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ABSTRACT: Taking advantage of the special nucleophilicity of
cyanide, a new ratiometric fluorescent and colorimetric probe
(Coum-1) was designed by tuning the π−conjugated bridge to
affect the intramolecular charge transfer efficiency. Upon the
addition of CN− anion, the probe displayed very large blue-shift in
both fluorescence (90 nm) and absorption (90 nm) spectra, with
the detection limit of 800 nM. Other anions gave nearly no
interference. Furthermore, Coum-1 was successfully applied to the
fluorescent microscopic imaging for the detection of CN− in HeLa
cells.
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■ INTRODUCTION

The sensitive and selective detection of cyanide is becoming an
increasing demand, because of the extreme toxicity of cyanide
in physiological systems, as well as the continuing environ-
mental concern caused by its widespread industrial use.1−4

Various methods have been reported to analyze cyanide,
especially as optical probes possessing innate advantages over
others, for their high sensitivity, specificity, simplicity of
implementation, and fast response times. Thanks to the
enthusiastic efforts of scientists, some good fluorescent and
colorimetric probes have been developed for the sensitive and
selective detection of cyanide.5−11 However, the reports
concerning the bioimaging applications in living cells for
cyanide were still very scarce.12−14

As to the design of optical probes, ratiometric method is
becoming more promising, because it can enable the measure-
ment of optical intensities at two different wavelengths,
providing a built-in correction for environmental effects and
increasing the dynamic range of measurement. This method is
considered as a good approach to overcome the major
limitation of intensity-based probes, in which variations in the
environmental sample and probe distribution were problematic
for quantitative measurements. However, the ratiometric
fluorescence and colorimetric probes for cyanide, so far, are
limited.15,16

Generally, ratiometric probes can be designed mainly
according to two mechanisms: fluorescence resonance energy
transfer (FRET) and intramolecular charge transfer
(ICT).17−22 Compared to the former, ICT-based ratiometric
probes are structurally simple. For a typical ICT fluorescence
probes, the tuning of the normal D/π/A structure of
fluorophores would lead to different optical nature and

concomitant fluorescent or/and color changes.23 Thus, if
some specific analyte could induce the structural tuning, then,
this property could be employed to devise probes with high
selectivity for the special analyte (Scheme 1).
In recent years, we attempted to develop novel ICT-based

chemosensors by tuning the “push-and-pull” structure of
fluorophores. As shown in Scheme 1a, the thioacetal moieties
might be regarded as a weak electron donor, which could be
converted to the electron-withdrawing aldehyde group in the
presence of Hg2+. This transformation from D-π-D′ to D-π-A
could lead to the changes of the whole electronic property and
ICT efficiency of the sensing system, accompanying with the
corresponding fluorescent changes. Thus, this selective reaction
could be considered as a new method to design ICT probes for
the detection of Hg2+.24−27 By utilizing its affinity toward
copper, we developed an indirect strategy to detect
cyanide.28−32 In the specific case (Scheme 1b), copper ions
could coordinate with the electron donor moiety of the sensor
molecule and the original strong electronic donor was
converted into a weak one with the largely reduced donating
ability to participate the ICT process. However, the added
cyanide could preferentially snatch copper ions in the above
complex to form stable [Cu(CN)x]

n− species. As a result, the
liberated donor moiety of the sensor molecule recovered its
electron-donating ability with obvious color changes from
yellow to red. Different from these two approaches, here, we
were wondering whether chemosensors with good performance
could be designed by regulating the conjugated bridge to affect
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the ICT efficiency, resulting in the induced fluorescent and
color changes.
After checking the literature carefully, we found that

chemodosimetric sensors relied on the special nucleophilicity
of cyanide was promising owing to their high selectivity.33−38

The nucleophilic addition reaction between cyanide and the
dicyano-vinyl group would break the conjugation of the
electron donor and acceptor, thus, affecting the ICT efficiency
and optical properties of the sensing system (Scheme 1c). If it
was the case, this approach should be a new one for the
development of new ICT-based chemosensors by tuning the
“D-π-A” structure.
In the preliminary work from our laboratory, we reported an

azobenzene structure as a ratiometric colorimetric chemo-
dosimeter toward cyanide based on the special nucleophilicity
of cyanide.39 Here, in a continuation of the previous work, we
designed a coumarin-malononitrile compound (Coum-1) as a
fluorescent chemodosimeter toward cyanide, in which the two
units of donor and acceptor were covalently linked through a
double bond. The probe possessed coumarin as the fluorophore
and a dicyano-vinyl group as a putative cyanide-dependent
reactive subunit. Coum-1 was red in color and emitted strong
red fluorescence with the quantum yield of ∼0.45. Then, it was
expected that cyanide could attack the α-position of the
dicyano-vinyl group in Coum-1, to generate the stabilized
anionic specie of Coum-2, which was yellow in color and
emitted green fluorescence with the quantum yield of ∼0.33
(Scheme 2). If it was the case, the effective conjugation of the

