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Abstract In this study, a new fluorescent probe 2-(2’-hydroxy-5’-N-maleimide 

phenyl)-benzothiazole (probe 1), was designed and synthesized by linking the excited 

state intramolecular proton transfer (ESIPT) fluorophore to the maleimide group for 

selective detection of thiols in aqueous solution. The fluorescence of probe 1 is 

strongly quenched by maleimide group through the photo-induced electron transfer 

(PET) mechanism, but after reaction with thiol, the fluorescence of ESIPT 

fluorophore is restored, affording a large Stokes shifts. Upon addition of cysteine 

(Cys), probe 1 exhibited a fast response time (complete within 30 s) and a high 

signal-to-noise ratio (up to 23-fold). It showed a high selectivity and excellent 
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sensitivity to thiols over other relevant biological species, with a detection limit of 

3.78 10
8

M (S/N=3). Moreover, the probe was successfully applied to the imaging of 

thiols in living cells.. 

Keywords ESIPT; PET; Fluorescent probe; Thiols; Cell imaging 

1. Introduction 

Thiols, such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) play 

crucial roles in in physiological and pathological processes. For instance, a deficiency 

of Cys causes various health problems, such as retarded growth, lethargy, liver 

damage, skin lesions, etc.
 
[13] At elevated levels in plasma, Hcy is a risk factor for 

cardiovascular disease, Alzheimer's disease [4]. GSH is played a crucial role in 

mammalian and eukaryotic cells [5, 6]. Thus, the development of an effective method 

for the detection and quantification of thiols is of great importance in physiological 

media for academic research and clinical applications
 
[7, 8]. Many techniques 

including, high-performance liquid chromatography [9, 10], electrochemical methods
 

[11], liquid chromatography-electrospray tandem mass spectrometry [12], and mass 

mpectroscopy [13, 14] have been developed for the detection of thiols. Among the 

various detection techniques, fluorescencebased method has become a popular 

approach for detection of thiols due to its high sensitivity, high temporal and spatial 

resolution, and noninvasiveness
 
[1517]. In particular, reaction-based fluorescent 

probes have been rapidly developed in recent years due to their high selectivity with 

large spectroscopic changes [1820]. To date, a large number of fluorescent probes 

for thiols have been successfully developed by utilizing the strong nucleophilicity of 
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the thiol group to the specific reaction sites, such as an alkene or alkyne group with an 

electron withdrawing group[2123], sulfonamide[24], sulfonate ester[25, 26], 

selenium-nitrogen bond[27, 28], disulfide bond[29, 30], nitroolefin moiety[31] and 

other[3238]. Among the reactive sites, maleimides are known to react fairly 

selectively with thiols via a Michael addition reaction [35]. Using this general 

approach, maleimide derivatives based on triphenylamine [39], chromenoquinoline 

[40], naphthalimide[4143], fluorescein[44], dansyl amide[45], coumarin[46, 47], and 

boron-dipyrromethene [48] have been developed as thiols probes. However, there are 

still some limitations in these fluorescence probes, including a small Stock’s shifts, a 

long response time, and their poor water-solubility. Fluorescent probes with larger 

Stokes shifts and a rapid response time can diminish self-quenching and light 

scattering interferences, and enhance the detection sensitivity in complicated 

biosystems. Thus, it is of considerable interest to design and develop new fluorescent 

probes for thiols [4951].  

It is well known that dyes based on ESIPT mechanism have a large Stokes shifts 

compared to the normal fluorophores, which can be avoided the self-absorption, the 

inner filter effect, and improved the fluorescence analysis[5254]. According to these, 

we successfully synthesized a new fluorescent probe 1 for thiols, combining 

2-(2'-hydroxyphenyl)-benzothiazole (HBT) derivative which are known to exhibit an 

excited state intramolecular proton transfer (ESIPT) from the phenol form to the keto 

form results in a large Stokes shift as the fluorophore platform, and a maleimide 

group as the reactive site for thiols (Schemes 1 and 2). This is significantly important 
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to enhance the Stock’s shifts and sensitivity toward thiols. The probe 1 exhibits a 

highly selectivity toward Cys with a larger Stokes shift and a very rapid response time 

in an aqueous medium. 

 

Scheme 1 The chemical structure and synthetic routes to the probe 1. 

2. Experimental 

2.1. Materials and Methods 

Amino acids, 5-aminosalicylic acid, 2-aminophenol, polyphosphoric acid, maleic 

anhydride, and N-ethylmaleimide were purchased from Aladdin Reagents. The 

solutions were purchased from Shanghai Experiment Reagent Co., Ltd (Shanhai, 

China). All chemicals were used without further purification. All reactions were 

magnetically stirred and monitored by thin layer chromatography (TLC). Flash 

chromatography was performed using Qingdao Haiyang silica gel (200300 mesh). 

The solutions of amino acids and reduced glutathione (GSH) were prepared in 

deionized water. The solution of Nethylmaleimide was prepared in EtOH. 

Absorption spectra were recorded using a Varian Carry 4000 spectrometer. 

Fluorescence spectra were obtained using a Hitachi F-7000 Fluorescence 

Spectrophotometer, the slit width of 1.0 nm and matched quartz cells. The 
1
H NMR 

and 
13

C NMR spectra were collected on a BRUKER AVANCE III HD 600 MHz 

spectrometer at 600 MHz and 150 MHz NMR spectrometer, respectively. The 

following abbreviations were used to explain the multiplicities: s=singlet; d=doublet; 

t=triplet; q=quartet; m=multiplet; br=broad. Mass spectra were obtained using a 
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Thermo Scientific Q Exactive LC-MS/MS. The fluorescence images were obtained 

through EVOS® FL Auto Imaging System. 

