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A New Fluorescent Probe for Zn2+ with Red Emission 
and Its Application in Bioimaging 

Yiqun Tan, Min Liu, Junkuo Gao, Jiancan Yu, Yuanjing Cui, Yu Yang*, Guodong 
Qian*,a 

A new fluorescent probe, (E)-3-(3-(4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)acryloyl)-7-
(diethylamino)-2H-chromen-2-one (ZC-F4) composed of coumarin as the fluorophore and 
terpyridine as the receptor is designed and synthesized. This probe exhibit good selectivity and 
sensitivity towards Zn2+ even on the ppb level with significant variation of emission 
wavelength (more than 100 nm shifts) after combined with Zn2+. One can observe the emission 
colour converted from green to red. Job’s plot test suggests a 1:1 stoichiometry between ZC-F4 
and Zn2+, and the theoretical calculation based on density functional theory has been carried 
out to get insight into the sensing mechanism. Furthermore, the imaging of Zn2+ in cells was 
also applied to test its feasibility in biology. This fluorescence probe would be a promising 
candidate for the applications in cell-imaging, environment protection, water treatment and 
safety inspection. 
 

Introduction 

As the second most abundant transition metal ion in human 
body, zinc plays an important role in the gene transcription, 
regulation of metalloenzymes, neural signal transmission and 
apoptosis.1-5 Its deficiency causes acrodermatitis enteropathica,6 
while excess zinc may also cause serious neurological disorders 
such as Alzheimer’s and Parkinson’s diseases.7-9 It is found that 
the imbalance in zinc may cause several health problem 
including superficial skin diseases, prostate cancer, diabetes, 
and brain diseases.10-12 Thus, extensive research efforts have 
been devoted on the quantitative measurement of trace Zn2+ in 
vivo.13-15 Because of the lack of spectroscopic signature of Zn2+, 
the method of fluorescence probe has become one of the best 
choices for detecting and tracking Zn2+ in cell-imaging and 
neuro-biological experiments.16 
 In recent years, a lot of fluorescent probes for detecting Zn2+ 
have been developed and most of them exhibit good 
performance in the cellular use.17-27 However, many 
fluorescence sensors are still baring problems of selectivity, 
especially the interruption from Cd2+ which possesses very 
similar chemical properties with Zn2+ because of their location 
at the same group. Recently, Jiang et al. have reported an 
inspiring distinguishing method for Zn2+ and Cd2+ by 
introducing carbonyl group.28, 29 Ng et al. designed two 
fluorescence sensors for differential detection Zn2+ and Cd2+ 
based on BODIPY which can response towards Zn2+ and Cd2+ 
respectively.30 Lin et al. developed a single probe that displayed 
distinct response to Zn2+ and Cd2+ depending on different 

anions.31 Nevertheless, no reports about the application of these 
probes in cell-imaging were mentioned. 
 The development of novel fluorescence probe for metal ions 
with high sensitivity and selectivity has long been concerned by 
our group.32-35 We have developed a new fluorescence probe 
ZC-F1 based on intra-molecular transfer (ICT) effect for 
recognizing Zn2+ from Cd2+ with the detection limit under ppb 
level.32 But it cannot be used in bio-imaging for the following 
reasons: a) the poor solubility of ZC-F1 in aqueous solution 
restricts its application in vivo. b) The quantum yield of 
fluorophores baring ICT effect usually reduce too much to 
apply in practice after the electron withdrawing group 
combined with metal ions, especially in solvents with high 
polarity, for the decrease of the energy gap between ground 
state and excited state.36-39 c) ZC-F1 emits green fluorescence 
after combined with Zn2+ with the emission located around 500 
nm, while longer wavelength is  in need for bio-imaging. To get 
over these obstacles, a new fluorescence probe highly sensitive 
and selective towards Zn2+ with better solubility and higher 
quantum yield is required. 
 Herein, we report a new fluorescence probe (E)-3-(3-(4-
([2,2':6',2''-terpyridin]-4'-yl)phenyl)acryloyl)-7-(diethylamino)-
2H-chromen-2-one (ZC-F4). This probe contains 7-
diethylaminocoumarin, which is known as a water soluble 
fluorophore and terpyridine as the receptor for Zn2+.40 To 
overcome the fluorescence decrease induced by metal ion 
binding, the carbonyl group is introduced as the electron 
withdrawing group, which conjugated with both coumarin and 
terpyridine. Then, Zn2+ will influence the electronegativity of  
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Scheme 1. Synthesis of ZC-F4 

