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a b s t r a c t

A turn-on fluorescence probe for zinc ion has been synthesized, which contains a symmetric pseudo
salen moiety as zinc recognition site. The multidentate salen ligand chelates with zinc ions, and
generates the rigidity of the zinc complex, which subsequently results in a dramatic fluorescence
enhancement of the probe. Mass spectral and spectroscopic results reveal that the reaction proceeds
rapidly in a 1 to 1 stoichiometric manner to form a clean zinc complex. We have demonstrated that the
fluorescence probe not only has high selectivity for zinc ion over other biological relevant ions but also
shows high sensitivity for zinc ion with a detection limit of 83 nM. A fluorescence test paper has been
developed by incorporating the probe on a polyamide fiber paper. The fluorescence color of the test
paper became bright green–yellow under UV lamp when water sample containing zinc ions was
dropped on it, suggesting its potential application in the measurement of zinc ions.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

As an essential trace element in biological systems, zinc ion
(Zn2þ) plays an important role in physiological processes, for
example, it is a structural or catalytic cofactor for some enzyme
and receptor regulation function [1,2]. It is also closely associated
with biosynthesis of DNA, RNA and common proteins. Failure of
maintain zinc ions homeostasis in body can cause several neuro-
logical diseases such as Alzheimer’s disease, Parkinson's disease,
diabetes, depression and dysplasia [3–5]. Real-time monitoring the
uptake, accumulation, trafficking and efflux of zinc ions is of great
importance for diagnosis and prophylaxis of such diseases. There-
fore, the development of new molecular probes for sensitive and
selective detection of zinc ion has been a concern of chemists.

The current methods for zinc ion detection include surface
enhanced raman scattering (SERS) [6], electrochemistry [7,8],
absorption and fluorescence spectrometry [9]. The method based

on SERS uses dithiocarbamate as a substrate and supports the
detection of zinc ions at trace level [10]. In recent years, some zinc
fluorescent probes have been reported for the detection of zinc
ions. These probes generally comprise a chelating moiety and a
fluorophore group, which are responsible for the recognition of
zinc ions and the generation of fluorescence signal variation,
respectively [11–15]. The optical properties of these organic probes
are dependent on the substituted groups surrounding the fluor-
ophore moiety. In these probes, the pyrazoline, 2,20-dipicolylamine
(DPA) [16–17], porphyrin [18], bipyridine, quinoline [19–22] and
pyridine groups are often used as zinc ion chelators. Some of these
probes show cross sensitivity toward other heavy metal ions such
as Hg2þ and Cd2þ , which degrades the selectivity. So, it remains a
challenge to develop sensitive and selective fluorescent probes for
Zn2þ , which has a specific zinc ion chelating ability. Herein, we
report a new sensitive and selective fluorescent probe for Zn2þ

detection, which was synthesized by reacting dansyl chloride with
a pseudo salen moiety containing amino groups. Dansyl chloride
[23–25] is often used as a derivatizing agent and is intrinsically
weakly fluorescent. Upon rapid reaction with the amino groups, a
sulfamide derivative formed and its fluorescence property is
dependent on the molecular structure. The salicylaldehyde-
derived pseudo salen receptor can efficiently bond with zinc ions
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and the dansyl fluorophore provides fluorescence signal. The
probe has been demonstrated to selectively and sensitively
respond to Zn2þ in a wide concentration range.

2. Experimental

2.1. Materials and chemicals

All reagents were purchased from commercial suppliers and
used without further purification. Solvents were purified by stan-
dard methods prior to use. All the solutions were prepared with
water purified by a Millipore water purification system (18.2
MΩ cm). CaCl2, CuCl2 �2H2O, BaCl2, FeCl3 �6H2O, MgCl2 �6H2O,
NiCl2 �6H2O, MnSO4 �1H2O, CdCl2 �2.5H2O, CoCl2 �6H2O, ZnCl2, Pb
(NO3)2 andHg(NO3)2 were used to prepare metal ion stock solutions.
CDCl3 were used to record 1H NMR spectra.

