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一种新型比率型荧光探针用于细胞内半胱氨酸的检测 

周小琴 a    崔梦园 b    贾程利 a    杨  敏 a    吉  民*,a    王  鹏*,b 
(a东南大学生物科学与医学工程学院  南京 210009) 

(b中国药科大学生物医学工程学院  南京 211198) 

摘要  半胱氨酸是人体重要生物成分, 一种新型的吲哚菁类比率型荧光探针的水平与多种疾病相关, 对半胱氨酸浓度

进行快速、准确的响应, 就显得尤其重要. 本研究基于经典的半胱氨酸响应机理, 半胱氨酸的巯基与丙烯酸酯发生迈克

尔加成, 再进一步发生分子内环化, 可特异性识别半胱氨酸. 设计合成了一种新型比率型荧光探针, 结果发现, 该探针

能特异性识别半胱氨酸, 检出限可达到 75 nmol•L－1, 在 30 min 内能完全响应, 稳定性好, 能稳定存在于细胞内, 对细

胞毒副作用小. 因此, 该探针在解决了水溶性差这一问题的基础上, 能快速地对细胞内半胱氨酸的浓度进行精确分析, 

为多种疾病的研究提供了新手段, 为化学材料的发展提供了新的思路. 
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Novel Ratio-Based Fluorescent Probe for Intracellular Cys Detection
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(a School of Biological Sciences and Medical Engineering, Southeast University, Nanjing 210009) 
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Abstract  Cysteine is an important biological component of the human body, its levels are related to many diseases. It is 
especially important to respond quickly and accurately to cysteine concentrations. This study is based on the classical cysteine 
response mechanism. The thiol group of cysteine undergoes Michael addition to acrylate, and then undergoes intramolecular 
cyclization to specifically recognize cysteine. A novel ratio-based fluorescent probe was designed and synthesized in this study. 
The research results found that the probe can specifically recognize cysteine, the detection limit can reach 75 nmol•L－1, can 
fully respond within 30 min, and has good stability. It exists in cells and has little cytotoxic effects. Therefore, on the basis of 
solving the problem of poor water solubility, the probe can quickly and accurately analyze the concentration of cysteine in 
cells, which provides a new means for the study of various diseases and new ideas for the development of chemical materials.
Keywords  cysteine; ratio-based; fluorescent probe; michael addition; indocyanines 

 

1  Introduction 

Cysteine (Cys) is an essential amino acid in the human 
body.[1a-1b] Cys has been proved to be an effective antidote 
to a wide range of poisons due to its binding effect in 
vivo,[2] it plays an important role in the biosynthesis of 
methionine, thiamine, heparin, biotin, lipoic acid, coen-
zyme A, etc.,[3a-3b] it can protect the defense system against 
oxidation[4a-4b] and affect the formation, folding, assembly 
and stability of disulfide bonds.[5a-5c] Therefore, it is very 
necessary and important to detect the level of Cys.[6] 
Common fluorophores of fluorogenic probes are cou- 

marin,[7a-7b] cyanine,[8a-8c] fluorescein,[9] rhodami- ne,[10a-10b] 
fluoropyrrole,[11a-11c] naphthalimide,[12a-12b] etc., while naph- 
thalimide fluorescent probes are relatively less compared 
with other kinds of fluorescent groups, mainly due to its 
poor water solubility, which is difficult to be used in cells. 
In this study, the conversion of naphthalimides into onium 
salts can well solve the problem of poor water solubility, 
therefore, structurally, it is converted from naphthalimide 
derivatives to indocyanines. Studies have shown that in-
docyanines-based fluorescent probes often have near- in-
frared spectral properties, so they are widely used in cell, 
tissue, and in vivo imaging.[13] In this study, a new fluoro-
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phore was designed and synthesized based on the indocya-
nines structure.  

Stronginʼs group[14] reports selective Cys probes, and 
probes based on this strategy have been frequently report-
ed. Both Cys and homocysteine (Hcy) can be cyclized with 
acrylate by Michael addition[15a-15b] to form S and N 
rings.[9] However, due to the steric hindrance effect, the 
formation rate of seven-membered cyclization is much 
faster than that of eight-membered cyclization, so the rate 
of reaction between probes and Cys is far higher than that 
of Hcy, in order to achieve selective detection of Cys. 
Based on this classical response recognition, the probe Q-1 
was designed and synthesized, which can distinguish Cys 
from Hcy well. In 2012, Sinha et al.[16] synthesized and 
evaluated indocyanines dyes as PRMT inhibitors and im-
aging agents. Unfortunately, its excellent optical perfor-
mance has not been fully demonstrated. In 2014, Liu et 
al.[17] reported a flavone-based excited-stste intramolecular 
proton transfer (ESIPT) ratiometric chemodosimeter for 
detection of Cys in linving cells. Its probe is a flavonoid 
based dye, and its recognition mechanism is the same as 
that in this paper. It has good optical properties, but its 
detection line is relatively high, and there is no visible col-
or change of naked eye. The indocyanine fluorescent probe 
reported in this article is, as far as I know, the first fluo-
rescent probe currently used for the detection of cysteine in 
cells.  

