-MS were determined on a Bruker
esquire 6000 spectrometer. UV—vis absorption spectra were
recorded on a Perkin Elmer Lambda 35 UV—vis spectrophotometer.
Fluorescence spectra were generated on a Hitachi RF-5301 spec-
trophotometer equipped with quartz cuvettes of 1 cm path length.
Elemental analyses were carried out on an Elemental Vario EL
analyzer. IR spectra were obtained in KBr discs on a Thermo
Mattson FTIR spectrometer in the 4000—400 cm~! region. The
melting points of the compounds were determined on a Beijing
XT4-100x microscopic melting point apparatus.

2.2. Synthesis

8-formyl-7-hydroyl-4-methylcoumarin [34] and fluorescein
[35] were prepared following the literature method.

In a 250 mL three-necked round bottom flask, 8-formyl-7-
hydroyl-4-methylcoumarin (a) (0.245 g, 1.2 mmol) was dissolved
in hot ethanol (35 mL) and heated to reflux in an oil bath. Then, a
solution of fluorescein hydrazide (b) (0.360 g, 1 mmol) in ethanol
(80 mL) was added dropwise to the flask in 1 h, mixture was heated
under reflux for 12 h. Finally the white precipitate produced
was filtered, dried, and obtained with a yield of 83.8% (0.446 g).

The crude product was purified by recrystallization from N,N-
dimethylformamide (DMF) to give 0.255 g of 1 as a white solid
(57.3%, m.p. > 300 °C). 'H NMR (300 MHz, CDCl3), 6 (ppm): 2.35
(s, 3H, CH3), 6.21 (s, 1H), 6.52(m, 1H), 6.66 (s, 2H), 6.84(m, 1H), 7.19
(m, 1H), 7.66(m, 3H), 7.98(m, 1H), 9.63(s, 1H), 9.99(d, 2H, ] = 13 Hz).
13C NMR (300 MHz, CDCl3): 163.61, 160.60, 158.67, 158.17, 153.34,
152.31,150.38, 146.02, 134.54, 129.36, 128.28,123.98, 123.41, 113.22,
112.79, 111.86, 110.80, 109.93, 108.63, 105.22, 102.43, 65.36, 56.00,
18.41. ESI-MS: m/z 533.3 (M + H)". IR (KBr) cm™': vc_o (amide): 1726,
V(schiff-base) c=N:1644. Elemental Analysis (Calcd. for C31HpoN207):
C, 69.85 (69.92); H, 3.76 (3.79); N, 5.25 (5.26).

2.3. Analysis

Stock solutions (1 mM) of 1 and the nitrate salts ( Na*, K*, Ca®*,
Mg?*, Zn?*, Cu®*, Co®*, Ni**, Fe3+, Hg?*, Cr3+, €d?*) were prepared
in ethanol. Test solutions were prepared by placing 20 pL of the
probe stock solution into cuvettes, adding an appropriate aliquot of
each ions stock, and diluting the solution to 2 mL with HEPES buffer
(water/ethanol, 1:9, v/v; 10 mM HEPES; pH = 7.4). Both the exci-
tation and emission slit width were 3.0 nm.

3. Results and discussion

In the present study, we have carefully chosen rhodamine and
coumarin derivative as the fluorophores in synthesizing the re-
ceptor molecule 1. Details about the synthesis of 1 is discussed
above and its characterization data are presented in the supporting
information.

3.1. Spectral studies

The changes of the UV—vis spectra for 1 with the gradual
addition of Zn?* in HEPES buffer (water/ethanol, 1:9, v/v; 10 mM
HEPES; pH = 7.4) were first investigated (Fig. 1). It can be seen from
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Scheme 1. Synthesis of 1 and reference compounds.



J.-m. An et al. / Dyes and Pigments 99 (2013) 1-5 3

Absorbance (405 nm)

000
00 02 04 06 08 10 12 14 16
zam

0.10 4

Absorbance

0.05 1

0.00

T T T r v
350 400 450 500
Wavelength (nm)

T
300

Fig. 1. UV—vis absorption spectra of 1 (10.0 uM) obtained during the titration by
Zn(NOs); (0—15.0 pM) in HEPES buffer at room temperature. Inset is the titration
profile according to the absorbance at 405 nm.

