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A coumarin-based multifunctional fluorescent sensor containing a di-2-picolylamine (DPA) moiety (1)
was presented. Interestingly, this probe could similarly act as ON-OFF type fluorescent sensor for Co**
and Cu?*, then in situ generated 1-Co(II) and 1-Cu(II) ensembles could further serve as OFF-ON type
fluorescent sensors to achieve the discrimination of Zn?* from Cd?* and selective recognition of sulfide
anion in aqueous solution via displacement approach, respectively. Specially, 1-Cu(II) could permeate the
cell membrane and could be used in fluorescence imaging of S~ in living biological samples. These ON-
OFF-ON type fluorescent sensors exhibited high selectivity and sensitivity towards the targets.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of selective and efficient signaling approaches
to monitor various chemically and biologically relevant species has
attained significant interest in recent years. Considering its practi-
cality, simplicity and convenience, it is not difficult to find that
detecting in vitro or in vivo biologically pertinent species by
fluorescent sensors can be advantageous compared with the
traditionally developed detection techniques [1-4]. However, most
of the probes reported only respond to one analyte and the sensors
responding to two or more are rarely, though multifunctional
probes are in an urgent demand. To design a sensor directly
interacting with different analytes, different acting sites or different
interaction modes should be considered, thus increasing the design
difficulty [5-7]. Hence, a new design strategy should be explored.
Recently, Ren group reported two DNA/ligand/ion-based ensembles
for fluorescence turn on detection of cysteine and histidine by
changing the metal ions (Cu?* for histidine and Hg?* for cysteine,
respectively) [8]. This new method is simple in design and fast in
operation and is more convenient and promising than other
methods for detecting two or more analytes.

In the past few years, the selective detection of biological
metals with fluorescent chemosensors is an attractive research
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field [9-11]. Zn?** and Cd?*, which have similar coordination proper-
ties, are difficult to distinguish because they are both group IIB
elements in the periodic table. As we know, zinc is the second most
abundant transition metal ion in the human body, and it is an
essential cofactor in many biological processes [12-18]. In sharp
contrast, Cd**, which is known as a toxic metal ion, plays a totally
different role in biochemical processes and can cause severe diseases
[19-24]. Thus, it is imperative to develop a selective and efficient
method for monitoring and distinguishing Zn** and Cd?*, which
would offer a promising approach to study their different behaviors
in biological, toxicological, and environmental circumstances. How-
ever, only a limited fluorescent probes that could distinguish Zn**
[12-18] and Cd?** [19-24] have been reported till now. Di-2-
picolylamine (DPA) is usually reported to serve as a Zn>* chelator,
but the usage of DPA often results in a poor selectivity for Zn**
because of its strong binding ability to other heavy metal ions [25-
27]. That is to say, traditional means using coordination of metals
with DPA is tough to discriminate Zn?* from Cd?* directly, and new
strategies should be exploited to improve the Zn?* selectivity of this
old receptor.

On the other hand, sulfide anion is a toxic traditional pollutant
and it is widespread in the environment, owing to industrial
processes and biological metabolism [28]. Gradual and cumulative
damage can be caused by continuous exposure to sulfide anion,
such as loss of consciousness, irritation of mucous membranes,
and suffocation [29]. Once changed to HS~ or H,S, it becomes even
more toxic and caustic. Therefore, it is important to develop a
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rapid and sensitive method for immediate sulfide monitoring in
aqueous media and in biological systems. It is well-known that
sulfide can react with copper ions to form a very stable CuS
species, which has a low solubility product constant, thus Cu(Il)
ensemble might be a good probe for S>~ detection [30-32,35].

Herein, we presented a multifunctional and highly selective
fluorescent probe 1, which consists of coumarin as fluorophore
and DPA as receptor. Ensemble 1-Co(II) can serve as a chemosen-
sing reporter for Zn?*, and 1-Cu(IlI) can serve as a chemosensing
ensemble for selective recognition of S2~. Thus, a determination
for Zn?* and S?~ separately is achieved by combining probe 1 with
different metal ions, which is simple and convenient.