Based on the intramolecular charge transfer mechanism, 
after the nucleophilic addition of the probe Q-1 and Cys, 
the fluorophore Q is detached from the reaction system 
(Scheme 1), forming a new push-pull the electronic system 
causes a strong charge transfer within the molecule, which 
results in changes in the absorption and emission spectra. 
The UV absorption and fluorescence spectra of the probe 
Q-1 interacting with Cys further proved its correctness. 
The probe Q-1 can quickly respond to Cys, and the Cys 
concentration within the range of 0～85 μmol•L－1 main-
tains a good linear correlation with the fluorescence signal 
ratio. The detection limit can reach 75 nmol•L－1, and the 
fluorescence ratio signal is increased by 16 times, which 
can accurately analyze the concentration of Cys. Through 
selective and competitive experiments, it was found that 
the probe Q-1 is specific for Cys. At the same time, its pH 
response further indicates the stability of the probe in a 
neutral environment. However, the toxic effect of probe 
Q-1 on cells is negligible, and there is a higher ratio of 
fluorescence signals in cells. The synthetic route for the 
probe Q-1 is shown in Scheme 2. 

2  Results and discussion 

2.1  Probe Q-1 standard curve test 

The standard curve and curve equation between the 
concentration of probe Q-1 and the absorbance can be ob-
tained by measuring the absorbance value of the sample at 
417 nm with the ultraviolet spectrophotometer. There is a 
good linear correlation between the concentration and the  
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Scheme 1  Mechanism of the reaction of aldehyde group with 
Cys 

 

Scheme 2  Synthetic route for the probe Q-1 

absorbance (y＝0.0287x, R2＝0.9999). When the UV ab-
sorbance is 0.2～0.8, the solubility of probe Q-1 in PBS is 
between 6.67～27.9 μg/mL, so it has better solubility in 
PBS. 

2.2  Spectroscopic response of probe Q-1 to Cys  

In this study, the reaction between the probe and Cys 
was characterized by mass spectrometry, and its spectral 
properties were also studied. It is found that the probe Q-1 
has a large UV absorption peak in 440 nm, afterwards, the 
probe Q-1 was treated with different concentrations of Cys 
(0～1000 μmol•L－1) and shaken at 37 ℃ for half an hour, 
the solution changed from orange-red to blue. There is a 
clear difference, and its UV absorption peak is red shifted 
to 620 nm. However, at an excitation wavelength of 620 
nm, its fluorescence spectrum has hardly changed. Simi-
larly, at an excitation wavelength of 560 nm, its fluores-
cence spectrum has not changed. Therefore, 417 nm was 
used as the excitation wavelength. At 417 nm, after probe 
Q-1 interacts with Cys, there is a small UV absorption 
peak, regarding why only 417 nm can be used as the exci-
tation wavelength, the fluorescence mechanism is not yet 
clear. The spectral response image of probe Q-1 to differ-
ent concentrations of Cys is shown in Figure 1. It can be 
seen from Figure 1 that with increase of Cys concentration, 
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the fluorescence intensity at 576 nm of the emission wave-
length decreased, while the fluorescence intensity at 486 
nm of the emission wavelength increased. Further study 
found that when the concentration of Cys is between 0 and 
85 μmol•L－1, the fluorescence ratio signal with emission 
wavelength at 486 and 576 nm is linearly related to Cys 
concentration (y＝0.0524x＋0.002, R2＝0.9915), and ac-
cording to the detection limit formula LOD＝3σ/K, the 
detection limit of probe Q-1 is 75 nmol•L－1. Probe Q-1 
describes a ratio type fluorescent probe, which can well 
eliminate the influence of background noise. Probe Q-1 
can be used for quantitative analysis of Cys with high sen-
sitivity in a wide range.  