the curve in Fig. 1 that the free 1 shows a maximum absorption
wavelength at 323 nm with a strong absorption intensity. More-
over, free 1 shows almost no characteristic absorption of the fluo-
rescein moiety, demonstrating its existence in the spirolactam
form. However, when Zn?* was introduced in the buffered sensing
system, the absorbance band at about 323 nm was gradually
decreased in intensity, while a new peak appeared at 405 nm and
its absorption intensity was increased with the increase of the Zn?*
concentration. The new peak at 405 nm belongs to the absorption
of the fluorescein moiety. The clearly isosbestic point at 335 nm
indicated the formation of a stable 1-Zn®* complex. This confirms
that the addition of Zn?* ions can promote the formation of the
ring-opened amide form of compound 1 from spirolactam form.
Also, the absorbance based on the band at 405 nm ascends linearly
as a function of Zn?* ion concentration and it was saturation at the
ratio of 1:1 (inset of Fig. 1). Higher [Zn®*]iota does not lead to any
further evident change, suggesting a 1:1 stoichiometry for the zinc
complex.

Fig. 2 shows the fluorescence spectra of 1 exposed to HEPES
buffer (water/ethanol, 1:9, v/v; 10 mM HEPES; pH = 7.4) containing
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Fig. 2. Fluorescence spectra of 1 (10.0 M) in HEPES buffer in the presence of different

concentrations of Zn?* (0—20 uM) (Jex = 404 nm, Aem = 501 nm, excitation and
emission slit 3 nm). Inset: Fluorescence intensity at 501 nm vs concentration of Zn?*.

Scheme 2. Chemical structure of the complex and potential binding sites.

different concentration of Zn?>* (0—2.0 equiv) recorded at an
excitation wavelength of 404 nm and emission wavelength of
420—650 nm. Upon addition of Zn?"*, the fluorescence emission
intensity of the dosimeter at Aex = 404nn, Ae = 501 nm was
increased 33-fold and was saturated at 1.0 equiv of Zn>*. The
remarkable fluorescence enhancement at 501 nm belongs to the
fluorescein moiety. So, it can be presumed that Zn®* leads to spi-
rocycle opening of 1 via coordination as shown in Scheme 2.

The detection limit of compound 1 as fluorescence sensor for
analysis of Zn®* ions was found to be 6.54 ppb (Fig. S1), which
indicate that 1 was highly sensitive to Zn?*. Fluorescence quantum
yield measurements were carried out for the sensor to understand
its fluorescence behavior observed. The fluorescence quantum yield
(¢) of compound 1 in the free and Zn?>*-bound state was found to
be 0.03 and 0.28, respectively.

3.2. Application value studies

Selectivity is a very important parameter to evaluate the per-
formance of a new fluorescent probe. A highly selective response to
the target over other potentially competing species is a necessity.
Therefore, the selectivity experiments for probe 1 were extended to
various metal ions, such as Na*, K*, Ca®t, Mg+, Cu?*, Co®*, Ni**,
Fe3*, Hg?*t, Cr3*, Cd?*. As shown in Fig. 3, a clear fluorescence
enhancement (33-fold) is observed with addition of Zn®*, but little
fluorescence intensity changes were observed with the above
mentioned ions, indicating it has solved well the problem of serious
interference from Cd?* met by previous reported typical Zn>*
fluorescent probes [36]. Furthermore, the competition experiments
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Fig. 3. Fluorescence emission spectra of 1 (10.0 uM) in the presence of different ions,
such as Na*, K*, Ca®*, Mg?*, Cu?*, Co?*, Ni%*, Fe3*, Hg?*, Cr**, Cd®** (100.0 uM) and
Zn** (10.0 uM). The excitation was at 404 nm, and the emission was at 501 nm,
excitation and emission slit 3 nm.
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of Zn?* mixed with the above-mentioned metal ions show that no
significant variation is observed in fluorescence intensity (Fig. 4a
and Fig. 4b). These facts were indicative of a high selectivity of 1
toward Zn* over other competitive metal ions. According to the
similar binding sites of the reported fluorescent chemosensor
[37,38], the high selectivity and competitive for Zn?* of the probe
ascribed to the chemical structure of 1 containing oxygen, nitrogen
atoms in a special arrangements (Scheme 2).