2.2. Synthesis and characterization 

The synthetic routes to compounds 1 and 2 are shown in Scheme 1. The starting 

material 2 was prepared according to the reported procedure. Compound 2 was 

prepared by a simple one-step procedure in good yield from the reaction of 

2-aminophenol and 5-aminosalicylic acid in polyphosphoric acid (PPA) as a catalyst 

[55, 56]. Condensation of 2 with maleic anhydride in refluxing glacial acetic acid 

afforded the desired product 1 as a yellow solid. The structures of 1 and 2 were 

characterized by ESIMS, 
1
H and 

13
CNMR and the corresponding spectra are 

shown in Supplementary information. 

2.3. Typical procedure for thiols determination 

Double distilled water was used to prepare all aqueous solutions. All the 

measurements were made according to the following procedure. PBS buffer solution 

(10 mM, pH 7.4) 2 mL and the stock solution of probe 1 (2.0 mM) 2 μL were mixed 

in a 1 cm path quartz cuvette, followed by addition of an appropriate volume of thiols 

sample solution. The reaction solution was mixed and kept 30 s at room temperature, 

which was then transferred to measure UV-vis absorbance within the wavelength 

range of 250∼450 nm or fluorescence intensity/spectrum with λex/em = 370/460 nm, 

and the excitation slit widths of 5 nm and the emission slit widths of 10 nm. In the 

meantime, a blank solution of probe 1 was prepared and measured under the identical 

conditions for stable and photostable. 
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2.4. Fluorescence imaging in living cells 

The HeLa cell line was provided by Key Laboratory of Chemical Biology and 

Molecular Engineering of Ministry of Education. Cells were grown in RPMI 1640 

medium supplemented with 10% FBS (Fetal Bovine Serum) and 1% antibiotics at 37 

o
C in humidified environment of 5% CO2. Fluorescence imaging were acquired 

through an EVOS® FL Auto Cell Imaging System with a 40× oil immersion objective 

lens. Emission was collected at DAPI light channel (λex = 357 nm, λem = 447 nm). 

2.5 Theoretical calculation methods 

Geometry of probe 1 and probe 1 + Cys were first optimized by the DFT method at 

the B3LYP/6-31g* level, then optimized geometries were used time dependent DFT 

(TDDFT) calculations for understanding the electron excitation process. All these 

calculations were performed with Gaussian 09 [57]. 

3. Results and discussion 

3.1. The sensing properties of probe 1 towards Cys  

As the representative of thiols, Cys was used to examine the sensing properties of 

probe 1. Firstly, the solubility of probe 1 in aqueous solution was examined by UV 

absorption spectra with the increased concentration of probe 1. As shown in Fig. S1, 

the absorbance intensity was closely related with the concentration of probe 1 from 0 

to 12 μM with a good linear relationship (R
2
=0.998) in PBS buffer solution, 

suggesting that the solubility of probe 1 in aqueous solution was 12 μM. At the same 

time, the molar absorption coefficient of probe 1 at 340nm was measured as ɛ=18900 
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M
1

cm
1

 using the Beer-Lambert Law. In addition, the stability of probe 1 was 

investigated using fluorescence spectrum on the aqueous probe solution. After stated 

in the PBS solution for 24 hours, the relative fluorescence intensity of probe 1 has no 

apparent change (Fig. S2a). Moreover, the photostability of probe 1 was also 

evaluated by continuous irradiation for 20 minutes using a 150 W Xe lamp as the light 

source, also the relative fluorescence intensity of probe 1 has no apparent change (Fig. 

S2b), indicating that probe 1 is sufficient photostability in aqueous solution. 

Particularly, it is almost non-fluorescent in PBS buffer solution, in which a PET 

process took place from the electron-donating maleimide groups to the 

electron-accepting the HBT derivative. The addition of Cys, however, a dramatic 

fluorescence intensity increase was observed in a few seconds centered at 460 nm 

(Fig. 1), which was in agreement with a typical PET process. The PET quenching 

process in probe 1 could be rationalized by density function theory (DFT) and time 

dependent DFT (TDDFT) calculations at the B3LYP/6-31g* level [40, 58]. As shown 

in Fig. 2 and Table 1, the HOMO of probe 1 was localized on HBT moiety but the 

LUMO was located on maleimide part, and according to TDDFT calculations, the 

S0→S1 of probe 1 was a forbidden transition due to oscillator strength ( f=0.0016) 

based on the principle of Kasha’s rule [59]. Therefore, the S1 of probe 1 would be a 

dark state, the presence of maleimide part induced the non-radiative transitions, and 

thus probe 1 was non-fluorescen. In contrast, the allowed S0→S1 transition (f=0.468) 

in the corresponding probe 1 + Cys indicated that the species could be fluorescent. 

The results were in agreement with the experimental studies, which could further 
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prove the sensing mechanism. 

 

 

Fig. 1 Changes in absorption spectra (a) and fluorescence spectrum (b) of 1 (2 μM) 

measured with and without 3 μM Cys in a PBS buffer solution (10 mM, pH 7.4, 

containing 0.1% DMSO).  

 

Fig. 2 View of the frontier molecular orbitals (MOs) of probe 1 and generated from 

DFT B3LYP/6-31g* geometry optimization. 

Table 1. Selected electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of probe 1 and probe 1+Cys, calculated 

by TDDFT//B3LYP/6-31g*, based on the optimized ground state geometries. 