2. Experimental section

2.1. General

TH NMR and ¥C NMR spectra were measured on a Bruker
AM400 NMR spectrometer. Proton Chemical shifts of NMR spectra
were given in ppm relative to internals reference TMS. ESI-MS and
HRMS spectral data were recorded on a Finnigan LCQPE? and a
BrukerDaltonics Bio TOF mass spectrometer, respectively. Fluores-
cence emission spectra were obtained using FluoroMax-4 Spectro-
fluorophotometer (HORIBA JobinYvon) at 298 K. Unless otherwise
noted, materials were obtained from commercial suppliers and
were used without further purification. All the solvents were dried
according to the standard methods prior to use. All of the solvents
were either HPLC or spectroscopic grade in the optical spectro-
scopic studies.

2.2. Fluorescence analysis

Co®* titration: Fluorescence emission spectra were obtained
with a Xenon lamp and 1.0 cm quartz cells. The probe 1 (15 pL,
1 mM, DMSO) was added to a quartz cell containing 3.0 mL HEPES
(20 mM, pH=74). Then appropriate aliquots of CoCl, (0.5 mM)
were added to the mixture and the fluorescence was measured.
The excitation and emission slits were set to 2.0 and 2.0 nm,
respectively.
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Zn>" titration: Fluorescence titration of Zn?>* was conducted by
adding appropriate aliquots of Zn(NOs), (0.5 mM) into the in situ
generated solution of 1-Co(II) (5 uM).

S2~ titration: Fluorescence titration of S>~ was conducted by
adding appropriate aliquots ofNa,S (0.5 mM) into the in situ
generated solution of 1-Cu(II) (5 uM).

2.2.1. Preparation and characterization of 1

Compounds 2-4 were prepared following the literature as
shown in Scheme 1 [33].

Compound 4 (90 mg, 0.29 mmol), di-2-picolylamine (DPA)
(70 mg, 0.35 mmol), anhydrous K,CO5; (80 mg, 0.58 mmol), and
potassium iodide (30 mg) were added to acetonitrile (50 mL). After
stirring and refluxing for 10 h under nitrogen atmosphere, the
mixture was cooled to room temperature, and the solvent was
removed under reduced pressure to obtain a yellow oil, which was
purified by silica gel column chromatography (CH,Cl,/MeOH=
100/1) to afford 1 as yellow semi-solid in yield of 72% (98 mg).
'H NMR (400 MHz, CDCl5) 5 10.07 (s, 1H), 8.53-8.46 (m, 2H), 8.45
(s, 1H), 7.63 (td, J=7.6, 1.0 Hz, 2H), 7.56 (d, J=7.6 Hz, 2H), 717
(d, J=8.7Hz, 1H), 710 (dd, J=6.6, 5.6 Hz, 2H), 6.51 (dd, J=8.8,
1.9 Hz, 1H), 6.42 (d, J=2.1 Hz, 1H), 3.87 (s, 4H), 3.36 (s, 2H), 3.31
(q,J=7.0 Hz, 4H), 1.11 (t, J="7.0 Hz, 6H). '3C NMR (100 MHz, CDCls)
5 170.2, 159.4, 157.8, 152.9, 149.3, 136.9, 128.6, 125.5, 123.4, 122.5,
119.0, 109.5, 108.4, 97.4, 63.1, 55.8, 44.7, 12.5. HRMS calcd for
Cy7Ho9Ns03 [M+H][*: 472.2349; found: 472.2338.