terpydine instead of carbonyl directly. Thus, the influence of 
metal ions on the energy gap will be reduced largely and the 
fluorescence enhancement in aqueous solution can be expected, 
making it possible to detect and track Zn2+ in cell-imaging and 
cancer-biological experiments. 

Experimental Section 

Reagents and Apparatus 

Solvents and reagents were obtained from commercial source 
and used as received without further purification. 
 1H NMR spectra were recorded in CDCl3 or DMSO-D6 on a 
500 MHz Bruker Avance DMX500 spectrometer with 
tetramethysilane (TMS) as an internal standard. Elemental 
analysis was performed using a Thermo Finnigan Flash 
EA1112 microelemental analyzer. Differential scanning 
calorimetry (DSC) was performed on a Netzsch Instruments 
200 F3 at a heating rate of 10 K/min under nitrogen atmosphere. 
Inductively coupled plasma spectroscopy (ICP) was performed 
on a Thermo XSENIES ICP-MS. Fluorescence emission 
spectra and excitation spectra were obtained on a Hitachi F4600 
fluorescence spectrophotometer. UV-vis absorption spectra 
were obtained using a Perkin-Elmer Lambda spectrophotometer. 
All the theoretical calculations were performed based on 
density functional theory (DFT) at the B3LYP/6-31G(d) level.41, 

42 The solvent effect on molecular geometries was included by 
means of the polarizable continuum model (PCM).43, 44 Based 
on the optimized geometry, all the molecular orbitals were 
calculated at the same level. All the calculations were 
performed in Gaussian09 software.45 Fluorescence quantum 
yield is measured with integrating sphere on Edinburgh 
Instrument F900. Fluorescence images were obtained on 
confocal laser scanning microscopes (CLSM, fluoview FV1000, 
Olympus).  