 

Encouraged by these results, the fluorescence titration studies of probe 1 (2 μM) 

towards different amounts of Cys were performed in a PBS buffer solution (10 mM, 

pH 7.4, containing 0.1% DMSO). As shown in Fig. 3, the free probe 1 was almost no 

fluorescent (Φ = 0.015, with quinine sulfate as a reference) [60]. Upon treatment with 

increasing concentrations of Cys, the fluorescence intensity of probe 1 at 460 nm 

gradually increased, and reached saturation when the amount of Cys was more than 3 

μM. In this case, a ca. 23fold fluorescence enhancement was observed. Moreover, a 

linear relationship with the Cys concentration from 0 to 3.0 μM could be obtained 

(Fig. 3b). Based on the definition by IUPAC (CDL= 3 Sb/m) [61], the detection limit 

was found to be 3.78 10
8

M. Upon addition of GSH to probe 1, a similar 

phenomenon on fluorescence spectra could be observed (Fig. S3).  
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Fig. 3 (a) Changes in fluorescence emission spectrum of probe 1 (2 μM) measured 

with various amounts of Cys in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence titration profile (at 460 nm) vs. concentration of Cys in 

solution for probe 1. 

3.2 The selectivity of probe 1 for Cys.  

Next, we examined the fluorescence spectral changes of probe 1 (2 μM) towards 

natural amino acids, including thiols with mercapto groups (GSH, Hcy and Cys), and 

those without mercapto groups (Lalanine (Ala), Larginine (Arg), Lasparagine 

(Asp), Lglutamine (Gln), Lglutamic acid (Glu), Lglycine (gly), Lhistidine (His), 

Lisoleucine (Ile), Lleucine (Leu), Llysine (Lys), Lmethionine (Met), 

Lphenylalanine (Phe), Lproline (Pro), Lserine (Ser), Lthreonine (Thr), 

Ltryptophan (Trp), Ltyrosine (Tyr), and Lvaline (Val) ). As shown in Fig. 4a, only 

thiols with mercapto groups caused a significant enhancement in fluorescence 

intensity and the other amino acid samples exhibited no noticeable increase of the 

fluorescence signal. At the same time, all the competing amino acids did not interfere 

the detection of Cys (Fig. 4b). In addition, the large fluorescence change of probe 1 

induced by Cys was also observable by the naked eye. When probe 1 was excited at 

365 nm using a UV lamp in the presence of 2.0 equiv. of various amino acids, only 

Cys caused a strong green fluorescence (Fig. 4c). These results indicated that probe 1 

is highly selectivity towards thiols over other amino acids. 

 

Fig. 4 (a) The fluorescence spectra of probe 1 (2 μM) upon addition of 4 μM of Cys 
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and various other amino acid in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence response of probe 1 (2 μM) to 3μM of Cys in the solution 

containing 10μM of various amino acid; (c) Fluorescence images of probe 1 (2 μM) to 

various amino acids (4 μM) in PBS buffer (10 mM, pH 7.4, containing 0.1% DMSO) 

on excitation at 365 nm using a UV lamp. 

3.3 Influences of time and pH  

We also carried out the effect of reaction time on the fluorescence emission of the 

system (Fig. 5). The reaction of probe 1 with Cys reached equilibrium within 60 

seconds after the addition of 3μM of Cys, indicating that probe reacted rapidly with 

Cys under the experimental conditions. In addition, the probe 1 was stable in a pH 

region of 2.0-12.0, and displayed good fluorescence response toward Cys in the 

physiological pH range, which was favorable in practical application (Fig. S4). As 

described above, probe 1 displayed excellent analytical property comparing with 

some other fluorescent probes of recent reports for the detection of Cys. The 

comparison data are listed in Table 2, indicating that probe 1 is promising for practical 

analysis. 

 

Fig. 5 Timedependent fluorescence intensity changes of probe 1 (2 μM) at 460 nm, 

upon addition of 3 μM of Cys. Conditions: PBS buffer (10 mM, pH 7.4, containing 

0.1% DMSO) at 25 
o
C. 

Table 2. Comparison of probe 1 for the detection of thiols 

 

3.4 Proposed mechanism 
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To confirm the reaction mechanism, we first performed NMR studies of probe 1 in 

the presence of 2mercaptoethanol (ME). Compared with the 
1
H NMR spectrogram 

of probe 1, the signal of original proton(―CH=CH―) at 7.190 ppm disappeared and 

appearance of new signals at 4.5-3.3 ppm which were supposed to arise due to the 

Michael addition of ME to the electron-deficient alkene groups in probe 1 (Fig. 

S5)[62]. We also studied the interaction of substance 2 and Cys using UV-vis 

absorption. As shown in Fig S6, 2 did not react with Cys. We reasoned that the 

plausible mechanism of the interaction between probe 1 and Cys was presented in 

Scheme 2. Further, we performed the HRMS experiment on probe 1 treated with Cys 

(Fig. 6), where in the peak at m/z = 444.0673 corresponding to [probe 1+Cys + H]
 +

 

(444.0682 calc.) was clearly observed. These results provide further evidence for the 

proposed mechanism. 

 

Scheme 2 The proposed sensing mechanism of probe 1 toward Cys. 

 

Fig. 6 HRMS charts of probe 1 treated with Cys. The peak (m/z) at 444.0673 

corresponds to [probe 1 + Cys + H]
 +

 ( Calcd for: 444.0682). 