3. Results and discussion

In connection with our continuing research of sensors for bio-
logically and environmentally important components [34-37], we
presented a multifunctional and highly selective probe to chal-
lenge the discrimination of Zn?* from Cd*>* and recognition of S~
in aqueous solution. 7-Diethylamino coumarin is chosen as the
fluorophore due to its good photostability, large Stokes shift and
high quantum yield [38,39]. DPA acts as the binding unit for metal
ions because of its strong binding ability towards divalent heavy
metal ions, even though its poor selectivity still remains to be
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a problem. Compound 1 was prepared via simple process
(Scheme 1) and characterized by 'H NMR, '3C NMR and HRMS.

To understand the coordination ability of the probe 1, the
fluorescence response of 1 (5pM) toward common cations was
tested in HEPES (20 mM, pH=74, containing 0.5% DMSO as
cosolvent). As shown in Fig. 1, a strong fluorescence of 1 was
observed at 500 nm. With the addition of main group ions like
Na*, Ca®* and Mg?™*, there was no or little effect on the emission of
probe 1. However, quenching effect was observed when heavy
transition metal ions Hg?*, Co?*, Ni>* and Cu®* were added, which
was also observed in other DPA-appended fluorescence probes.
5As reported, both Zn?* and Cd?* caused similar fluorescence
changes during to their similar properties. The addition of Cd**
induced a red shift from 500 nm to 505 nm, while the addition of
Zn?* could make the emission peak shift to 516 nm. The similar
red shifts led to a difficult discrimination of Zn?>* from Cd?*. Thus,
probe 1 seems to be a terrible sensor towards Zn>*.

Recently, some fluorescent sensors for anions [40,41] and thiols
[42-44] based on displacement approach have been developed, as
well as for cations [45,46]. Inspired by this, we speculated whether
we could develop an ensemble consisting of compound 1 and
some kind of cations to detect Zn?*. Since Co?* and Cu?* can
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Fig. 1. Fluorescence spectra (1= 410 nm) of 1 (5 pM) in the presence of various
metal cations (10 equiv of Na*, K*, Li*, Mg?*, Fe3*, Cd?*, Ba**, Ca*, Ni%*, Co?*, Cr’*,

Pb%*, Hg?*, AIP*, Mn?*, Ag*, Cu?*, Zn®>*) in HEPES solution (20 mM, pH=74,
containing 0.5% DMSO as cosolvent).
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Fig. 2. The fluorescence titration of 1 (5pM) toward Co?* in HEPES solution
(20 mM, pH= 74, containing 0.5% DMSO as cosolvent) (lex=410 nm, slits: 2 nm/2 nm).

completely quench the fluorescence of 1, the binding mode
between 1 and these two cations were studied as well as in situ
generated complexes of them and probe 1.
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Fig. 3. The Job's plot of 1 toward Co?*.
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Fig. 4. (a) The fluorescence spectra of 1-Co(Il) (5 uM) in the presence of various
cations (20 equiv of Ca?*, AI**, Na*, K*, Mn?*, Li*, Mg?*, Ba®*, Ag*, Pb?*, Cr’*, Ni**,
Fe**, Hg?*, Cu?*, Zn?*, Cd**) in HEPES solution (20 mM, pH="7.4, containing 0.5%
DMSO as cosolvent); (b) fluorescence spectra of 1+Co(II) (5 pM) upon addition of
Zn**(Jex=410 nm). Inset: the effect between 1-Co(II) and Zn?* at 516 nm.
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First, the fluorescence titration of Co?* toward probe 1 was
tested. As shown in Fig. 2, gradual decrease could be observed
when Co?* ion was added to the solution of 1, and the decrement
came to an end when 5pM Co®*" was added, indicating a 1:
1 complexation between 1 and Co?*. Concomitantly, the quantum
yield of 1 decreased from 41% to 1.3% (fluorescein in 1 N NaOH as
reference, ®=0.85). Meanwhile, a Job plot for the complexation
also showed a 1: 1 stoichiometry from Fig. 3, which also could be
further confirmed by ESI spectra (Fig. S1). The peak at m/z 529.24
corresponding to [1+Co?* —H]* was found and the original peak of
1 disappeared. The binding constant of 1-Co(Il) complex (K;) was
calculated to be 2.8 x 10° M~ ! according to the fluorescence titration
data (Fig. S2).

