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Introducing a hybrid xanthene as a fluorophore, an ‘ensemble’-based fluorescent sensor 
(E)‑2-(6-(diethylamino)-2-((2-hydroxyphenylimino)methyl)-3-oxo-3H-xanthen-9-yl)benzoic acid 
(a) was designed and synthesised for detection of cysteine. Cysteine can release CuII ion from 
the non-fluorescent a-CuII complex. Then hydrolytic cleavage of Schiff base a produces a pink 
fluorescent compound 2-(6-(diethylamino)-2-formyl-3-oxo-3H-xanthen-9-yl)benzoic acid (2). We 
call this process a fluorescence off-on change. An obvious color change from purple a to pink 2 can 
be easily observed by the naked-eye. The calibration curve showed that the fluorescence intensity 
at 560 nm linearly increased over the cysteine concentration range of 0.379-100 μmol L-1 with 
a limit of detection of 0.379 μmol L-1. Sensor a-CuII displayed excellent selectivity for cysteine, 
even homocysteine and glutathione did not show influence. The sensor was also used for detecting 
cysteine in human breast adenocarcinoma cells, which illustrates the practical value. Overall, the 
sensor appears to be useful for rapid, convenient and selective cysteine detection in living tissues.
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Introduction

Biological thiols including cysteine (Cys), glutathione 
(GSH), and homocysteine (Hcy) are vital to the cellular 
antioxidant defense system.1,2 Cys plays an important 
role in protein synthesis, metabolism, and detoxification. 
High Cys content is related to neurotoxicity,3 while low 
Cys content is involved in growth retardation, edema, 
hair depigmentation, pigmentation, liver injury, muscle 
and fat loss, skin damage, and weakness.4 What’s more, 
reduced Cys content is observed in patients infected with 
human immunodeficiency virus (HIV).5,6 Because Cys 
level specifically is associated with different diseases, its 
discrimination from Hcy and GSH is necessary.

As fluorescent sensors possess advantages of simplicity, 
highly selectivity, and suitability for sensing in biological 
samples, they have become powerful tools to detect 

biological thiols. Thus, chemists have made considerable 
efforts to develop them for many applications including 
detect thiol species in living tissues.7-17 The detection 
mechanism of reported fluorescent sensors include 
de‑metalization from CuII-complex,12-15 Michael addition,18-28 
cleavages of disulfide,29-42 and excited-stated intramolecular 
proton transfer (ESIPT) mechanism.43 De-metalization from 
CuII-complex attractted attention of chemists for its fast 
response time and obvious fluorescence change. But, it still 
exists as a challenge to distinguish Cys among biothiols 
as they share similar structures and reactivities. To solve 
this problem, considerable efforts have been made to the 
improve fluorescent sensors that respond selectively to Cys. 
A poly(methacrylic acid) (PMAA)-stabilized Ag clusters 
“on-off” sensor was established as Cys reacted directly with 
Ag clusters via the strong Ag–S interaction.44 Fluorescent 
polymer sensor with silica particles as recognitition group 
can also achieve fluorescence quenching recognition in 
alcoholic media.45 Graphene derivatives46-48 with metallized 
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deoxyribonucleic acid (DNA) can be used as an assembled 
sensor which makes “off-on” signal change possible for Cys 
detection. Ag-Pd bimetallic nanoparticles can detect Cys 
selectively due to the intrinsic effects of the nanocomposite.49 
Thermotropic liquid crystals in the gold grid can detect Cys 
based on the enzymatic reaction.50 Tian et al.51 reported a 
photo-induced electron transfer (PET)‑based sensor HOTA. 
It can react with Cys by forming a 7-membered ring, which 
is impossible for GSH, thus high selectivity can be achieved. 
These methods supply direct and selective ways to detect 
Cys. Unfortunately, some inherent drawbacks such as water 
insoluble detection media, relatively long reaction times and 
single signal change limit their application in living tissues.