 

Figure 1  (a) Fluorescence intensity and (b) fluorescence inten-
sity ratio (A/A0: I486 nm/I576 nm) titration profiles of Q-1 (10 
μmol•L－1) in the presence of Cys (0～500 μmol•L－1) in PBS 
containing 10% DMSO as a cosolvent (excitation at 417 nm) 

2.3  Kinetic study 

The fluorescence response of the probe to a certain con-
centration of Cys with time was measured (Figure 2). The 
results show that the probe Q-1 can respond quickly after 
contacting with Cys, and the fluorescenceintensity de-
creases sharply at 576 nm, but increases at 486 nm. After 
30 min, it reaches saturation state, and the fluorescence 
ratio signal remains unchanged. Due to the attenuation 
effect, the signal of fluorescence intensity and fluorescence 
ratio in the saturated state is weaker than that in saturated 
state with the change of concentration. 

2.4  Stability experiment 

In order to determine the stability of probe Q-1, the flu-
orescence spectrum of probe Q-1 and the probe Q-1 after 
interaction with Cys in pH 1～14 range was measured. The 
fluorescence intensity and fluorescence intensity ratio  

 

Figure 2  (a) Time-dependent the fluorescence intensity and (b) 
fluorescence intensity ratio (A/A0: I486 nm/I576 nm) of 10 
μmol•L－1) probe Q-1 in the presence of 500 μmol•L－1) Cys un-
der excitation at 417 nm in PBS (10% DMSO)  

(I486 nm/I576 nm) of probe Q-1 at different emission 
wavelengths with the change of pH was referred. It can be 
seen that when the pH range is 1～9, the fluorescence ratio 
signal of the probe Q-1 is relatively stable. When pH is 
greater than 9, the ester bond of probe Q-1 will be hydro-
lyzed to generate fluorophore Q and acrylic acid chloride. 
The emission wavelength corresponding to probe Q-1 is at 
576 nm, while the emission wavelength corresponding to 
the fluorophore Q is at 486 nm, so its fluorescence ratio 
signal is rapidly enhanced. However, the pH of the cell 
remains neutral, so the probe Q-1 can be used to detect 
Cys in cells. The fluorescence spectrum of the effect of 
probe Q-1 on the reaction system of Cys in the range of pH 
1～14 was also tested. The results show that when pH is in 
the range of 1～14, the fluorescence intensity of the probe 
increases with the increase of alkalinity at the emission 
wavelength of 486 nm, and decreases with the increase of 
alkalinity at the emission wavelength of 576 nm. It can be 
concluded that the acidic environment has a certain inhibi-
tory effect on the reaction, while the alkaline environment 
is conducive to the reaction. However, in a neutral envi-
ronment, the fluorescence ratio of probe Q-1 to Cys re-
mained stable at about 6.0. The fluorescence ratio signals 
of probe Q-1 to Cys will have better stability in cells. 

2.5  Selective experiment 

In order to prove the specificity and priority of probe 
Q-1 for Cys, the fluorescence spectrum of the interaction 
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of probe Q-1 with different amino acids and inorganic ions 
were tested and analyzed, respectively (Figure 3). The flu-
orescence spectral responses of probe Q-1 to different 
amino acids and ions were measured. It is found that amino 
acids and ions have almost no effect on the fluorescence 
spectrum of probe Q-1, and the fluorescence ratio signal is 
very weak. However, with the addition of Cys, the fluo-
rescence emission wave is significantly blue-shifted, and 
the ratio fluorescence signal is significantly enhanced, 
which is about 6～30 times stronger. It shows that probe 
Q-1 has better selectivity for Cys than other amino acids 
and ions, and can specifically detect Cys. 

 
Figure 3  In the presence of various representative ions and 
amino acids (500 μmol/L individually) in a PBS buffer containing 
10% DMSO as a co-solvent, probe Q-1 (10 μmol•L－1) fluores-
cence intensity ratio (A/A0: I486 nm/I576 nm) 
(1) Ala, (2) Arg, (3) Asp, (4) CaCl2, (5) Gln, (6) Gly, (7) GSH, (8) Hcy, 
(9) Leu, (10) Lys, (11) Met, (12) MgSO4, (13) Na2S, (14) NaCl, (15) 
NH4Cl, (16) Phe, (17) Pro, (18) Ser, (19) Thr, (20) Trp, (21) Val, (22) 
ZnCl2, (23) H2O2, (24) ClO－, (25) O2－, (26) •OH 

2.6  MTT 

The cytotoxicity assay of the probe Q-1 was evaluated 
by conventional cell viability assays. The probe Q-1 was 
dissolved in organic solvent DMSO, and different concen-
trations of probe Q-1 (0～50 µmol•L－1) were incubated 
with Hale cells for 24 h. The results show that when the 
concentration of the probe Q-1 is 50 μmol•L－1, the cells 
still maintain a high survival rate (about 90%). The results 
indicate that the probe Q-1 has a small toxic effect on 
cells, and its low toxicity has great application prospects.  