2.2. Apparatus

The UV–vis absorption spectra were recorded with a Shimadzu
UV-2550 spectrometer at room temperature. Fluorescence mea-
surements were performed on a Perkin-Elmer LS-55 luminescence
spectrometer (Llantrisant, UK) equipped with a quartz cell
(1 cm�1 cm). The slit widths for excitation and emission were
both 10 nm. 1H NMR spectra were recorded on a Brucker Advance
400 NMR spectrometer. Mass spectra were obtained on a Thermo
Prpteome X-LTQ MS mass spectrometer in ES positive and negative
mode. Photographs were taken by a Canon 350D digital camera.
Thin layer chromatography analysis was performed on silica gel
plates and column chromatography was conducted over silica gel
(mesh 200–300).

2.3. Synthesis of compounds 2,20-(1E,10E)-(2,2-azanediylbis(ethane-
2,1-diyl)bis(azan -1-yl-1-ylidene))bis(methan-1-yl-1-ylidene)
dipnenol, TAS

Diethylenetriamine (2 mmol, 200 mg) was dissolved in CH3OH
(6 ml) at room temperature, salicylaldehyde (2.5 mmol, 310 mg)
was then added to form a clear solution. The solution was further
stirred for 2 h at room temperature. The solvent was then removed
under reduced pressure to obtain the crude product, which was
further purified by column chromatography on silica (CH2Cl2:
CH3OH¼9:1) to yield pure yellow oil product TAS (430 mg,
70.5% yield).

2.4. Synthesis of compounds [5-(dimethylamino)-N,N-bis(2-((E)-2-
hydroxybenzy lideneamino)ethyl)naphthalene-1-sulfonamide],
DS-TAS

A portion (200 mg, 0.6 mmol) of compound TAS was mixed
with dansyl chloride (205 mg, 0.7 mmol) in 6 mL of CH2Cl2 and
several drops of pyridine were added, followed by stirring for 2 h
at room temperature. The reaction mixture was then filtered and
the filtrate was dried by rotary evaporator under reduced pressure.
The resulting residue was subjected to column chromatography on
silica (CH2Cl2:CH3OH¼30:1) and finally a yellow–green solid,
DS-TAS (261.1 mg, 80.2% yield). ESI-MS: 543.14 (M�). 1H NMR
(400 MHz, CDCl3) δ 12.82 (s, 2H), 8.47 (d, J¼8.5 Hz, 1H), 8.2–8.12
(m, 2H), 7.96 (s, 2H), 7.47–7.42 (m, 1H), 7.37 (ddd, J¼7.8, 6.8,
3.8 Hz, 1H), 7.22 (ddd, J¼8.4, 7.3, 1.7 Hz, 2H), 7.05 (d, J¼7.1 Hz, 1H),
7.01 (dd, J¼7.6, 1.6 Hz, 2H), 6.84 (d, J¼8.3 Hz, 2H), 6.77 (td, J¼7.5,
1.1 Hz, 2H), 3.64–3.54 (m, 7H), 2.80 (d, J¼4.8 Hz, 5H).

2.5. Fluorescence experiments

A stock solution of DS-TAS (1 mM) in ethanol was prepared.
The working solution of DS-TAS (500 nM) was prepared by
diluting 1 μL of the DS-TAS stock solution in 2 mL ethanol. The
metal ion solutions were added into the mixture followed by
recording the fluorescence spectra. Equimolar solutions of DS-TAS
and Zn2þ were prepared first for the Job's plot experiment. The
two solutions were then mixed in standard volume and proportion
in order to keep the total concentration of probe and Zn2þ

constant of 500 nM. All fluorescence spectra were recorded in
the range from 420 nm to 750 nm using a 360 nm excitation
wavelength and a 500 nm/min scan rate.