In the present work, we designed and synthesized 
(E)-2-(6-(diethylamino)-2-((2-hydroxyphenylimino)
methyl)-3-oxo-3H-xanthen-9-yl)benzoic acid (a) as a 
fluorescence sensor for Cys detection. De-metalization 
from CuII-complex was used as detection mechanism for 
its fast response time and obvious fluorescence change. To 
avoid interference from other thiol species, hybrid xanthene 
was used as fluorophore to supply recognition site just for 
Cys. Obvious color change which can be easily observed 
by naked eye is also achieved as this fluorophore possesses 
a long emission wavelength. Water solubility of the sensor 
can be improved by metal ionic pairs. The key features 
of the novel colorimetric sensor include high selectivity, 
rapid detection and water soluble detection media suitable 
for live imaging, which can avoid the reported limitations.

Experimental

Materials and methods

All solvents and reagents were purchased from a 
commercial source (Xi’an, China) and used untreated. 
Absorption spectra were recorded on a Shimadzu UV‑1700 
spectrophotometer. Fluorescent spectra were taken on a 
Hitachi F-4500 fluorescence spectrophotometer. Mass 
spectra were collected on UltiMate3000 mass spectrometer. 
Nuclear magnetic resonance (NMR) spectra were obtained 
on a Varian Inova 400 spectrometer at 400 MHz for 1H NMR 
and 100 MHz for 13C NMR. Fourier tranform infrared 
(FTIR) spectra were tested in KBr pellets on a Bruker 
Equinox 55 FTIR spectrometer. Fluorescence images were 
taken on Olympus FV1000 confocal microscope.

Synthesis

The synthe t ic  procedure  of  sensor  a  and 
(E)‑2‑(6‑(diethylamino)-3-oxo-2-((phenylimino)methyl)-
3H-xanthen-9-yl)benzoic acid (compound b) is shown in 
Scheme 1. The details can be found in the Supplementary 
Information (SI) section.

Preparation of MCF-7 breast carcinoma cells

The cell viability data were collected by performing 

Scheme 1. Synthetic procedure of sensor a and compound b.
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3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 
bromide (MTT) assays as shown in Figure S6 (SI section). 
The cells were incubated in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Gibco) then supplemented 
with 10% fetal bovine serum (FBS; Gibco) at 37 oC in a 
damped atmosphere of 5% CO2. For entire experiments, 
cells were obtained from subconfluent cultures by using 
trypsin 50 and were re-suspended in fresh complete 
medium before plating. In vitro cytotoxicity experiment 
was evaluated by using MTT reduction assays. In a typical 
operation, about 2000 cells were plated in 96-well plates for 
24 h to permit the cells to adhere, and then incubated with 
a-CuII (20 µmol L-1) in 5% CO2 at 37 oC. At the termination 
of the cultured time, MTT solution (10 μL, 1 mg mL-1) 
was added, and then the cells were cultured for another 
4 h. Ultimately, the incubation solution was removed and 
dimethyl sulfoxide (DMSO, 150 μL) was added to each 
well. The absorbance of MTT was determined (λ = 488 nm) 
by using a microplate reader (BioTek, ELX808).

Spectral analyses

Deionized water was used throughout all experiments. 
Stock solutions (100.0 mmol L-1) of the biological relevant 
analytes [amino acids: Cys, Hcy, GSH, glycine (Gly), 
glutamic acid (Glu), aspartic acid (Asp), methionine (Met), 
tyrosine (Tyr), alanine (Ala), leucine (Leu), isoleucine (Ile), 
threonine (Thr), serine (Ser), proline (Pro), arginine (Arg), 
histidine (His), tryptophan (Trp), lysine (Lys), valine (Val), 
phenylalanine (Phe)] were prepared in deionized water. 
Stocks of the sensor a and compound b (1.0 mmol L-1) were 
prepared in ethanol. Stock solutions of a-CuII (0.5 mmol L-1) 
were prepared in DMSO by mixing a and Cu(ClO4)2 with 
the ratio of 1:1.2. The stock solution of sensors was then 
deliquated to different concentration with the solution of 
dimethylformamide (DMF)-buffer (tris(hydroxymethyl)
aminomethane (tris)-HCl, 1.0 mmol L-1, pH 7.4, 1:1, v/v). 
The amino acids stock solution of 100.0 mmol L-1 was 
diluted to the corresponding concentrations with deionized 
water for spectra titration investigations. Spectra data were 
obtained in 20 min after addition at room temperature.