Synthesis 

3-acetyl-7-(diethylamino)-2H-chromen-2-one (1): ethyl-
acetoacetate (1.95 g, 15 mmol) and 4-diethylamino-
salicylaldehyde (1.93 g, 10 mmol) was added into the solution 
of EtOH (20 mL), followed by the addition of piperidine (0.2 
mL). The resulting mixture was refluxed for 6h and then cooled 
to room temperature. The yellow crystal was filtered and 
recrystallization was performed in EtOH to get pure product 
(1.55 g, 60%). 1H NMR (500 MHz, CDCl3): δ = 1.24(t, 6H, J=7 
Hz, CH2CH3), 2.68(s, 3H, COCH3), 3.45(m, 4H, J=7 Hz, 
CH2CH3), 6.47(d, 1H, J=2.5 Hz, ArH), 6.62(d, 1H, J=9 Hz, 
ArH), 7.39(d, 1H, J=4 Hz, ArH), 8.44(s, 1H, ArH). Anal. Calcd 
for C15H17NO3: C, 69.48; N, 5.40; H, 6.61. Found: C, 69.83; N, 
5.44; H, 6.64. 
 4'-(p-methylphenyl)- 2,2':6',2''-terpyridine (2): a solution 
of 4-methylbenzaldehyde (0.65 g, 5.4 mmol) and 2-
acetylpyridine (1.3 g, 10.8 mmol) in methanol (120 mL) was 
added NaOH (0.22 g, 5.4 mmol) and NH4OH 30 mL. The 
mixture was refluxed for 12h, and then cooled down to room 
temperature. The precipitate was filtered and washed by 
methanol and water to obtain white powder (1.05 g, 40%). 1H 
NMR (500 MHz, CDCl3): δ = 2.34(s, 3H, CH3), 7.44(s, 2H, 
ArH), 7.67(d, 2H, J=2 Hz, ArH), 7.85(d, 2H, J=8 Hz, ArH), 
7.97(s, 2H, ArH), 8.74(d, 2H, J=7 Hz, ArH), 8.78(t, 4H, J=12 
Hz, ArH). Anal. Calcd for C22H17N3: C, 81.71; N, 12.99; H, 
5.30. Found: C, 81.59; N, 13.10; H, 5.31. 
 4-([2,2':6',2''-terpyridin]-4'-yl)benzaldehyde (3): 1 (1.0 g, 
3.1 mmol) was added into the solution of CCl4 (20 mL) and 
stirred for 15 min under the atmosphere of Ar2. Then, benzoyl 
peroxide (0.049 g, 0.2 mmol) and N-bromosuccinamide (1.23 g, 
6.2 mmol) was added into the solution followed by reflux for 
24h. The solution was cooled to room temperature and 
evaporated. The resulting yellow solid was then added into the 
solution of CaCO3 (1.0 g, 10 mmol), 1,4-dioxane (40 mL) and 
water (10 mL) and refluxed for another 24h. The mixture was 
then cooled to room temperature, evaporated and purified by 
chromatography, using EtOAC and petroleum (1:2) as eluent, 
afforded pale solid 3 (0.50 g, 48%). 1H NMR (500 MHz, 
CDCl3): δ = 7.35(m, 2H, J=5 Hz, ArH), 7.87(m, 2H, ArH), 
8.01(m, 4H, J=8 Hz, ArH), 8.66(d, 2H, J=8 Hz, ArH), 8.72(t, 
4H, ArH), 10.8(s, 1H, CHO). Anal. Calcd for C22H15N3O: C, 
78.32; N, 12.46; H, 4.48. Found: C, 78.39; N, 12.50; H, 4.41. 
 (E)-3-(3-(4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)acryloyl)-
7-(diethylamino)-2H-chromen-2-one (ZC-F4): 1 (1.55 g, 6 
mmol) and 3 (1.34 g, 4 mmol) was resolved in CHCl3 (20 mL) 
followed by the addition of piperidine (0.1 mL) and acetate acid 
(0.2 mL) and refluxed for 24h. After cooling to room 
temperature, the resulting mixture was then extracted three 
times. The organic phase was combined, dried with MgSO4. 
The solvent was removed under reduced pressure and the 
remaining black powder was purified by chromatoghraphy, 
using CH2Cl2 and EtOAC (20:1) to yield orange solid ZC-F4 
(1.41 g, 61%). 1H NMR (500 MHz, CDCl3): δ = 1.25(t, 6H, J=5 
Hz, CH2CH3), 3.47(m, 4H, J=7.5 Hz, CH2CH3), 6.50(s, 1H, 
ArH), 6.63(d, 1H, J=9 Hz, ArH), 7.36(m, 2H, ArH), 7.43(d, 1H, 
J=9 Hz, ArH), 7.82(d, 2H, J=8 Hz, CH=CH), 7.88(m, 3H, ArH), 
7.94(d, 2H, J=8Hz, ArH), 8.23(d, 1H, J= 16 Hz, ArH), 8.57(s, 
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1H, ArH), 8.67(d, 2H, J=8 Hz, ArH), 8.74(m, 4H, ArH). Anal. 
Calcd for C37H30N4O3: C, 76.80; N, 9.68; H, 5.23. Found: C, 
76.69; N, 9.80; H, 5.31. 
 Zn(ZC-F4)(NO3)2(H2O)2 (ZC-F4-Zn): ZC-F4 (0.058 g, 0.1 
mmol) was resolved in CHCl3 (3mL) followed by the addition 
of Zn(NO3)2 (0.057 g, 0.3 mmol) in 5 mL methanol. Upon 
mixing, a deep red suspension formed immediately. The 
resulting mixture was stirred for another 15 min to ensure a 
complete reaction. The red solid was obtained by filtration, and 
then washed by ethanol (5 mL×3). 1H NMR (500 MHz, 
DMSO-D6): δ = 1.17 (t, 6H, J=7 Hz, CH2CH3), 3.53 (m, 4H, 
CH2CH3), 6.64 (s, 1H, ArH), 6.85 (d, 1H, J=8.5 Hz, ArH), 7.52 
(t, 1H, J=6 Hz, ArH), 7.74 (d, 1H, J=9 Hz, ArH), 7.85 (m, 1H, 
ArH), 7.99 (m, 2H, ArH), 8.04 (d, 1H, J=8Hz, ArH), 8.12 (d, 
2H, J=8Hz, CH=CH), 8.31 (t, 2H, J=7.5Hz, ArH), 8.54 (d, 2H, 
J=8 Hz, ArH), 8.67 (s, 1H, ArH), 8.91 (d, 1H, J=4 Hz), 9.10 (d, 
1H, J=8Hz, ArH), 9.18 (d, 2H, J=8.5 Hz, ArH), 9.46 (s, 1H, 
ArH) Anal. Cal. for C37H34N6O11Zn: C, 55.27; N, 10.45; H, 
4.26. Found: C, 55.00; N, 10.37; H, 4.04. 
 To certify the ratio between ZC-F4 and Zn2+ in ZC-F4-Zn, 
ICP experiment was conducted by resolving 5 mg complex into 
20 mL aqueous solution (DMSO:H2O=1:99) followed by 
addition of 100 μL hydrochloric acid. The concentration of 
Zn2+ found in the solution is 20.5 mg/L, agree with that 
calculated (20.3 mg/L). 