2.6. Preparation of fluorescence test paper

2 μL of DS-TAS (5 μM) was dripped on a piece of polyamide
fiber paper to form a spot about 5 mm in diameter, followed by
drying under air. The spot was nearly colorless under a 365 nm UV
lamp. In order to detect Zn2þ , 2 μL of Zn2þ with different
concentrations from 0.5 μM to 5 μM was dropped on the center
of the spot. Then after the spot was air-dried under room
temperature, the indicating paper was put under a UV lamp with
excitation wavelength of 365 nm to observe the change of
fluorescence color.

3. Results and discussion

3.1. Characterization of DS-TAS

The fluorescence probe, DS-TAS, was obtained in high yield
through a simple two-step reaction modified from a literature
[26], as shown in Scheme S1. The probe contains two functional
segments, the pseudo salen moiety as the analyte-sensitive recep-
tor and dansyl moiety as fluorophore reporter, whose fluorescence
quantum yield is dependent on the conformation of salen moiety.
The chemical structure is confirmed by ESI-MS (Fig. S1) and 1H
NMR (Fig. S2). The ESI-MS spectrum shows a peak at m/z 543.14 in
negative mode which matches perfectly with the calculated
molecular weight of [DS-TAS].

3.2. Spectroscopic properties of DS-TAS

The UV–vis spectrum of the probe in ethanol shows two
absorption bands at 254 and 320 nm. The spectrum changes
gradually upon the addition of zinc ion as shown in Fig. 1. The
two absorption bands decrease and finally disappear as the
amount of Zn2þ added increases, accompanied by the appearance
of three new absorption peaks at 225, 270 and 360 nm. The new
absorption peaks gradually increase and finally reach their pla-
teaus when one molar equivalent of Zn2þ was added. The red shift
of the absorption bands can be attributed to the zinc coordination
and the formation of a planar complex. It can be seen that four
isosbestic points at 250, 262, 291 and 335 nm produced, which
correspond to the clear formation of zinc complex. The well-
defined isosbestic points clearly indicate the formation of a new
complex in equilibrium with the free DS-TAS ligand. The appear-
ance of the absorption band at 360 nm indicates the formation of
DS-TAS–Zn complex and isomerisation of the C¼N bond. DS-TAS
contains both hydroxyl and C¼N groups that are well-known to
be involved in metal ions coordination. Upon addition of Zn2þ , the
acidities of phenolic hydroxyl is enhanced and therefore an
excited-state intra/inter molecular proton transfer (ESPT) channel
might be opened. A new absorption band at 360 nm arising from
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chelation with Zn2þ illustrates the formation of organic-metal
complex.

The fluorescence responses of DS-TAS to zinc ions were also
studied at concentrations much lower than that used in UV
absorption study. Fig. 2 shows the excitation and emission spectra
of DS-TAS in the absence and presence of zinc ions. Clearly, the
fluorescence quantum yield of DS-TAS increases greatly upon the
addition of zinc ion. The emission band of DS-TAS at 523 nm is
initially very weak and increases more than 10 times after the
addition of one molar equivalent zinc ion, which implies the
formation of zinc complex, DS-TAS–Zn.

Clearly, chelation of zinc ion to the probe results in the
enhancement of fluorescence quantum yield of the fluorophore.
This property was thus utilized for visual detection of zinc ions,
which was demonstrated in the Fig. 2 inset. The solution of DS-TAS
probe initially exhibited weak fluorescence under a UV lamp.
However, a bright yellowish green fluorescence was turned on
by the addition of zinc ion. This clearly shows that the weakly
fluorescent probe DS-TAS can be turned-on when exposed to
zinc ion.