Results and Discussion

Even though thiol-promoted fluorescence from 
a nonfluorescent CuII complex has been applied as a 
chemosensing combination system,11-14 its chemodosimetric 
function has rarely been discussed yet for thiol detection. 
Thus a novel fluorescent sensor a was designed and 
synthesized. Cysteine can release CuII ion from the non-
fluorescent a-CuII complex. Then hydrolytic cleavage of 

the resulting Schiff base a produces a pink fluorescent 
compound 2. We call this process a fluorescence off-on 
change (Scheme 2). Thus high sensitivity can be achieved 
owing to the affinity of cysteine for CuII ions. With 
this result we expand the methodologies for designing 
various fluorescent chemodosimeters. Moreover, this 
ensemble system achieved high selectivity toward Cys 
and colorimetric sensing recognizable by the naked eye. 
Additionally, we expect the CuII complex-based detection 
method to increase sensor water solubility due to the metal 
ionic pairs. Thus, highly selective visual Cys detection in 
biological systems can be achieved.

The C=N bond in Schiff bases is well known to be 
unstable in aqueous solution and is easily hydrolysed.52 The 
time-dependent fluorescence of sensor a and compound b 
with and without the CuII ion in aqueous solution were 
studied (Figure S1, SI section). Without CuII ion, sensor a 
and compound b both hydrolyzed in 4 min and produced 
pink fluorescent 2. When CuII ions are added to the system, 
the fluorescence intensity of sensor a decreased and the 
fluorescence intensity of compound b increased. This 
indicates that compound b was hydrolyzed but a was not. 
It is likely, then, that the o-OH group of sensor a provides 
a complex site for CuII that prevents further hydrolysis 
(Scheme 2). The maximum fluorescence emission 
wavelength of sensor a was 570 nm, which is typical of 
hybrid xanthene (Figure S2a, SI section). Upon addition 
of CuII, this fluorescence intensity at 570 nm decreased. 
This decreased fluorescence is likely due to a metal-ligand 
charge transfer (MLCT)-based heavy metal ion effect.53,54 
This is typically observed when CuII ions co-ordinate 
to a fluorescent compound. The maximum absorption 
wavelength of sensor a is 560 nm. With addition of CuII, 
the maximum absorption wavelength showed a blue shift 
to 540 nm. An isosbestic point is clear, which indicates 
generation of the a-CuII complex (Figure S2b, SI section). 
Critically, these changes occur when adding only 1 equiv. 
of CuII. The fluorescence emission spectrum of a-CuII, 
a-CuII + Cys, and compound 2 were compared (Figure S3, 
SI section). The a-CuII + Cys complex and compound 2 
share almost the same emission spectrum, which indicates 
that the generated hydrolysis product is compound 2. The 
complexing process between sensor a and CuII was also 
confirmed with a 1H NMR titration experiment (Figure 1). 
When adding CuII (1.0 equiv.) to a DMSO-d6-D2O (1:1, 
v/v) solution of sensor a, the Ha signal disappeared while 
a set of new signals appeared in that area attributable to 
the a-CuII complex. The NMR spectrum of the hydrolysis 
product 2 is different from that of a-CuII showing the signal 
of Hb. The electrospray ionization mass spectrum (ESI-MS) 
(Figure 2) of the a-CuII complex makes it clear that the 1:1 
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complex of a and CuII ion has been generated. Moreover, 
the generation of the hydrolyzate 2 was characterized by 
mass spectrometry, and the peak at m/z 416.1560 (calcd.: 
416.1492) points out that hydrolyzate was produced.