whole molecule of Coum-1 should be broken, as a result, the
electronic structure and optical properties would be changed. If
cyanide anion was the unique nucleophile capable of inducing
these changes, then, Coum-1 could act as a cyanide-selective
probe. Herein, we would like to describe the new ratiometric
optical probe for cyanide in detail, featuring advantages such as

relative good solubility in aqueous media, good ratiometric
response, as well as the successful application in bioimaging of
living cells.

■ MATERIALS AND INSTRUMENTATIONS
Ethanol was dried over and distilled from Na under an atmosphere of
dry nitrogen. Triethylamine (Et3N) was distilled under normal
pressure and kept over potassium hydroxide. All other reagents were
of analytical grade and used without further purification. Doubly
distilled water was used in all experiments.

The 1H and 13C NMR spectra were measured on Varian
Mercury300 spectrometer. Elemental analyses were performed by a
CARLOERBA-1106 microelemental analyzer. Photoluminescence
spectra were performed on a Hitachi F-4500 fluorescence spectropho-
tometer. UV−vis spectra were obtained using a Shimadzu UV-2550
spectrometer. The pH values were determined by using a DELTA 320
PH dollar.

Synthesis of 2-((7-(Diethylamino)-2-oxo-2H-chromen-3-yl)-
methylene)malononitrile (Compound Coum-1). Under an
atmosphere of dry argon, aldehyde-coumarin (Coum-0, 122.5 mg,
0.5 mmol) and malononitrile (66 mg, 1.0 mmol) were refluxing in
absolute ethanol (6 mL) overnight with trace Et3N as catalyst. Then,
the resultant mixture was cooled to room temperature and the solvent
was removed under reduced pressure. The resultant residue was
purified by silica gel column chromatography using petroleum ether/
dichloromethane (1/7, v/v) as eluent to afford coumarin-malonitrile
(Coum-1) as a deep red solid (60 mg, 41.5%). 1H NMR (300 MHz,
DMSO-d6) δ (ppm): 8.61 (s, 1H, −CHC−), 8.01 (s, 1H, ArH),
7.64−7.61 (d, 1H, J = 9.0 Hz, ArH), 6.89−6.86 (d, 1H, J = 9.0 Hz,
ArH), 6.67 (s, 1H, ArH), 3.59−3.52 (q, 4H, J = 7.0 Hz, −CH2−),
1.14−1.18 (t, 6H, J = 6.0 Hz, −CH3).

13C NMR (75 MHz, DMSO-d6)
δ (ppm): 159.7, 158.7, 155.0, 154.1, 146.3, 133.6, 115.9, 114.5, 111.9,
110.2, 109.0, 97.5, 76.1, 45.6, 13.1. C17H15N3O2 (EA) (%, found/
calcd): C, 69.19/69.61; H, 5.51/5.15; N, 14.45/14.33.

Preparation of Solutions of Anions. One mmol of inorganic salt
(NaOAc·3H2O, NaNO2, NaNO3, Na2SO3, NaF, Na2CO3, Na2SO4,
Na3PO4, NaCl, NaIO3, KClO3, KBr, Na2HPO4·12H2O, NaHSO3,
Na2S, Na2S2O3·5H2O, NaI, KSCN, and NaCN) were dissolved in
distilled water (10 mL) to afford 1 × 10−1 mol/L aqueous solution.
The stock solutions were diluted to desired concentrations with water
when needed.

Fluorescence and UV Absorption Changes of Coum-1 by
CN−. A solution of Coum-1 (10 μM and 20 μM) was prepared in
THF-H2O solution (5:5, v/v, 10 mM HEPES, pH 7.04). Then 3.0 mL
of the solution of Coum-1 was placed in a quartz cell (10.0 mm width)
and the fluorescent and absorption spectra were recorded. The NaCN
aqueous solution was introduced in portions and the fluorescent and
absorption changes were recorded at room temperature each time.