Cell Culture 

HeLa human cervical carcinoma cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM, Neuronbc) 
supplemented with 10 % fetal bovine serum (FBS, sijiqing) 
penicillin (100 units/ml, Boster), and streptomycin (100 μg/mL, 
Boster). Two days before imaging, the cells were passed and 
platedon glass-bottomed dishes. For labeling, the growth 
medium was removed and replaced with DMEM without FBS. 
The cells were treated and incubated with 10 μL of 1 mM ZC-
F4 in DMSO stock solution (10 μM ZC-F4) at 37 °C under 5 % 
CO2 for 15 min, and provided with 5μL of fresh media that 
contained either 1 mM or 0 mM ZnCl2. Then, the cells were 
incubated for another 15 min at the conditions mentioned above. 
Prior to imaging, cells were rinsed three times with phosphate 
buffered saline (PBS). 

Results and Discussion 

Design and Synthesis of ZC-F4 

In the newly designed fluorescence probe ZC-F4, 7-
diethylaminocoumarin is selected as the fluorophore to improve 
its solubility in water, and 2,2′,6′,2′′-terpyridine is selected as 
the receptor for Zn2+ for its good performance in previous work. 
In addition, amino group possess strong electron-donating 
ability, which may strengthen ICT effect and large Stokes’ 
shifts, leading to red emission.46-49 However, unlike ZC-F1, the 
fluorophore and the receptor are not conjugated directly, but 
linked via carbonyl group. So ICT is established between 
carbonyl group and the diethylamino part,50-52 while terpyridine  

 
Figure 1. (a) Fluorescence emission spectra of ZC-F4 (100 nM) 
excited at 468 nm upon titration of Zn2+ at the concentration of 
0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130 nM. 
Insets: luminescent photos of ZC-F4 before and after the 
addition of Zn2+ under the excitation of a 315 nm UV lamp. (b) 
Fluorescence intensities observed at 500 nm and 609 nm as a 
function of the [Zn2+]. 

impact on the carbonyl group with its weak electron-
withdrawing ability. As a result, the zinc ions will influence on 
the electronegativity of the electron acceptor indirectly after 
combined with terpyridine, which suggests weak influence on 
ICT energy level. Thus, an improved fluorescence emission of 
ZC-F4 in aqueous solution can be expected.  
 As shown in Scheme 1, the compound ZC-F4 can be 
synthesized in several steps from commercially available 
chemicals in high yield. Details for synthesis are described in 
the experiment section. 