2.7  Imaging of Cys in living cells 

In order to investigate whether the probe Q-1 can selec-
tively detect Cys in living cells, a fluorescent inverted mi-
croscope to perform cell imaging was used. As shown in 
Figure 4, brightfield measurements show cell viability in 
the experimental environment. In the control experiment, 
N-ethylmaleimide (NEM), as a sulfhydryl blocking agent, 
reduced the concentration of Cys. The cells treated with 
probe Q-1 alone showed weak fluorescence signal in the 
red channel and strong fluorescence signal in the green 
channel. When cells were incubated with NEM and probe 
Q-1, they showed strong fluorescence signal in the red 
channel and almost no fluorescence signal in the green 
channel. When cells were incubated with NEM and Cys, 
and then incubated with probe Q-1, strong fluorescence 
signal was observed in green channel, but almost no fluo-
rescence signal in red channel. These results show that the 
interaction between probe Q-1 and Cys is a ratio mode 
fluorescence signal. Therefore, probe Q-1 will be a feasi-
ble fluorescent probe to detect the abnormal level of Cys. 

 
Figure 4  Fluorescence images of HepG2 cells 

(a1～c1) HepG2 cells treated with 10 μmol•L－1 probe Q-1. (a2～
c2) HepG2 cells pretreated with 100 μmol•L－1 NEM and then 
incubated with probe Q-1 (10 μmol•L－1). (a3～c3) HepG2 cells 
pretreated with NEM (100 μmol•L－1) before being incubated 
with Cys (200 μmol•L－1), and then treated with probe Q-1 (10 
μmol•L－1). Excitation wavelength 417 nm, emission wavelength 
486, 576 nm 

3  Conclusions 

A novel small molecule fluorescent probe was designed 
and synthesized. Based on the classical probe recognition 
mechanism, it can specifically recognize Cys, which is 
superior to homocysteine and glutathione. The fluores-
cence signal ratio of the probe Q-1 to Cys concentration 
has a good linear correlation in a wide range, low detection 
limit, large fluorescence intensity, and can be used for flu-
orescence imaging in water and fluorescence imaging in 
cells. It is worth mentioning that during this experiment of 
ultraviolet and fluorescence spectroscopy, a particularly 
interesting phenomenon was found. After nucleophilic 
addition of probe Q-1 with cysteine, it was further cycled 
to release fluorophore Q, and the color of the solution 
changes from orange-red to blue, and the maximum ab-
sorption peak of ultraviolet shifts to 620 nm. The absorb-
ance at 620 nm is much larger than that at 417 nm. When 
the excitation wavelength is 620 nm, the reaction solution 
between probe Q-1 and Cys has almost no fluorescence. It 
is suspected that it may turn into heat. The investigation of 
light and heat will be further discussed in the future. The 
probe Q-1 will provide a new method for exploring the 
biological function of Cys, which is of great significance 
for the study of Cys in vitro. Its light and heat investigation 
may make the probe Q-1 not only have a labeling function, 
but also hope to provide new ideas for tumor research.  

4  Experimental section 

4.1  Reagents and apparatus 

All the reagents are analytically pure and can be used 
directly without further purification. With TMS as the in-
ternal standard, 1H NMR and 1C NMR spectra were ob-
tained through a Qone WNMR-I-AS400 nuclear magnetic 



   
有机化学 研究论文 

 
2506      http://sioc-journal.cn/ © 2020 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2020, 40, 2502～2507 