With the above results in hand, the selectivity of 1-Co(II)
(5 uM) toward cations was measured. To our delight, a dramatic
fluorescence enhancement (~27 fold) at 516 nm appeared when
100 pM Zn?* was added to the solution and other cations caused
negligible influence on the emission intensity, while the addition
of 100 uM Cd?** caused a moderate reinforcement (~8 fold) at
507 nm, as shown in Fig. 4a. Thus, a selective detection for Zn**
can be achieved by utilizing a 1-Co(II) ensemble and the obvious

difference in the enhancement ratio (I/lp, I refers to the fluores-
cence intensity after the addition of analyst; I, refers to the
original fluorescence intensity of the ensemble) could lead to a
discrimination of Zn?* and Cd?*. In addition, the cation selectivity
experiment was also conducted using in situ generated 1-Cu(II)
ensemble (Fig. S3). The formation of a 1:1 bonding mode between
1 and Cu?* has been proved in our previous study and the binding
constant was calculated to be 1.3 x 108 M~ [33]. Similar to 1-Co
(I), the fluorescence of 1-Cu(Il) only increased upon addition of
Zn?* and Cd?*. However, the intensity enhancements of 1-Cu(II)
induced by these two cations were not distinct enough. Accord-
ingly, ensemble 1-Co(II) was chosen for latter studying.

The fluorescence titration of Zn?* toward 1-Co(II) was then
conducted to examine the interaction between Zn?* and 1-Co(II),
as shown in Fig. 4b. Upon the addition of Zn* to the solution, the
fluorescence of 1-Co(II) at 516 nm increased remarkably and the
emission intensity remained steady when 125 pM Zn?* was added,
which might be due to the appearance of a new complex. The
quantum yield of 1 increased from 1.3% to 17%. The detection limit
was measured to be 5.7 x 10~7 M according to the titration profile
[47]. To confirm this new complex, the ESI spectra of [1-Co(Il}+Zn>*]
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Fig. 5. Partial 'H NMR spectra (400 MHz) of 1 (17.7 mM) in DMSO: (a) 1+ 10 equiv of Zn®*; (b) 1+10 equiv of Cd?*; (c) free 1 (aromatic area).
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Fig. 6. (a) The fluorescence response of 1-Co(II) (5 uM) to other cations (50 pM) in
the presence of Zn?* (50 uM) in HEPES (20 mM, pH=7.4, containing 0.5% DMSO as
cosolvent); (b) Fluorescent intensity of 1-Co(II) (5uM) with selected cations
(50 uM) in the absence (black bars) or presence (red bars) of Zn?* (50 uM).
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)
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Fig. 7. (a) Fluorescence titration spectra (lex= 410 nm) of 1-Cu(II) (5 pM) toward
$2- in HEPES solution (20 mM, pH=7.4, containing 0.5% DMSO as cosolvent).

was obtained (Fig. S4). A new peak at m/z 534.22 was found to
correspond to the [1+Zn**—HJ*, and the peak at myjz 529.26
corresponding to [1+Co** —H]* indicated the residual of 1-Co(II).
Hence, with the addition of Zn?* to 1-Co(II), Co?>* was displaced by
Zn** to form a new 1-Zn(II) complex due to a stronger binding
ability of Zn** toward probe 1, which further resulted in a
fluorescence recovery of 1. Based on the 1:1 binding mode resulting
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Fig. 8. (a) Fluorescence spectra of 1-Cu(II) (5 uM) in the presence of various anions
(10 equiv) in HEPES solution (20 mM, pH=7.4, containing 0.5% DMSO as cosolvent);
(b) the fluorescence spectra of 1-Cu(II) toward other anions (4 equiv) in the presence
of sulfide (5 pM). (c) fluorescent intensity of 1-Cu(Il) (5 uM) with selected anions
(20 uM) in the absence (black bars) or presence (red bars) of S~ (5 uM). From 1 to 19:
free, P,0,%~, CI-, I, F~, Br—, HCO3 ™, SO4*~, COs>~, NO3~, H,P0O,~, SO3%~, ATP,
PO,3~, ACO~, HSO, ™, S,0427, S,05%~ and S,05%~ (Aex=410 nm). (For interpretation
of the references to color in this figure caption, the reader is referred to the web
version of this article.)
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Fig. 9. Fluorescence images in HeLa cells. Cells were incubated with 5 pM 1-Cu(II) in PBS buffer for 30 min (a); and then incubated with 20 uMS?~ for another 30 min (b).