Optical Response of Probe ZC-F4 

To test its feasibility for Zn2+ detection, the fluorescence 
spectra and the response of ZC-F4 after titrated with Zn2+ are 
first studied in aqueous solution (water : DMSO = 99 : 1). As 
shown in Figure 1(a), a broadband emission spectrum with 
peaks located at 500 nm can be observed when excited at 468 
nm. While this emission band gradually disappeared with the 
titration of Zn2+ and a new emission band located at 609 nm  
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Figure 2. Fluorescence intensities of ZC-F4 (100 nM in 
water:DMSO=99:1) towards Zn2+ and various interferences (40 
equiv. for K+, Ca2+, Na+ and Al3+ and 20 equiv. for others) at 
609 nm upon excitation at 468 nm. 

owing to the combination of ZC-F4 and Zn2+ can be observed. 
Significant enhancement of fluorescence intensity can be 
observed even when [Zn2+] is as low as 10 nM, which equals to 
0.65 ppb, indicating that ZC-F4 is highly sensitive for Zn2+ 
even at ppb level. It is worth to be noted that the fluorescence 
intensities of ZC-F4 at both 500 nm and 609 nm have well 
fitted linearship with the concentration of Zn2+ (Figure 1(b)), 
suggesting its usage for quantitative detection of Zn2+. The 
absorption response of ZC-F4 towards Zn2+ show that the 
absorption maximum shift from 450 nm to 468 nm with a 
Isosbestic point located at 456 nm, indicating the formation of 
the complex of ZC-F4 with Zn2+ (Figure S1). Job’s plot 
analysis suggests a 1:1 stoichiometry (Figure S2).  
 To verify the application of ZC-F4 in complicated 
environment, metal ions with biological and environmental 
interests such as Ni2+, Cd2+,Cr3+, Fe3+, Na+, Ca2+, Pb2+, Al3+, 
Co2+, Cu2+, Mg2+, K+, Hg2+ and Ag+ have been introduced as 
the interferences to investigate their impact on the selectivity of 
ZC-F4 towards Zn2+. As we can see in Figure 2, main group 
metal ions and some transition metal ions, including K+, Ca2+, 
Na+, Mg2+, Al3+, Co2+, Cr3+, Ni2+ and Pb2+ exhibit almost no  

 
Figure 3. Fluorescence intensities of ZC-F4 (black) and ZC-
F4-Zn (red, [ZC-F4] = 100 nM, [Zn2+] = 100 nM) at 609 nm at 
various pH conditionsin aqueous solution (water:DMSO=99:1). 
λex = 468 nm 

 
Figure 4. HOMO-LUMO energy levels and the interfacial plots 
of the molecular orbitals for ZC-F4 and its complex form with 
Zn2+ (ZC-F4-Zn) 

influence on the fluorescence response of ZC-F4 before and 
after the addition of Zn2+, while Cu2+ and Fe3+ exert slightly 
quenching effect resulted from their strong absorption of light. 
However, compared with the strong fluorescence enhancement 
caused by Zn2+, their disturbances are quite minor. Although 
fluorescence variation can be observed when Cd2+ was added 
into ZC-F1 in our previous work, ZC-F4 shows no fluorescence 
responses towards Cd2+ except minor quenching effect. This 
might be due to the weaker Lewis acidity of Cd2+ compared 
with Zn2+, while different molecular structure between ZC-F1 
and ZC-F4 may also help to recognize Zn2+ from Cd2+. In 
addition, Hg lies in the same group as Zn and Cd, but Hg2+ and 
its common interference Ag+ exhibit no disturbance. 

pH effect 

To verify its potential usage in biology, pH effect on the 
fluorescence response of the probe is investigated by plotting 
the fluorescence intensity of ZC-F4 with Zn2+ vs pH values. As 
shown in Figure 3, the emission intensities of the probe 
increased dramatically with pH increase from 4.5 to 6 which 
can be ascribed to the competition between the proton and zinc 
ions. Meanwhile, stable fluorescence towards Zn2+ can be 
observed in the pH range 6-9, indicating that the probe is 
suitable for biology use. The fluorescence of ZC-F4-Zn 
quenched under alkaline conditions with pH > 9, which can be 
well explained by the formation of Zn(OH)- or Zn(OH)2 and 
thus reducing the concentration of Zn2+. 