resonance spectrometer (Suzhou) of Zhongke Oxford 
Spectral Technology Co., Ltd. The mass spectrometry was 
obtained by a Waters2795 high performance liquid chro-
matography＋Quattro micro triple quadrupole mass spec-
trometer. The high resolution mass spectrometry was ob-
tained by a 6200 series Q-TOF B.06.01 (B6157) (China 
medical university). The melting point of the substance is 
measured by a RY-1G melting point instrument of Tianjin 
Tianguang Optical Instrument Co., Ltd. (Suzhou). UV-Vis 
spectra were obtained by a Shimadzu UV-3700 (Suzhou). 
All pH measurements were carried out using a thunder 
magnetic PHS-3E PH meter with Emer 301F PH compo-
site electrode (Shanghai instrument Electric Scientific In-
struments Co., Ltd., Shanghai, China). The fluorescence 
spectrum was measured by a HORIBA Scientific Fluoro-
Max-4 fluorescence spectrophotometer. The excitation 
wavelength was 417 nm and the excitation slit width was 5 
nm. The emission slit width was 5 nm. Hale/HepG2 cells 
are derived from a Jiangsu Kaiji Biotechnology Co., Ltd. 
(China). The cytotoxicity test was measured by TECAN 
Infinite 200 PRO multifunction enzyme labeling instru-
ment. The cell images were taken with a LeicaDMi8 fluo-
rescence inverted microscope (China Pharmaceutical Uni-
versity, Nanjing, China).  

4.2  Synthetic (E)-2-(4-(acryloyloxy)styryl)-1-ethyl- 
benzoate 

Add (E)-1-ethyl-2-(4-hydroxystyryl)benzo[cd]indol-1- 
ium (Q, 3 g) to an anhydrous device, and inject dichloro-
methane (30 mL) and triethylamine (2.6 g) in an ice bath. 
As a catalyst, acryloyl chloride (1.5 g) was added dropwise 
and stirred at room temperature for 3 h. At the end of the 
reaction, the acryloyl chloride of the reaction liquid was 
quenched in the ice water mixture, extracted the organic 
layer with ethyl acetate, concentrated and dried under re-
duced pressure, and then the dark red crude product was 
obtained. The bright red product was obtained by rapid 
column chromatography (dichloromethane/MeOH, V∶  
V＝30∶1) with 60% yield (2.7 g). m.p. 158～158.5 ℃; 
1H NMR (400 MHz, MeOH) δ: 9.23 (d, J＝7.4 Hz, 1H), 
8.83～8.76 (m, 1H), 8.71 (d, J＝8.0 Hz, 1H), 8.37 (dd, J＝
7.8, 3.0 Hz, 2H), 8.25～8.18 (m, 3H), 8.08～7.92 (m, 2H), 
7.42 (d, J＝8.7 Hz, 2H), 6.66 (dd, J＝17.3, 1.1 Hz, 1H), 
6.44 (dd, J＝17.3, 10.4 Hz, 1H), 6.17 (dd, J＝10.4, 1.1 Hz, 
1H), 4.93 (q, J＝7.3 Hz, 2H), 1.71 (t, J＝7.3 Hz, 3H); 13C 
NMR (101 MHz, MeOH) δ: 164.0, 162.3, 154.4, 152.6, 
138.7, 137.4, 135.3, 132.7 (d, J＝4.9 Hz), 131.3, 131.0, 
130.8, 129.8, 129.4, 127.6, 127.2, 123.5, 122.5, 119.5, 
114.1, 41.7, 14.5. 

4.3  Cell culture and fluorescence imaging 

Stock solutions of probe Q-1 (1 mmol/L) were prepared 
in dimethyl sulfoxide (DMSO). Stock solutions of H2O2, 
ClO－, O2－, •OH, CaCl2, MgSO4, NaCl, NH4Cl, Na2S, 
ZnCl2, Ala, Arg, Asp, Gln, Gly, Gsh, Hcy, Leu, Lys, Met, 
Phe, Pro, Ser, Thr, Trp and Val were prepared in distilled 
water. The pH was adjusted by adding a certain amount of 
sodium hydroxide and 2 mol•L－1 hydrochloric acid to 

phosphate buffer and acetate buffer. The stock solutions of 
analytes were diluted to desired concentrations with dis-
tilled water when needed. For the typical optical measure-
ments, probe Q-1 was diluted to 10 μmol•L － 1 in 
DMSO/phosphate buffer (V∶V＝9∶1, 10 μmol•L－1, pH 
7.2～7.4), and 3.0 mL of the resulting solution was placed 
in a quartz cell. The UV-vis or fluorescence spectra were 
obtained upon the addition of analytes. HepG2/Hale cells 
were cultured in modified Eagleʼs medium supplemented 
with 10% calf bovine serum in an atmosphere of 5% CO2 
and 95% air at 37 ℃.  

 
Supporting Information  MS, HRMS, 1H NMR, 13C 
NMR of probe Q-1. The Supporting Information is availa-
ble free of charge via the Internet at http://sioc- journal.cn/.  
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