Fluorescence and UV Absorption Changes of Coum-1 by
Other Anions. A solution of Coum-1 (10 μM and 20 μM) was
prepared in THF-H2O solution (5:5, v/v, 10 mM HEPES, pH 7.04).
Then 3.0 mL of the solution of Coum-1 was placed in a quartz cell
(10.0 mm width) and the fluorescent and absorption spectra were

Scheme 1. General Strategies to Develop ICT-Based Chemosensors: (a) D-π-D′ to D-π-A; (b) D′-π-A to D-π-A; (c) D-π-A to
D-π′-A

Scheme 2. Structure of Coum-1 and the Sensing Process
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recorded. Different anion solutions were introduced and the
fluorescent and absorption changes were recorded at room temper-
ature each time.
Cell Culture. HeLa cells were seeded to the 24-well plates, the cells

with an initial density of 5 × 104 cells well−1 in 24-well plates were
routinely maintained at 37 °C in a humidified 5% CO2 atmosphere
using DMEM (Dulbecco’s modified eagle’s medium) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin for 24 h.
Fluorescence Imaging. Fluorescence cell imaging was performed

with an OLYMPUS IX71 scanning microscopy with a 40× objective
lens. Fluorescence images of Coum-1-loaded cells were monitored at
460−490 nm and 510−550 nm for green and red channels,
respectively. The data were analyzed using software package provided
by OLYMPUS instruments. Before the experiments, cells were washed
with PBS buffer and then incubated with Coum-1 (100 μM) in PBS/
DMSO (10/1, v/v) for 30 min. Cell imaging was then carried out after
washing cells with PBS.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The syn-
thetic route to Coum-1 was depicted in Scheme S1 in the
Supporting Information. The target compound was prepared
conveniently through the general Knoevenagel condensation
reaction between Coum-0 and malononitrile, following the
similar procedure in the reported literature.40 The synthetic
route was simple and the purification was easy.
Coum-1 exhibited good solubility in common organic

solvents, such as acetone, DMF, DMSO, CH3CN, and THF.
Its structure was well characterized by 1H, 13C NMR, and
elemental analysis, and all gave satisfactory spectral data.
Optimization of Experimental Conditions. Experimen-

tal conditions including the optimum excitation wavelength, pH
value, reaction media, and the time course were optimized. As
to Coum-1, the maximum excitation wavelength was at about
520 nm, however, after the addition of excess of cyanide, the
maximum excitation wavelength of the resultant anionic specie
of Coum-2 shifted to 415 nm. To obtain a ratiometric optical
probe for cyanide as mentioned above, we chose 447 nm as the
optimum excitation wavelength (see Figure S1d in the
Supporting ).
Figure S2 in the Supporting Information depicted the effect

of pH values on the emission intensities of Coum-1 and Coum-
1+CN−. It was obvious that the detection of Coum-1 for CN−

anions could be operated in a wide pH range of 6−8. In the
titration experiment, we chose the pH value of 7.04 by using
the HEPES buffer for the purpose of physiological application.
Considering that Coum-1 was not soluble in water

completely, a portion of THF was added as a cosolvent. As
shown in Figure S3c in the Supporting Information, with the
fraction of THF of 50% (v/v), two well-separated emission
peaks before and after the addition of cyanide could be
obtained. Therefore, a reaction medium of 10 mM HEPES
buffer (pH 7.04) containing 50% (v/v) THF was chosen for
the reaction.
Because the optical signal changes relied on the chemical

reaction between Coum-1 and cyanide, the reaction rate might
affect the experimental results. We investigated the influence of
the reaction time on the sensing results, with the obtained
results summarized in Figures S4 and S5 in the Supporting
Information. When the concentration of CN− was 0.5 equiv of
Coum-1, a plateau of fluorescent intensity could be achieved
after 30 min. With the increasing of the concentration of
cyanide, such as 1.5 equiv, only 17 min were needed to achieve
a plateau. The kinetic profiles of the fluorescent spectra at 495

nm were summarized in Figure S6 in the Supporting
Information, and the first-order reaction rate constant could
be calculated to be 1.48 × 10−3 S−1. So, in the titration
experiment, we measured the optical intensity changes of the
Coum-1 solutions 30 min later after all the species were added.