3.5 Fluorescence imaging for living cells 

To value the practical utilities, we further measured the permeability and the 

monitoring of probe 1 toward Cys in living cells using an EVOS® FL Auto Cell 

Imaging System. The optical window at the DAPI channel (345447 nm) was chosen 

as a signal output. As shown in Fig. 6, the HeLa cells were found to have almost no 
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fluorescence in the channel (Figure 7A). When the cells were incubated with probe 1 

(5μM) for 30 min at 37◦C, they showed weak fluorescence as a result of the fact that 

probe 1 binds the cellular biothiols (Figure 7B). When the cells were pretreated with 

100μM Cys and then incubated with probe 1 (5μM), they gave a stronger fluorescence 

(Figure 7C). When the cells were pretreated with Nethylmaleimide (NEM, 1.0mM, a 

thiol blocking reagent) and then incubated with probe 1 (5μM), a remarkable decrease 

in fluorescence intensity was observed (Figure 7D). These results suggested that 

probe 1 was good cell-membrane permeability and responsive to intracellular thiols.  

 

Fig. 7 A) Fluorescence image of Cys in HeLa cells using probe 1.A) HeLa cells only; 

B) HeLa cells incubated with probe 1 (5 μM, 30 min); C) HeLa cells pre-incubated 

with Cys (100 μM, 30 min), and then treated with probe (5 μM, 30 min); D) HeLa 

cells preincubated with NEM (1 mM, 30 min), and then treated with probe 1 (5 μM, 

30 min). Emission was collected at DAPI Light Cube (excited at 357 nm). Scale bar: 

20 μm. 

Conclusions 

In summary, a new “turnon” fluorescence probe 1 for thiols was exploited by 

coupling the reactionbased strategy with ESIPT and PET mechanism. The probe can 

highly selectively detect Cys with a fast fluorescence offon response and an 

extremely low detection limit. Preliminary fluorescence imaging experiments in cells 

indicate its potential to probe biothiols chemistry in biological systems. 

Acknowledgements 

We would like to thank the Scientific and Technologial Innovation Programs of 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 13 

Higher Education Institutions in Shanxi (No. 2015173) for financial support. 

Notes and references 

[1] S. Shahrokhian. Lead phthalocyanine as a selective carrier for preparation of a 

cysteine-selective electrode, Anal. Chem. 73 (2001) 5972-5978. 

[2] K.G. Reddie, K.S. Carroll. Expanding the functional diversity of proteins through 

cysteine oxidation, Curr. Opin. Chem. Biol. 12 (2008) 746-754. 

[3] E. Weerapana, C. Wang, G.M. Simon, F. Richter, S. Khare, M.B.D. Dillon, D.A. 

Bachovchin, K. Mowen, D. Baker, B.F. Cravatt. Quantitative reactivity profiling 

predicts functional cysteines in proteomes, Nature 468 (2010) 790-795. 

[4] M. Cattaneo. Homocysteine and Cardiovascular Diseases, Circulation 100 (1999) 

e151-e151. 

[5] S. Seshadri , A. Beiser , J. Selhub , P.F. Jacques , I.H. Rosenberg , R.B. 

D'Agostino , P.W.F. Wilson , P.A. Wolf Plasma Homocysteine as a Risk Factor for 

Dementia and Alzheimer's Disease, New Engl. J. Med. 346 (2002) 476-483. 

[6] D.M. Townsend, K.D. Tew, H. Tapiero. The importance of glutathione in human 

disease, Biomed. Pharmacother. 57 (2003) 145-155. 

[7] Z. Yao, H. Bai, C. Li, G. Shi. Colorimetric and fluorescent dual probe based on a 

polythiophene derivative for the detection of cysteine and homocysteine, Chem. 

Commun. 47 (2011) 7431-7433. 

[8] H.S. Jung, X. Chen, J.S. Kim, J. Yoon. Recent progress in luminescent and 

colorimetric chemosensors for detection of thiols, Chem. Soc. Rev. 42 (2013) 

6019-6031. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 14 

[9] G.L. Ellman. Tissue sulfhydryl groups, Arch. Biochem. Biophys. 82 (1959) 

70-77. 

[10] W. Chen, Y. Zhao, T. Seefeldt, X. Guan. Determination of thiols and disulfides 

via HPLC quantification of 5-thio-2-nitrobenzoic acid, J. Pharm. Biomed. Anal. 48 

(2008) 1375-1380. 

[11] T. Inoue, J.R. Kirchhoff. Electrochemical Detection of Thiols with a Coenzyme 

Pyrroloquinoline Quinone Modified Electrode, Anal. Chem. 72 (2000) 5755-5760. 

[12] M. Rafii, R. Elango, G. Courtney-Martin, J.D. House, L. Fisher, P.B. Pencharz. 

High-throughput and simultaneous measurement of homocysteine and cysteine in 

human plasma and urine by liquid chromatography–electrospray tandem mass 

spectrometry, Anal. Biochem. 371 (2007) 71-81. 

[13] A. Zinellu, S. Sotgia, B. Scanu, M.F. Usai, A.G. Fois, V. Spada, A. Deledda, L. 

Deiana, P. Pirina, C. Carru. Simultaneous detection of N-acetyl-l-cysteine and 

physiological low molecular mass thiols in plasma by capillary electrophoresis, 

Amino Acids 37 (2009) 395-400. 

[14] N. Burford, M.D. Eelman, D.E. Mahony, M. Morash. Definitive identification of 

cysteine and glutathione complexes of bismuth by mass spectrometry: assessing the 

biochemical fate of bismuth pharmaceutical agents, Chem. Commun. (2003) 146-147. 

[15] X. Chen, Y. Zhou, X.J. Peng, J. Yoon. Fluorescent and colorimetric probes for 

detection of thiols, Chem. Soc. Rev. 39 (2010) 2120-2135. 

[16] M.E. Moragues, R. Martinez-Manez, F. Sancenon. Chromogenic and fluorogenic 

chemosensors and reagents for anions. A comprehensive review of the year 2009, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 15 

Chem. Soc. Rev. 40 (2011) 2593-2643. 