Both the probe DS-TAS and its zinc complex exhibit good
photostability, as illustrated in Fig. 3. It can be seen that the
fluorescence intensity of the probe in the absence of zinc ion
maintains constant under continuous irradiation at 360 nm for
10 min. When one molar equivalent zinc ion is added, the
fluorecence intensity rapidly bursts and reaches a plateaue in
seconds. Furthermore the fluorescence intensity keeps constant
under illumination for ten more minutes. The results suggest the
high photostability of the weakly fluorescent probe and the highly
fluorescent complex of DS-TAS–Zn. The fluorescence enhancement
of DS-TAS by zinc ion can be attributed to ESPT and chelation-
enhanced fluorescence (CHEF) [27,28]. The symmetric pseudo
salen moiety is often known as excellent multidentate ligand for
transition metal ions. Chelating with zinc ion helps the skeleton of
fluorophore to be rigid and induces the CHEF. As shown in Fig. S3,
the presence of Cu2þ , Co2þ and Ni2þ induce little absorption
variation but has no effect on fluorescence intensities.

3.3. Fluorescence titration and stoichiometric reaction

The dose-response of the fluorescence of the probe to Zn2þ

(0 to 1 equiv.) was carefully examined, as shown in Fig. 4. A linear
relationship was observed, which enables the quantitative deter-
mination of Zn2þ . The limit of detection (LOD) was found to be
83 nM based on the definition of three times deviation of blank
signal by using the curve fitting of Fig. 4B. Continuous titration of
Zn2þ with more than 1 equiv. leads to no further enhancement of
the fluorescence intensity. In order to detect Zn2þ at higher
concentrations, the performance of the probe at higher concentra-
tion was carefully studied (Fig. S4). The fluorescence intensity was
also increased gradually and in proportional to the concentrations
of Zn2þ in the range from 0.5 μM to 6 μM. A similar linear
relationship (R¼0.9939) can be obtained with a limit of detection
of 0.64 μM (Fig. S4B). This detection limit obtained at higher probe
concentration is higher than that at lower concentration. This is
due to that higher probe concentration brings high fluorescence
background.

The stoichiometric reaction of the probe DS-TAS with zinc ion
was determined by the Job's plot and ESI-MS spectrum (Fig. 5 and
Fig. S5). The Job's plot shows that the maximum fluorescence
intensity reaches when the molar fraction of DS-TAS is around 0.5,
which clearly suggests a 1 to1 stoichiometric ligand–metal binding
(inset in Fig. 5). The ESI-MS spectrum of the complex displays a
peak at m/z 607.13 as [DS-TAS–Zn–H]þ , in consistent with the

Fig. 1. UV–vis absorption spectra responses of a 20 μM solution of DS-TAS in
ethanol upon addition of different amounts of Zn2þ (0–20 μM). The absorption
band at 320 nm decreased gradually and a new absorption band appeared at
360 nm as the amount of Zn2þ increased. The arrows indicate the signal variation
trends upon Zn2þ adding.

Fig. 2. Excitation spectra and emission spectra of DS-TAS (500 nM) in ethanol. The
dot line and solid line are the excitation and emission spectra of DS-TAS and
DS-TAS–Zn, respectively. The inset shows the fluorescence images of 500 nM
DS-TAS (a) and DS-TAS-Zn (b) under a 365 nm UV lamp.

Fig. 3. Photostability of DS-TAS (500 nM) in the absence and in the presence of one
equiv. of Zn2þ . Fluorescence intensity was recorded at 535 nm in ethanol with an
excitation wavelength of 360 nm. (The photostability was investigated by irradiat-
ing its solution under a Xenon light source with a power of 20 kW).
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calculated value which further verifies the 1:1 stoichiometric
binding between the ligand and zinc ion. These results confirm
the chelation mode and the 1 to 1 stoichiometric reaction between
the probe and zinc ion.