from the ESI spectra, the association constant between Zn?* and
1-Co(Il) (K>) was calculated to be 1.2 x 10* M~!, and association
constant (K3)between 1 and Zn?* was calculated to be 3.4 x
10° M~ (Fig. S5). The much larger association constant between
1 and Zn?* than that of 1 and Co?* certainly opened the door for the
displacement approach. Also, the solid 1-Co(II) complex was also
prepared by reaction of Co(NOs3), and compound 1 in methanol to
further confirm the displacement approach. As predicted, solid 1-Co
(I1) complex exhibited a similar fluorescence response to Zn** and
Cd?* like 1-Co(Il) solution prepared in situ and also showed a
moderate selectivity (Fig. S6).

To obtain detailed information about the interaction between 1
and Zn?*, "H NMR titration was carried out in DMSO-dg. As we could
see from Fig. 5, when 50 pM Zn?** was added to the solution of 1, the
peak of proton H9 was downfield shifted by 0.43 ppm (9.94-10.37),
suggesting that Zn>* was bound to imidic acid nitrogen [17]. The
binding of the amide nitrogen with Zn** acted as an electron-
withdrawing group, which led to the downfield shift of H9. The more
or less upfield shifts of protons of coumarin (H5-8) could be
attributed to the changes of electron density of coumarin induced
by M-N bond formation. Additionally, the peaks of protonsH1-4 of
pyridyl group were also downfield shifted obviously, indicating the
binding of Zn?* and pyridyl nitrogen. A large downfield shift of the
peak of proton H10 referring to picolyl was promoted by the addition
of Zn?* (3.92 to 4.34-4.51) and was split into two sets of signals (Fig.
S7), which was promoted by the strong binding between Zn?* and
aliphatic nitrogen of DPA. Thus, Zn** was bound to the three nitrogen
atoms of DPA moiety and the imidic acid nitrogen. The same analysis
was also realized between 1 and Cd?*. Similar chemical shifts of
aromatic protons were observed (Table S1). However, the difference
between downfield shifts of proton H10 elicited by Zn?* and Cd** was
evident (0.59 and 0.19, respectively), which might indicate the
stronger binding affinity of Zn®* toward probe 1 than that of Cd**
toward 1 and then be responsible for a selectivity for Zn** over Cd**.

To examine the Zn%*-determination of 1-Co(II) ensemble in
practice, competition experiments were also performed upon
addition of 100 pM of other cations to 1-Co(Il) solution in the
presence of 100 uM Zn?*. As Fig. 6 shows, all the tested metals
caused negelectable influence on the detection except Cu?*.
Hence, 1-Co(II) seems to be a desirable probe to distinguish Zn**
from Cd®*. Therefore, a void probe 1 for cations can selectively
detect Zn?* by exploiting a 1-Co(II) ensemble.

It is well known that sulfide can react with copper ions to form
a very stable CuS species, which has a low solubility product
constant kg=6.3 x 1073¢ [48]. We doubted whether 1-Cu(II)
ensemble could recognize sulfide anion by exploiting CuS affinity
among the various approaches to sensing sulfide anions.