[17] E.L. Que, D.W. Domaille, C.J. Chang. Metals in Neurobiology: Probing Their 

Chemistry and Biology with Molecular Imaging, Chem. Rev. 108 (2008) 1517-1549. 

[18] J. Chan, S.C. Dodani, C.J. Chang. Reaction-based small-molecule fluorescent 

probes for chemoselective bioimaging, Nat. Chem. 4 (2012) 973-984. 

[19] J. Du, M. Hu, J. Fan, X. Peng. Fluorescent chemodosimeters using "mild" 

chemical events for the detection of small anions and cations in biological and 

environmental media, Chem. Soc. Rev. 41 (2012) 4511-4535. 

[20]Y. Yang, Q. Zhao, W. Feng, F. Li. Luminescent Chemodosimeters for Bioimaging, 

Chem. Rev. 113 (2013) 192-270. 

[21] L. Deng, W.T. Wu, H.M. Guo, J.Z. Zhao, S.M. Ji, X. Zhang, X.L. Yuan, C.L. 

Zhang. Colorimetric and Ratiometric Fluorescent Chemosensor Based on 

Diketopyrrolopyrrole for Selective Detection of Thiols: An Experimental and 

Theoretical Study, J. Org. Chem. 76 (2011) 9294-9304. 

[22] H.S. Jung, K.C. Ko, G.H. Kim, A.R. Lee, Y.C. Na, C. Kang, J.Y. Lee, J.S. Kim. 

Coumarin-Based Thiol Chemosensor: Synthesis, Turn-On Mechanism, and Its 

Biological Application, Org. Lett. 13 (2011) 1498-1501. 

[23] W.Y. Lin, L. Yuan, Z.M. Cao, Y.M. Feng, L.L. Long. A Sensitive and Selective 

Fluorescent Thiol Probe in Water Based on the Conjugate 1,4-Addition of Thiols to 

alpha,beta-Unsaturated Ketones, Chem. Eur. J. 15 (2009) 5096-5103. 

[24] J. Bouffard, Y. Kim, T.M. Swager, R. Weissleder, S.A. Hilderbrand. A Highly 

Selective Fluorescent Probe for Thiol Bioimaging, Org. Lett. 10 (2008) 37-40. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 16 

[25] H. Maeda, H. Matsuno, M. Ushida, K. Katayama, K. Saeki, N. Itoh. 

2,4-dinitrobenzenesulfonyl fluoresceins as fluorescent alternatives to Ellman's reagent 

in thiol-quantification enzyme assays, Angew. Chem. Int. Ed. 44 (2005) 2922-2925. 

[26] Y.B. Liu, Y.W. Liu, W. Liu, S.C. Liang. Two-photon fluorescent probe derived 

from naphthalimide for cysteine detection and imaging in living cells, Spectrochimica 

Acta Part a-Molecular and Biomolecular Spectroscopy 137 (2015) 509-515. 

[27] B. Tang, Y. Xing, P. Li, N. Zhang, F. Yu, G. Yang. A Rhodamine-Based 

Fluorescent Probe Containing a Se−N Bond for Detecting Thiols and Its Application 

in Living Cells, J. Am. Chem. Soc. 129 (2007) 11666-11667. 

[28] K.H. Xu, M.M. Qiang, W. Gao, R.X. Su, N. Li, Y. Gao, Y.X. Xie, F.P. Kong, B. 

Tang. A near-infrared reversible fluorescent probe for real-time imaging of redox 

status changes in vivo, Chem. Sci. 4 (2013) 1079-1086. 

[29] J.H. Lee, C.S. Lim, Y.S. Tian, J.H. Han, B.R. Cho. A Two-Photon Fluorescent 

Probe for Thiols in Live Cells and Tissues, J. Am. Chem. Soc. 132 (2010) 1216-1217. 

[30] M.H. Lee, J.H. Han, P.-S. Kwon, S. Bhuniya, J.Y. Kim, J.L. Sessler, C. Kang, J.S. 

Kim. Hepatocyte-Targeting Single Galactose-Appended Naphthalimide: A Tool for 

Intracellular Thiol Imaging in Vivo, J. Am. Chem. Soc. 134 (2012) 1316-1322. 

[31] H.L. Wang, G.D. Zhou, C. Mao, X.Q. Chen. A fluorescent sensor bearing 

nitroolefin moiety for the detection of thiols and its biological imaging, Dyes and 

Pigments 96 (2013) 232-236. 

[32]L. Wang, H.Y. Chen, H.L. Wang, F. Wang, S. Kambam, Y. Wang, W.B. Zhao, X.Q. 

Chen. A fluorescent probe with high selectivity to glutathione over cysteine and 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 17 

homocysteine based on positive effect of carboxyl on nucleophilic substitution in 

CTAB, Sensors Actuators B: Chem. 192 (2014) 708-713. 

[33] H.L. Wang, G.D. Zhou, X.Q. Chen. An iminofluorescein-Cu
2+

 ensemble probe for 

selective detection of thiols, Sensors and Actuators B-Chemical 176 (2013) 698-703. 

[34] H.L. Wang, G.D. Zhou, H.W. Gai, X.Q. Chen. A fluorescein-based probe with 

high selectivity to cysteine over homocysteine and glutathione, Chem. Commun. 48 

(2012) 8341-8343. 

[35] C.X. Yin, F.J. Huo, J.J. Zhang, R. Martinez-Manez, Y.T. Yang, H.G. Lv, S.D. Li. 

Thiol-addition reactions and their applications in thiol recognition, Chem. Soc. Rev. 