3.4. Metal ions selectivity and interference studies

The selectivity of the fluorescence probe among biological
relevant metal ions was investigated by monitoring the fluores-
cence responses to the addition of various cations. Fig. 6 shows the
enhancement of fluorescence intensity of the probe after addition
of various metal ions. The results clearly show that these cations
including Co2þ , Cu2þ , Ni2þ , Mn2þ , Ba2þ , Ca2þ , Mg2þ and Cd2þ

have no enhancement effect on the fluorescence of the probe.
While Hg2þ , Pb2þ and Fe3þ exhibit slight enhancement, it is still
negligible when compared with Zn2þ . The results indicate the
good selectivity for zinc ions over other cations.

The interference study was carried out in the presence of other
cations with higher concentrations (Fig. S6). The results show that
the presence of other cations does not interfere the fluorescence
enhancement by Zn2þ . However Cu2þ shows quenching effect on

the fluorescence turned-on by zinc ion, which could be due to the
competition binding with the salen moiety. We further examined
the interaction between Cu2þ and the probe before and after
adding Zn2þ (Fig. S7). Experimental data show that Cu2þ has
strong coordination ability and quenching properties, which
induces fluorescence decrease before and after adding Zn2þ . The
interference of Cu2þ can be avoided by a simple pretreatment
using Na2S2O3 to mask Cu2þ [29] (Fig. S8). These results manifest
that DS-TAS exhibits good selectivity toward Zn2þ over most
competing metal ions.

3.5. Fluorescence test paper for zinc ion detection

On-site visual determination of zinc ions is very useful for clinic
diagnosis of zinc metabolism disorder related diseases. For this
purpose, we immobilized the fluorescent probe on polyamide fiber
paper to make zinc ion-indicating papers. The probe solution was
evenly casted onto the paper, followed by air drying in dark at
room temperature. The as-prepared indicating paper displays very
weak green fluorescence background under a 365 nm UV lamp.
For demonstration, 2 μL of zinc aqueous solution with different
concentrations was carefully dropped on the indicating paper to
form a series of stained spots. Clearly, bright green fluorescence
spots on the test paper were observed under the illumination of

Fig. 4. (A) Fluorescence enhancement of probe DS-TAS upon the addition of Zn2þ

(0–0.6 μM) in ethanol. Inset: changes of fluorescence intensity of DS-TAS with
different amounts of Zn2þ at 535 nm. F0 and F were the fluorescence intensity of
DS-TAS (500 nM) in the absence and in the presence of Zn2þ , respectively. (B) Plot
of fluorescence enhancement efficiency of the DS-TAS solution as a function of the
Zn2þ concentration. The fluorescence spectra were recorded with excitation at
360 nm.

Fig. 5. Job's plot for the binding of DS-TAS with Zn2þ in ethanol as a function of the
molar ratio as [DS-TAS]/([DS-TAS]þ[Zn2þ]). The total constant concentration for
DS-TAS and Zn2þ is 500 nM. Inset: the proposed binding mode of DS-TAS-Zn.

Fig. 6. Selectivity of the DS-TAS probe over other metal ions with the concentration
of 500 nM. F0 and F were the fluorescence intensity of DS-TAS (500 nM) in the
absence and in the presence of each metal ions, respectively.
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the UV lamp (Fig. 7). The brightness of the spots gradually
increased as the amount of zinc ion applied was increased. The
detection limit is defined as the least amount of Zn2þ used to turn
on the fluorescence that can be observed independently by naked
eye. The visual detection limit was thus estimated to be 500 nM.

4. Conclusion

A novel turn-on fluorescent probe for zinc ion detection has
been synthesized. We have demonstrated that the fluorescent
probe shows high sensitivity and selectivity for the detection of
zinc ion, and the limit of detection is estimated to be 83 nM. The
fluorescence turn-on mechanism of the weakly fluorescent DS-TAS
involves a 1 to 1 stoichiometric reaction between the probe and
zinc ion. A practical fluorescence test paper has been developed
for the visual detection of zinc ion in aqueous samples and could
be useful in clinical diagnosis.
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