The fluorescence spectra of 1-Cu(Il) upon addition of sulfide
was explored to further testify the feasibility of the probe in HEPES

solution (20 mM, pH=7.4, containing 0.5% DMSO as cosolvent), as
shown in Fig. 7. Upon the addition of S?, the fluorescence of
probe 1 at 500 nm increased gradually and the emission intensity
remained constant when up to 21 uM S>~was added. The detec-
tion limit was calculated to be 1.3 x 10~7 M. Thus, ensemble 1-Cu
(II) can serve as an OFF-ON type probe toward sulfide.

Subsequently, the selectivity of 1-Cu(II) toward anions was
measured. As shown in Fig. 8a, the addition of 20 uM other anions
(P20747, Cli, li, Fi, Brf, HC037, 50427, C0327, N037, H2P047,
SO52~, ATP, PO,>~, AcO~, HSO4~, S504%~, S,052~ and S$,0527) to
1-Cu(Il) had no effect on the emission at 500 nm, while the
addition of 5uM S?>~ induced an apparent enhancement. The
quantum yield of 1 increased from 0.85% to 32%, subsequently.
This result suggested that ensemble 1-Cu(Il) exhibited a high
selectivity for S>~ over other anions including sulfur-containing
anions due to the formation of CuS. Moreover, as Fig. 8b displays,
in the presence of miscellaneous competitive anions, S>~ still
exhibited a similar fluorescence enhancement effect, indicating
that 1-Cu(II) could be used as a selective S~ sensor and would not
be interfered by other anions. To confirm the abstraction of Cu?*
from ensemble 1-Cu(Il) by S?~, the ESI spectra of [1-Cu(II)+S~ |
was obtained (Figs. S8 and S9). Before the addition of S>~, the peak
at m/z ~533.15 corresponding to [1+Cu®* —H]* was found and no
peak referring to 1 was observed. However, the addition of S*~ led
to the observation of a new peak at m/z 494.29 in relation to
[1+Na]*. Thus, the formation of CuS released compound 1 then
restored its fluorescence. The displacement approach was also
confirmed by the interaction between the solid 1-Cu(II) complex
and S%~ (Fig. S10).

To demonstrate the biological application of the ensemble, the
experiments of fluorescence imaging of cells were carried out on
HeLa cells with 1-Cu(Il). After being cultured with Hela cells
(5 uM 1-Cu(Il) in PBS buffer for 30 min at 37 °C), it gave a weak
intracellular luminescence, as shown in Fig. 9a. However, when
the cells were subsequently incubated with S~ (20 uM) at 37 °C
for another 30 min, the dark blue luminescence became brighter
obviously, which was clearly visible by the naked-eye from Fig. 9b.
The results revealed that 1-Cu(II) could permeate the cell mem-
brane and could be used in fluorescence imaging of S?~ in living
biological samples.

4. Conclusion

In conclusion, a multifunctional fluorescent probe 1 via the
formation of different 1-metal complexes was presented. They
could selectively detect the substrates in aqueous solution via
displacement approach. To be specific, 1-Co(IlI) ensemble dis-
played high specificity for discrimination of Zn?* from Cd?*
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although 1 itself showed no profound selectivity to cations. On the
other hand, the quenched fluorescence of the in situ generated
1-Cu(Il) ensemble could recover upon the addition of sulfide
anion, realizing the selective recognition of sulfide anion without
considerable interference in the presence of other anions and
common biological species. The solid 1-Co(II) complex and 1-Cu
(II) complex were prepared by reactions of Co(NOs), and Cu(NOs),
and compound 1 in methanol, respectively, and they displayed the
same fluorescence response toward the analytes as they did when
they were prepared in situ. Meanwhile, 1-Cu(II) could permeate
the cell membrane and could be used in fluorescence imaging of
$2~ in living biological samples. Thus, these results are significant
and interesting for a new generation of molecular recognition
systems that can detect two or more analytes with a single small
molecule without complicated designs.
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