42 (2013) 6032-6059. 

[36] R.R. Zhang, J.F. Zhang, S.Q. Wang, Y.L. Cheng, J.Y. Miao, B.X. Zhao. Novel 

pyrazoline-based fluorescent probe for detecting thiols and its application in cells, 

Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy 137 (2015) 

450-455. 

[37] L.-Y. Niu, Y.-Z. Chen, H.-R. Zheng, L.-Z. Wu, C.-H. Tung, Q.-Z. Yang. Design 

strategies of fluorescent probes for selective detection among biothiols, Chem. Soc. 

Rev. 44 (2015) 6143-6160. 

[38] N. Ercal, P. Yang, N. Aykin. Determination of biological thiols by 

high-performance liquid chromatography following derivatization by ThioGlo 

maleimide reagents. Journal of Chromatography B: Biomedical Sciences and 

Applications 753 (2001) 287292. 

[39] T. Liu, F.J. Huo, C.X. Yin, J.F. Li, J.B. Chao, Y.B. Zhang. A triphenylamine as a 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 18 

fluorophore and maleimide as a bonding group selective turn-on fluorescent imaging 

probe for thiols, Dyes and Pigments 128 (2016) 209-214. 

[40] D. Kand, A.M. Kalle, S.J. Varma, P. Talukdar. A chromenoquinoline-based 

fluorescent off-on thiol probe for bioimaging, Chem. Commun. 48 (2012) 2722-2724. 

[41] L. Qu, C. Yin, F. Huo, J. Li, J. Chao, Y. Zhang. A maleimide-based thiol 

fluorescent probe and its application for bioimaging, Sensors Actuators B: Chem. 195 

(2014) 246-251. 

[42] T. Liu, F. Huo, J. Li, J. Chao, Y. Zhang, C. Yin. A fast response and high 

sensitivity thiol fluorescent probe in living cells, Sensors Actuators B: Chem. 232 

(2016) 619-624. 

[43] S. Girouard, M.-H. Houle, A. Grandbois, J.W. Keillor, S.W. Michnick. Synthesis 

and Characterization of Dimaleimide Fluorogens Designed for Specific Labeling of 

Proteins, J. Am. Chem. Soc. 127 (2005) 559-566. 

[44] F. Huo, J. Kang, C. Yin, Y. Zhang, J. Chao. A turn-on green fluorescent thiol 

probe based on the 1,2-addition reaction and its application for bioimaging, Sensors 

Actuators B: Chem. 207 (2015) 139-143. 

[45] J. Guy, K. Caron, S. Dufresne, S.W. Michnick, Skene, J.W. Keillor. Convergent 

Preparation and Photophysical Characterization of Dimaleimide Dansyl Fluorogens:  

Elucidation of the Maleimide Fluorescence Quenching Mechanism, J. Am. Chem. Soc. 

129 (2007) 11969-11977. 

[46] M.E. Langmuir, J.-R. Yang, A.M. Moussa, R. Laura, K.A. LeCompte. New 

naphthopyranone based fluorescent thiol probes, Tetrahedron Lett. 36 (1995) 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 19 

3989-3992. 

[47] J.E.T. Corrie. Thiol-reactive fluorescent probes for protein labelling, J. Chem. 

Soc., Perkin Trans. 1 (1994) 2975-2982. 

[48] T. Matsumoto, Y. Urano, T. Shoda, H. Kojima, T. Nagano. A Thiol-Reactive 

Fluorescence Probe Based on Donor-Excited Photoinduced Electron Transfer:  Key 

Role of Ortho Substitution, Org. Lett. 9 (2007) 3375-3377. 

[49] J. Li, C.-F. Zhang, Z.-Z. Ming, W.-C. Yang, G.-F. Yang. Novel coumarin-based 

sensitive and selective fluorescent probes for biothiols in aqueous solution and in 

living cells, RSC Adv. 3 (2013) 26059-26065. 

[50] X. Liu, L. Gao, L. Yang, L. Zou, W. Chen, X. Song. A phthalimide-based 

fluorescent probe for thiol detection with a large Stokes shift, RSC Adv. 5 (2015) 

18177-18182. 

[51] J. Liu, Y.-Q. Sun, H. Zhang, Y. Huo, Y. Shi, H. Shi, W. Guo. A carboxylic 

acid-functionalized coumarin-hemicyanine fluorescent dye and its application to 

construct a fluorescent probe for selective detection of cysteine over homocysteine 

and glutathione, RSC Adv. 4 (2014) 64542-64550. 

[52] J.Z. Zhao, S.M. Ji, Y.H. Chen, H.M. Guo, P. Yang. Excited state intramolecular 

proton transfer (ESIPT): from principal photophysics to the development of new 

chromophores and applications in fluorescent molecular probes and luminescent 

materials, PCCP 14 (2012) 8803-8817. 

[53] J. Wu, W. Liu, J. Ge, H. Zhang, P. Wang. New sensing mechanisms for design of 

fluorescent chemosensors emerging in recent years, Chem. Soc. Rev. 40 (2011) 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 20 

3483-3495. 

[54] X.T. Ren, F. Wang, J. Lv, T.W. Wei, W. Zhang, Y. Wang, X.Q. Chen. An 

ESIPT-based fluorescent probe for highly selective detection of glutathione in 

aqueous solution and living cells, Dyes and Pigments 129 (2016) 156-162. 

[55] M.G. Holler, L.F. Campo, A. Brandelli, V. Stefani. Synthesis and spectroscopic 

characterisation of 2-(2’-hydroxyphenyl)benzazole isothiocyanates as new fluorescent 

probes for proteins, J. Photochem. Photobiol. A: Chem. 149 (2002) 217-225. 