Reversibility is a prerequisite in developing novel chemosensors
for practical application. To test if the proposed complex could be
reversed, we carried out a reversibility experiment [37]. The addi-
tion of Na,EDTA to the solution of 1-Zn?* complexes resulted in
gradually quenching of the fluorescence intensity at 501 nm
(Fig. S2). The quenching of fluorescence is due to the strong affinity
of Na,EDTA for the Zn2", which resulted in decomplexation of the
receptor-Zn®>* complex [39]. These results demonstrate that the
Zn** binding of 1 is chemically reversible, which benefits for the
dynamic monitoring of the concentration change of Zn?* in various
samples.
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Fig. 4. (a) Selectivity of 1 for Zn?>* in the presence of other metal ions in HEPES buffer,
the response is normalized with respect to the background fluorescence of the free
ligand (Fo). Black bars respect to the addition of an excess of the appropriate metal ion
(100.0 uM for Ca®*, Mg?*, Na*, K*, Fe3*, Co®*, Ni?*, Cu®*, Cd**, Cr**, and Hg?*) to a
10.0 uM solution of 1; red bars represent the subsequent addition of 10.0 uM Zn?* to
the solution. (b) The fluorescence responses of 1 containing Zn** to different metal
ions in HEPES buffer. Red bars, [1] = 10.0 uM, [Zn?*] = 10.0 uM; black bars,
[1] = 10.0 pM, [Zn?*] = 10.0 pM, [M™] = 100.0 uM. Jex = 404 nm, Aem = 501 nm,
excitation and emission slit 3 nm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. Color changes of 1 (10.0 pM) upon addition of Zn?* (10.0 uM) and other metal
ions (100.0 uM) in HEPES buffer. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3.3. Binding properties and Job’s plot

In order to understand the metal-binding properties of 1, the
association constant (K,) of 1 for Zn?>T was calculated to be
1213 x 10* mol~! from the Scatchard equation [40], which
unambiguously demonstrates the strong binding ability of 1 with
Zn** (Fig. S3). The binding ratio is determined to be 0.972, which
suggests that 1 should form 1:1 complex in solution with Zn?*.
Moreover, 1 can detect Zn®* in visual, and the visible color change
can be easily observed by the addition of Zn?*. The sensing ability
of fluorescence sensor 1 was tested by mixing it with the metal
jons, and only Zn?* caused a visible color change from colorless to
light yellow and a green emission (Fig. 5).

To determine the stoichiometry of the 1-Zn?* complex further,
Job’s method was applied. The fluorescence emission was
measured for each sample by exciting at 404 nm, and then the
fluorescence intensity of 1 in the absence (Ip) and presence (I) of
Zn** were determined respectively. A plot of Al (Al = I — Iy) versus
Xm shows that the value goes through a maximum at molar fraction
of about 0.5 (Fig. S4), indicating a 1:1 stoichiometry complex for-
mation exactly. This 1:1 stoichiometry was further confirmed from
results of the ESI-MS data with a peak of [1 + Zn]" at m/z 598.3
(Fig. S5).

34. BC NMR and IR spectra

The coordination site of 1 for chelation with Zn?* was confirmed
by *C NMR and IR spectra (Fig. S6 and Fig. S7). Disappearance of >C
NMR signal at 65.65 ppm for tertiary carbon of the spirolactam ring
of 1 upon addition of Zn?* confirmed the opening of the spi-
rolactam ring and coordination through O~ ¢o of the fluorescein
moiety (Fig. S6) [41]. The infrared spectrum of 1 revealed that the
peak at 1726 cm~ ), the characteristic frequency for the C=Opamide
bond of the fluorescein unit, shifted to 1671 cm~! on coordination
to the Zn?" ions, in presence of 1.0 equiv of the metal ion (Fig. S7).
Such shift in the stretching frequency of C=0pmige bond of the
rhodamine unit on binding to a metal ion is reported earlier [41].
This appreciable shift support the coordination of the O.cg of the
fluorescein unit to Zn>*.

According to '3C NMR and IR spectra, the possible binding mode
for 1 to Zn®* is suggested in Scheme 2.

4. Conclusion

In conclusion, a novel fluorescence sensor was prepared by
combining two well-know fluorophores, coumarin and fluorescein.
The fluorescent sensor (1) for Zn>* has a high sensitivity, selectivity
and good water-solubility. 1 shows a 33-fold fluorescence
enhancement in the presence of Zn?*, and is not significantly
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affected by the presence of common physiologically and environ-
mentally important earth- and transition metal ions. From this, we
believe that the fluorescence sensor (1) has potential application in
environmental, biological and medical areas.
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