Theoretical Calculations 

To get insight into the probing mechanism, computations on the 
probe before and after combination with Zn2+ is performed 
based on density functional theory (DFT). 
 As shown in Figure 4, electrons mainly localized on the 
coumarin part at ground state and transfer to the carbonyl group 
and the atoms around when excited, indicating a moderate ICT 
effect in the molecule. It is worth to be noted that the two end-
capped pyridine rings are not coplanar to the other part of the 
molecule, while they didn’t take part in the electron 
rearrangement, suggesting its weak influence on the charge 
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Figure 5. Images of HeLa cells incubated with ZC-F4 (10 μM) 
and ZnCl2 at the concentration of 0 μM (a-c) and 5 μM (d-f) for 
30 min. Panels (a) and (d) show differential interference 
contrast (DIC) images, while Panels (b), (c) , (e) and (f) show 
the corresponding confocal fluorescence images collected at 
450-530 nm (b and e) and 550-650 nm (c and f). The 
wavelength for excitation is 405 nm. The scale bar is 50 μm. 

transfer effect. However, when Zn2+ coordinated with the probe, 
the electrons are still located on the coumarin part at the ground 
state, but rearranged to the part from carbonyl to the terpyridine 
group when excited, showing that terpyridine also participate in 
the ICT effect. This electron rearrangement was enhanced 
owing to the strong electronegativity of terpyridine after 
combined with Zn2+, resulting in large Stokes’ shift and red 
emission. Meanwhile, the pyridine rings have the same 
orientation within the conjugated plane, which may also 
enhance the ICT effect and fluorescence quantum yield by 
improving the conjugation. Thus, the enhancement of 
fluorescence and Stokes’ shift can be realized. 

Cell imaging 

Since the probe has exhibited excellent sensing properties for 
Zn2+ in vitro, the assessment whether ZC-F4 can detect Zn2+ in 
live cells is possible by labelling HeLa cells with the probe. As 
controls, the cells were incubated with 10 μM ZC-F4 for 30 
min in DMEM medium at 37 oC, which showed strong 
intracelluar fluorescence in the window of 480-550 nm, while 
no fluorescence displayed in the detection range of 570-700 nm. 
Then, these cells were incubated with DMEM containing ZnCl2 
(5 μM) for another 15 min at 37 ºC. After incubation, these 
cells were washed with PBS three times and dramatically 
enhanced fluorescence emission in the range of 570-700 nm 
can be observed (excitation at 468 nm) (Figure 5). The results 
of the bright-field measurements (Fig. 5a and 5d) suggested that 
the cells were viable throughout the imaging experiments upon 
treatment with ZC-F4 and Zn2+, respectively. As depicted, these 
dramatic changes suggested that ZC-F4 was membrane 
permeable and could response to the presence of Zn2+ in live 
cells. It can be supplied as a useful probe for studying the 
distribution and physiological activity of Zn2+ in live cells. 

Conclusion 

In summary, a new fluorescence probe (ZC-F4) towards Zn2+ 
was designed and synthesized and its response was studied. 
This probe could recognize Zn2+ with signals in two channels. 
Meanwhile, ZC-F4 was highly sensitive to Zn2+ on the ppb 
level with little disturbances from other competing metal ions, 
confirming its good selectivity. Furthermore, the cell imaging 
experiments showed that ZC-F4 was cell permeable for biology 
use and it can be supplied as a useful probe for studying the 
distribution and physiological activity of Zn2+ in live cells. 
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