[56] G.K. Tsikalas, P. Lazarou, E. Klontzas, S.A. Pergantis, I. Spanopoulos, P.N. 

Trikalitis, G.E. Froudakis, H.E. Katerinopoulos. A "turn-on"-turning-to-ratiometric 

sensor for zinc(ii) ions in aqueous media, RSC Adv. 4 (2014) 693-696. 

[57] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, 

J.R.Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. 

Nakatsuji,M. Caricato, X. Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, 

J.L.Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,T. 

Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.A. Montgomery, Jr., J.E.Peralta, 

F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N.Staroverov, T. Keith, 

R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C.Burant, S.S. Iyengar, J. 

Tomasi, M. Cossi, N. Rega, J.M. Millam, M. Klene, J.E.Knox, J.B. Cross, V. Bakken, 

C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. 

Cammi, C. Pomelli, J.W. Ochterski, R.L. Martin, K.Morokuma, V.G. Zakrzewski, 

G.A. Voth, P. Salvador, J.J. Dannenberg, S.Dapprich, A.D. Daniels, O. Farkas, J.B. 

Foresman, J.V. Ortiz, J. Cioslowski, D.J.Fox, Gaussian 09, Revision D.01, Gaussian, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 21 

Inc., Wallingford, CT, 2013. 

[58] D. Kand, A.M. Kalleb, P. Talukdar. Chromenoquinoline-based thiol probes: a 

study on the quencher position for controlling fluorescent Off–On characteristics. Org. 

Biomol. Chem. 11(2013): 1691-1701. 

[59] T. Miura, Y. Urano, K. Tanaka, T. Nagano, K. Ohkubo, S. Fukuzumi.  Rational 

design principle for modulating fluorescence properties of fluorescein-based probes 

by photoinduced electron transfer. J. Am. Chem. Soc.125(2003) 8666-8671.  

[60] D. Zhang, Z.H. Yang, H.J. Li, Z.C. Pei, S.G. Sun, Y.Q. Xu. A simple excited-state 

intramolecular proton transfer probe based on a new strategy of thiol-azide reaction 

for the selective sensing of cysteine and glutathione. Chem. Commun. 52 (2016) 

749-752. 

[61] B.P. Joshi, J. Park, W.I. Lee, K.H. Lee. Ratiometric and turn-on monitoring for 

heavy and transition metal ions in aqueous solution with a fluorescent peptide sensor, 

Talanta 78 (2009) 903-909. 

[62] Y. Zhang, F. Huo, C. Yin, Y. Yue, J. Hao, J. Chao, D. Liu. An off–on fluorescent 

probe based on maleimide for detecting thiols and its application for bioimaging, 

Sensors Actuators B: Chem. 207 (2015) 59-65. 

 

Biographies 

Yun Zhao received the Ph. D degree from Shanxi University in 2013. Now, he is a 

teacher of Department of Chemistry, Taiyuan Normal University. His research 

interests include organic synthesis and fluorescent probes. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 22 

Yuanyuan Xue received the Master degree from Shanxi University in 2009. Now, she 

is an engineer of Shanxi Analytical Science Academy. Her research interests include 

detection and analysis. 

Haoyang Li is Professor. Department of Chemistry, Taiyuan Normal University. Her 

current research interests are bioorganics, sensors and interaction of fluorescent 

material. 

Ruitao Zhu is an associate professor in the Department of Chemistry, Taiyuan 

Normal University. His current research interests are chemosensors and interactions 

of organic macromolecules with biological molecules. 

Qinghua Shi is an assistant engineer in the Department of Chemistry of Taiyuan 

Normal University. His major is organic chemistry. His current research interests are 

calculation chemistry. 

Song Wang is an assistant engineer in the Department of Chemistry of Taiyuan 

Normal University. His major is organic chemistry. His current research interests are 

synthesis chemistry. 

Yuehong Ren is Professor, Master. Department of Chemistry, Taiyuan Normal 

University. His current research interests are bioorganics, sensors and interaction of 

organic macromolecules with sugar. 

Wei Guo received the PhD degree from Naikai University in 2002. In the same 

year,he joined the School of Chemistry and Chemical Engineering in Shanxi 

University. Hebecame professor in 2006. His research interests include 

supramolecular chemistry,organic synthesis and medicine synthesis. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 23 

Fig. 1 Changes in absorption spectra (a) and fluorescence spectrum (b) of 1 (2 μM) 

measured with and without 3 μM Cys in a PBS buffer solution (10 mM, pH 7.4, 

containing 0.1% DMSO).  

Fig. 2 View of the frontier molecular orbitals (MOs) of probe 1 and generated from 

DFT B3LYP/6-31g* geometry optimization. 

Fig. 3 (a) Changes in fluorescence emission spectrum of probe 1 (2 μM) measured 

with various amounts of Cys in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence titration profile (at 460 nm) vs. concentration of Cys in 

solution for probe 1. 

Fig. 4 (a) The fluorescence spectra of probe 1 (2 μM) upon addition of 4 μM of Cys 

and various other amino acid in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence response of probe 1 (2 μM) to 3μM of Cys in the solution 

containing 10μM of various amino acid; (c) Fluorescence images of probe 1 (2 μM) to 

various amino acids (4 μM) in PBS buffer (10 mM, pH 7.4, containing 0.1% DMSO) 

on excitation at 365 nm using a UV lamp. 

Fig. 5 Timedependent fluorescence intensity changes of probe 1 (2 μM) at 460 nm, 

upon addition of 3 μM of Cys. Conditions: PBS buffer (10 mM, pH 7.4, containing 

0.1% DMSO) at 25 
o
C. 