In summary, the data indicate that Cys-induced de-
complexation of CuII from the non-fluorescent a-CuII 
complex returns Schiff base a, and hydrolysis of a 
produces a fluorescent hybrid xanthene 2. Fluorescence 
of 2 indicates the presence of Cys residues and the a-CuII 
complex functions as the sensor. Put in another way, Cys 
residues act as a “switch” in an off-on fluorescence system 
of a-CuII and 2.

To demonstrate the selectivity of a-CuII for Cys in 
living media, fluorescence emission changes of a-CuII in 
aqueous solution were monitored upon addition of various 
amino acids, including Hcy and GSH (Figure 3a). Only 
a-CuII + Cys shows significant fluorescence, indicating 
selectivity of the a-CuII sensor for Cys specifically. This 
is remarkable because species reactive with Cys are also 
frequently reactive with Hcy and GSH. Given that both 
Hcy and GSH are larger than Cys, it is possible that only 

sterically small thiols such as Cys can remove CuII ions from 
the a-CuII complex. This method supplies a different way to 
distinguish Cys from Hcy and GSH which is not mentioned 
in the previous articles.44-51 Competition experiments also 
demonstrate that a-CuII shows a highly selective response to 
Cys even in the presence of other amino acids (Figure 3b).

One attractive feature of this Cys sensor system is 
the clear visible emissions from both compounds a and 2 
(Figure 4). The hybrid xanthene fluorophore was chosen 
specifically for its long emission wavelength that enables 
this colorimetric sensor system. Compound a has a 
markedly different red color from 2, which is a distinct pink 
color. These distinct absorption and fluorescence changes 
make Cys detection possible with the naked eye. This is 
potentially more rapid and convenient than instrument-
based detection methods44-51 in some applications.

To gain insight into the detection of Cys with a-CuII, 
the fluorescence emission intensity was investigated 
(Figure  5). The free a-CuII exhibited a weak emission 
at 570 nm because of the MLCT-based heavy metal ion 
effect. By adding Cys, the emission shifted to a shorter 

Scheme 2. The sensing mechanism of sensor a for Cys.
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wavelength at 560 nm and the intensity increased gradually 
with increasing Cys concentration, indicating that CuII 
was removed from the a-CuII, after which the fluorescence 
of hybrid xathene 2 recovered. In fact, these changes in 
emission ceased and the fluorescence emission intensity at 
560 nm became constant when the amount of Cys added 
reached 50 equiv. The stoichiometry of a-CuII and cysteine 
is 1:1, but a-CuII and cysteine cannot react completely 
when their ratio is 1:1, thus more cysteine is needed to 

move the reaction equilibrium toward the a-CuII complex 
dissociation direction. Under the same conditions, the 
fluorescence emission intensity changes made an excellent 
linear function with the concentration of Cys from 0 to 
100.0 μmol L-1 (R2 = 0.9986, Figure 6). This linear range 
can meet the requirement for cellular Cys detection which 
is similar to reported data.42,49-51 The limit of detection 
(LOD) of a-CuII toward Cys is 3.79 × 10-7 mol L-1 in 
aqueous solutions according to 3σ / S (σ is the standard 

Figure 1. 1H NMR spectra of a by adding CuII (1.0 equiv.) and Cys in DMSO-d6-D2O (1:1, v/v). (a) Synthesized a; (b) isolated a-CuII; and (c) the mixture 
of a-CuII in the presence of Cys.

Figure 2. ESI-MS of a-CuII and hydrolyzate.
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deviation and S is the slope). This phenomenon exhibits 
a relatively lower LOD comparing to literature LOD42,49-51 
(13.47-200 μmol L-1). This indicated that a-CuII could be 
applied to quantitatively detect Cys concentration in a 
relatively wide range.

Then, the absorption spectrum changes of a-CuII 
(2.0 μmol L-1) upon addition of different concentrations of 
Cys were investigated (Figure 7). Complex a-CuII exhibited 
an absorption peak at 550 nm. Upon addition of Cys to a 
solution of a-CuII, the absorption peak at 550 nm gradually 
increased and showed a blue shift to 530 nm, suggesting 
that CuII was removed from a-CuII. This is consistent with 
our hypothesized off-on fluorescence system.