Sensing Properties. The sensing behavior of Coum-1
toward cyanide was investigated carefully under the optimized
condition. As shown in Figure 1, while the concentration of

CN− was increased, the emission maximum shifted from 585 to
495 nm with a well-defined isoemissive point at 562 nm.
Correspondingly, the fluorescence color changed from red to
green (Figure 1, inset), which could be easily distinguished by
the naked eyes under the aid of a normal UV lamp. Thus, the
cyanide-promoted addition reaction of Coum-1 occurred as
expected, and the optical change was observed.
To see the sensing process more visually, we compared the

intensities at different wavelengths of 495 and 585 nm, with the
results summarized in Figure 2. It was easily seen that the
intensity change was almost linear with the concentrations of
CN−. The detection limit could be determined to be 800 nM,41

which was much lower than the maximum contaminant level
(MCL) for cyanide in drinking water (2.7 μM) set by the
World Health Organization (WHO).42 It should be pointed out
that the difference between the two emission wavelengths was
very large (emission shift: Δλ = 90 nm), which not only
contributed to the accurate measurement of the intensities of
the two emission peaks, but also resulted in a huge ratiometric
value. In the presence of 1.0 equiv of CN−, a ca. 470-fold
enhancement in the ratiometric value of I495/I585 (from 0.02 to
9.46) was achieved. The inset photos in Figure 2 showed that
although not so sensitive as measured by the fluorescent
spectrometer, we could easily distinguish the fluorescent color
change upon the addition of as little as 20 μM of CN− (the
inset of Figure 2C).
Furthermore, the fluorescent properties of Coum-1 with

different concentration (5 μM) were studied in detail to check
the reproducibility of the sensing behavior of Coum-1 toward
CN− anions (Figure S7−S8). As shown in Figure S7, the
fluorescent intensity of Coum-1 apparently changed even at the
concentration of CN− as low as 1.5 μM. The inset pictures in

Figure 1. Fluorescent spectra of Coum-1 (10 μM, in THF/HEPES =
5/5, pH 7.04) in the presence of different concentrations of CN−

excited at 447 nm. Inset: fluorescent photograph of (A) Coum-1 and
(B) Coum-1 + CN−.
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Figure S8 showed that we could easily distinguish the
fluorescent color change upon the addition of as little as 10
μM CN− (the inset of Figure S8D in the Supporting
Information) with the aid of a normal UV lamp, indicating
that Coum-1 was a highly sensitive ratiometric fluorescent
probe for CN−.
To evaluate the specificity of Coum-1 toward CN−, various

anions were examined in parallel under the same conditions. As
shown in Figure 3 and Figure S9 in the Supporting
Information, while the reaction of Coum-1 with CN− gave
dramatic changes, AcO−, NO2

−, NO3
−, SO3

2−, F−, CO3
2−,

SO4
2−, PO4

3−, Cl−, IO3
−, ClO3

−, Br−, HPO4
2−, HSO3

−, S2−,
S2O3

2−, and I− caused no changes, except a negligible
disturbance from SCN−. These results further confirmed that

only cyanide could induce apparent fluorescent changes. That
was to say, Coum-1 could act as a cyanide-specific optical
sensor.
In addition to the changed fluorescent behavior caused by

the tuned D-π-A structure of Coum-1 in the presence of
cyanide, the color change was another apparent phenomenon.
With the increasing concentrations of CN−, the strong
absorption band of Coum-1 centered at 535 nm gradually
decreased along with the appearance of a new absorption band
centered at 445 nm. This absorption was responsible for the
color change (from red to yellow) and perceptible to the naked
eyes (the inset of Figure 4). Actually, apparent change in

absorption occurred even at the concentration of cyanide as low
as 2 μM. From Figure S10 in the Supporting Information, it
was easily seen that the intensity change was almost linear to
the concentrations of the cyanide anion. More importantly, we
could easily distinguish the color change at the concentration of
CN− as low as 10 μM (the inset of Figure S10 in the
Supporting Information, the bottom, D) by the naked eyes.
Meanwhile, the selective nature was investigated under the
same conditions. As demonstrated in Figure S11 in the
Supporting Information, only CN− led to the apparent color
changes, indicating that Coum-1 had selective response toward
CN− over other anions. These results validated our design of
ratiometric optical chemosensor toward cyanide, based on the
nucleophilic addition reaction between cyanide and the
dicyano-vinyl group.

Cell Imaging. The application of Coum-1 to track
intracellular CN− levels was also conducted via a scanning
microscopy. As shown in Figure 5, the Coum-1-loaded cells
showed intracellular fluorescence at an emission channel
collected at ∼590 nm (the red channel), indicating that
Coum-1 could penetrate the cell membrane and be used for
imaging of CN− in living cells. Before the imaging experiment,
the cells were treated with 100 μM NaCN aqueous solution for
20 min, followed by subsequent staining with Coum-1 (100
μM, 30 min) in PBS/DMSO (10/1, v/v), and then washed
with phosphate-buffered saline (PBS, 10 mM, pH 7.12) for
three times. By virtue of a scanning microscopy, we could find
that the emission intensity collected at the wavelength of ∼590

Figure 2. Ratiometric calibration curve I495/I585 of Coum-1 (10 μM, in
THF/HEPES = 5/5, pH 7.04) as a function of the concentration of
CN−. Inset: fluorescent photograph of (A) Coum-1 (100 μM) and
(B−G) Coum-1 + CN−: (B) 10 μM, (C) 20 μM, (D) 50 μM, (E) 80
μM, (F) 100 μM, (G) 150 μM).