Fig. 6 HRMS charts of probe 1 treated with Cys. The peak (m/z) at 444.0673 

corresponds to [probe 1 + Cys + H]
 +

 ( Calcd for: 444.0682). 

Fig. 7 A) Fluorescence image of Cys in HeLa cells using probe 1.A) HeLa cells only; 

B) HeLa cells incubated with probe 1 (5 μM, 30 min); C) HeLa cells pre-incubated 

with Cys (100 μM, 30 min), and then treated with probe (5 μM, 30 min); D) HeLa 

cells preincubated with NEM (1 mM, 30 min), and then treated with probe 1 (5 μM, 

30 min). Emission was collected at DAPI Light Cube (excited at 357 nm). Scale bar: 

20 μm. 
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Fig. 1 Changes in absorption spectra (a) and fluorescence spectrum (b) of probe 1 (2 

μM) measured with and without 3 μM Cys in a PBS buffer solution (10 mM, pH 7.4, 

containing 0.1% DMSO).  

 

Fig. 2 View of the frontier molecular orbitals (MOs) of probe 1 and generated from 

DFT B3LYP/6-31g* geometry optimization. 

 

Fig. 3 (a) Changes in fluorescence emission spectrum of probe 1 (2 μM) measured 

with various amounts of Cys in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence titration profile (at 460 nm) vs. concentration of Cys in 

solution for probe 1. 
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Fig. 4 (a) The fluorescence spectra of probe 1 (2 μM) upon addition of 4 μM of Cys 

and various other amino acid in a PBS buffer solution (10 mM, pH 7.4, containing 0.1% 

DMSO); (b) Fluorescence response of probe 1 (2 μM) to 3μM of Cys in the solution 

containing 10μM of various amino acid; (c) Fluorescence images of probe 1 (2 μM) to 

various amino acids (4 μM) in PBS buffer (10 mM, pH 7.4, containing 0.1% DMSO) 

on excitation at 365 nm using a UV lamp. 
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Fig. 5 Timedependent fluorescence intensity changes of probe 1 (2 μM) at 460 nm, 

upon addition of 3 μM of Cys. Conditions: PBS buffer (10 mM, pH 7.4, containing 

0.1% DMSO) at 25 
o
C. 

 

Fig. 6 HRMS charts of probe 1 treated with Cys. The peak (m/z) at 444.0673 

corresponds to [probe 1 + Cys + H]
 +

 ( Calcd for: 444.0682). 
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Fig. 7 A) Fluorescence image of Cys in HeLa cells using probe 1.A) HeLa cells only; 

B) HeLa cells incubated with probe 1 (5 μM, 30 min); C) HeLa cells pre-incubated 

with Cys (100 μM, 30 min), and then treated with probe (5 μM, 30 min); D) HeLa 

cells preincubated with NEM (1 mM, 30 min), and then treated with probe 1 (5 μM, 

30 min). Emission was collected at DAPI Light Cube (excited at 357 nm). Scale bar: 

20 μm. 
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Scheme 1 The chemical structure and synthetic routes to the probe 1. 

Scheme 2 The proposed sensing mechanism of probe 1 toward Cys. 

 

 

 

 

 

 

Scheme 1 The chemical structure and synthetic routes to the probe 1. 

 

Scheme 2 The proposed sensing mechanism of probe 1 toward Cys. 
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Table 1. Selected electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of probe 1 and probe 1+Cys, calculated 

by TDDFT//B3LYP/6-31g*, based on the optimized ground state geometries. 

Table 2. Comparison of probe 1 for the detection of thiols 
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Table 1. Selected electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of probe 1 and probe 1+Cys, calculated 

by TDDFT//B3LYP/6-31g*, based on the optimized ground state geometries. 

Molecule States 
Energy Level 

(eV)
a
 

Wavelength 

(nm) 
f

b
 

Transition Weights
c
 

CI coefficient
d
 

Probe 1 
S0→S1 2.55 485 0.0016 

HOMO→LUMO    0.6944 

HOMO-1→LUMO  0.1033 

S0→S2 3.20 387 0.0008 HOMO-1→LUMO  0.6007 

Probe 1 + 

Cys 

S0→S1 3.70 335 0.4680 HOMO→LUMO    0.6869 

S0→S2 4.29 289 0.3500 
HOMO-4→LUMO  0.5466 

HOMO→LUMO    0.1205 

a
 Only the selected low-lying excited states are presented. 

b
 Oscillator strength. 

c
 Only 

the main configurations are presented. 
d
 The Configuration coefficients are in absolute 

values. 

 

Table 2. Comparison of probe 1 for the detection of thiols 

Reference Response time Stokes shift Detection limit Analyte 

Dyes Pigments, 

2016 [39] 

2.5 min 110nm 0.13 µM Cys 

Chem. Commun., 

2012 [40] 

20 min 49 nm  1.94 × 10
−2

 µM Cys 

RSC Adv, 2013, [49] 30 min 75 nm ----- Cys 

Dyes Pigments, 

2013 [31] 

1 min 21 nm 0.2 µM Cys 

This work 0.5 min 90 nm 3.7810
-2 

µM  
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Highlights 

 

• A new fluorescent probe 1 based on a 2-(Benzothiazol-2-yl) phenol (HBT) derivative was 

synthesized and characterized. 

• The limit of detection of probe 1 was as low as 3.78 × 10
−8

 M for Cys. 

• The probe 1 exhibited a large large Stock’s shifts in aqueous solution. 

• The probe 1 was used as practical probe for imaging of Cys in living cell. 
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