To investigate the cell detecting ability of a-CuII, MCF-7 
cells were developed with a-CuII (20 µmol L-1) for 30 min 
at 37 oC, then washing by phosphate-buffered saline (PBS) 
solution to remove the residual compound a-CuII (Figure 8). 
Confocal imaging changes can be clearly observed. When a 
selective thiol modifying reagent N-ethylmaleimide (NEM) 
and a-CuII were raised with MCF-7 cells, the fluorescence 
image showed a dark fluorescence because Cys connected to 

NEM so that a-CuII kept resistance. When the concentration 
of NEM decreased, light pink fluorescence partly recovered 

Figure 3. (a) Fluorescence intensity of a-CuII (2.0 μM) upon addition of 500 μM of multifarious species in DMF-buffer (tris-HCl, 1.0 mmol L-1, pH 7.4, 
1:1, v/v) (ex: 530 nm; em: 560 nm; slit = 2.5 / 5). (b) Competition graph; 1: blank / Cys, 2: Gly, 3: Glu, 4: Asp, 5: Met, 6: Tyr, 7: Ala, 8: Leu, 9: Ile, 10: Thr, 
11: Ser, 12: Pro, 13: Arg, 14: His, 15: Trp, 16: Lys, 17: Val, 18: Phe, 19: Hcy, 20: GSH (reaction time: 20 min).

Figure 4. (a) Color and (b) fluorescence photoprints of a-CuII (0.5 mmol L-1) in the absence (middle) and presence (right) of Cys (10 equiv.) in DMF-buffer 
(tris-HCl, 1.0 mmol L-1, pH 7.4, 1:1, v/v). Excitation at 365 nm by an UV lamp after 20 min.

Figure 5. Changes in fluorescent intensity of a-CuII (2.0 μmol L-1) 
measured in DMF-buffer (tris-HCl, 1.0 mmol L-1, pH 7.4, 1:1, v/v) upon 
addition of Cys (ex: 530 nm; slit = 2.5 / 5). Cys concentration (from 
bottom to top): 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, 180, 200, 
250, 300, 350, 400, 450, 500 μmol L-1.
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Figure 6. Fluorescent calibration curve of a-CuII (2.0 μmol L-1) as a 
function of the concentration of Cys (all experiments were performed 
three times).

Figure 7. Changes in absorbance intensity of a-CuII (2.0 μmol L-1) 
measured in DMF-buffer (tris-HCl, 1.0 mmol L-1, pH 7.4, 1:1, v/v) upon 
addition of Cys. Cys concentration (from bottom to top): 0, 20, 40, 60, 
80, 100, 250, 500 μmol L-1.

because part of Cys in the cell released and reacted with 
a-CuII. Without NEM application, MCF-7 cells raised with 
a-CuII showed a light pink fluorescence image when excited 
at 488 nm. Thus, the sensor a-CuII can be used as a suitable 
fluorescence sensor for detecting Cys in live cells.

Conclusions

Generally speaking, the novel hybrid xanthene-CuII 
ensemble based sensor a-CuII shows high selectivity toward 
Cys at pH 7.4 under water-soluble environment. An ‘off-on’ 
fluorescence change of a-CuII was observed by addition of 
Cys. Cys addition leads to de-complexation of the CuII ion 
from fluorescent a, then hydrolytic cleavage of the produced 
Schiff base a produced a pink fluorescent hybrid xanthene 
2. Unlike reported de-metalization from CuII-complex 
mechanism, we use a hybrid xanthene as fluorophore to 
supply recognition site just for Cys and avoid interference 
from other thiol species. With the long emission wavelength 
of this fluorophore, this system achieves naked-eye and 
simple-to-use detection of Cys. Furthermore, this sensor 
system is highly biocompatible and is capable of emitting 

detectable fluorescence from within biological cells. Thus, 
the sensor seems to be a practical system for quickly, 
conveniently, and selectively detecting Cys in living tissues.

Supplementary Information

Supplementary information is available free of charge 
at http://jbcs.sbq.org.br as PDF file.
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