Figure 3. Fluorescent emission changes of Coum-1 (10 μM, in THF/
HEPES = 5/5, pH 7.04) in the presence of different anions (CN−, 15
μM; others, 50 μM). Inset: fluorescent photograph of Coum-1 to
various anions. (A) Coum-1; (B−T)Coum-1 + AcO−, NO2

−, NO3
−,

SO3
2−‑, F−, CO3

2−, SO4
2‑, PO4

3‑, Cl−, IO3
−, ClO3

−, Br−, HPO4
2‑,

HSO3
−, S2−, S2O3

2−, I−, SCN−, CN−.

Figure 4. UV−vis spectra of Coum-1 (20 μM, in THF/HEPES = 5/5,
pH 7.04) in the presence of different concentrations of CN−. Inset:
photograph of (A) Coum-1 and (B) Coum-1 + CN−.
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nm (the red channel) decreased, whereas the intensity at ∼520
nm (the green channel) increased. These were consistent with
the observations in titration experiments and demonstrated that
Coum-1 could readily detect the CN− in cells with the
ratiometric fluorescent method.
Investigation of Sensing Mechanism. To explore the

sensing mechanism of Coum-1 to CN−, the reaction mixture of
Coum-1 and CN− was characterized by 1H NMR spectra
spectrometry. The partial 1H NMR spectra of Coum-1 and the
resultant complex of Coum-1 and CN− (as its tetra-
butylammpnium salts) were shown in Figure 6. The resonance
signal at δ = 9.85 ppm was ascribed to the vinylic proton (Ha).
Upon the addition of 0.5 equiv of CN−, five new sets of signals
appeared approximately of the same intensity with the
integrated proportion of the original signals, while a new signal
at 5.51 ppm appeared corresponding to the α-proton (Hb).
This indicated that half of the dicyano-vinyl moiety in Coum-1
had reacted with the added CN−. After the addition of excess of
CN−, it was obvious that the resonance signal corresponding to
the vinylic proton (Ha) at 9.85 ppm completely disappeared,
while a new signal of the α-proton (Hb) appeared at 5.51 ppm.
Meanwhile, the aromatic proton displayed obvious upfield shift
compared to those of Coum-1, due to the broken conjugation
bridge.
To get an insight into the molecular structure and the

different optical behavior of Coum-1 before and after the
addition of CN−, density functional theory (DFT) calculations

were carried out at the B3LYP/6-31G(d) level by using
Gaussian 09, Revision A.02 program.43 The optimized
structures of Coum-1 and Coum-1 + CN− were shown in
Figure 7. As to Coum-1, there was a conjugated bridge (−C

C−) between the coumarin (the donor) and dicyano groups
(the acceptor), and the dihedral angle between the donor and
the acceptor moiety was only 28°. After reacted with CN−, the
previous conjugated bridge (−CC−) in Coum-1 was
transformed into a saturated bridge (−C−C−), and the
dihedral angle became as large as 77°. These results partially
proved that the blue-shifted emission and absorption of Coum-
1 upon the addition of cyanide should be ascribed to the
weakened ICT process. Thus, the calculated results were in well
accordance with the design concept of regulating the π-
conjugated bridge, to affect the ICT efficiency and induce the
fluorescent and color changes.

■ CONCLUSIONS
A new ratiometric fluorescent and colorimetric probe (Coum-
1) toward cyanide was designed based on the nucleophilic
addition of cyanide to the α-position of dicyano-vinyl group.
The probe demonstrated some advantages such as good
sensitivity and high selectivity for CN−, relative good solubility
in aqueous media, good ratiometric response, as well as the
successful application in bioimaging. The design approach in
this work provided some useful information for the develop-
ment of ratiometric optical probes. Further study is still in
progress in our laboratory.

Figure 5. Scanning microscopic images of HeLa cells incubated with
Coum-1 and Coum-1 upon treatment of CN−.

Figure 6. 1H NMR spectra of: (a) Coum-1, (b) Coum-1 + CN− (0.5 equiv), and (c) Coum-1 + CN− (excess) as its tetra-butylammonium salts in
DMSO-d6.

Figure 7. Optimized structures of Coum-1 and Coum-1 + CN−.
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