
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
1/

20
26

 4
:1

0:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A dansyl-based fl
aInstitute of Clinical Pharmacy & Pharmaco

Medical University, Jining 272000, C

pengfeixucsu@outlook.com
bDepartment of Radiology, The Second Xian

Changsha 410010, China
cResearch Center for Drug Discovery, School

University, 132 East Circle at University Cit

† Electronic supplementary informa
10.1039/c7ra00212b

Cite this: RSC Adv., 2017, 7, 21050

Received 6th January 2017
Accepted 3rd April 2017

DOI: 10.1039/c7ra00212b

rsc.li/rsc-advances

21050 | RSC Adv., 2017, 7, 21050–2105
uorescent probe for the highly
selective detection of cysteine based on a d-PeT
switching mechanism†

Yudong Xiao,b Yujin Guo,a Ruili Dang,a Xin Yan,c Pengfei Xu *a and Pei Jiang*a

A novel fluorescent probe, DN-C, for detection of cysteine (Cys) based on a d-PeT switching mechanism is

reported. In the presence of Cys, the probe exhibits a turn-on fluorescence signal and nearly 28-fold

fluorescence intensity enhancement. The cellular imaging experiment indicated the DN-C possess

desirable cell permeability for biological applications.
As an important amino acid, cysteine (Cys) plays a crucial role in
protein synthesis, detoxication, and metabolism.1,2 Cys is
a precursor amino acid of glutathione (GSH) and both are taken
in by the human body through food or are formed as a meta-
bolic product of homocysteine (Hcy). Deciency of Cys is asso-
ciated with many syndromes, including slowed growth, hair
depigmentation, lethargy, liver damage, muscle and fat loss,
skin lesions, and weakness.3 Its signicant biological role
explains the considerable contemporary effort devoted to the
development of an efficient method for the detection and
quantication of Cys under physiological conditions.

A number of analytical methods for the detection of Cys have
been developed using high-performance liquid chromatog-
raphy (HPLC), capillary electrophoresis, electrochemical assay,
UV/Vis, FTIR, mass, and uorescence spectroscopy.4–10 Among
these methods, uorescence probes are more desirable due to
its high selectivity, low detection limit, fast response and great
potential for bioimaging.11 Probes rely on uorescence
quenching suffer from inherent drawbacks including low
signal-to-noise ratio and nonspecic quenching, so that “turn-
on” type uorescence probes are preferred.12,13 To date, various
types of organic reactions, such as cyclization reaction and
Michael addition, have been employed to design uorescence-
based probes. Nevertheless, only a few probes are able to
discriminate between Cys, Hcy, and GSH.14–16 Thus, further
development of synthetically simple and practical probes for
selective detection of Cys is still highly required because of the
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broad functional properties of Cys within complex biological
systems.

Dansyl uorophore is widely used in amino acids modica-
tion, protein sequencing and amino analysis, because of its
high uorescence quantum yields and large Stokes shi. To
date, a number of dansyl based probes for the detection of
metal ion have been reported, mainly based on the electron
transfer effect (ET) between metal ion and the excited dansyl
uorophore in the coordination state.17–21 Obviously, this
strategy isn't suit for the design of probes for biological mole-
cules such as Cys. To the best of our knowledge, dansyl based
uorescent probes for Cys are rare. In the fact, there is only one
reported dansyl based uorescent probe for Cys by Wang
group.22 In this work, we introduced a new strategy to design
dansyl based probes and realized the detection of Cys in vivo.

Our strategy to design a dansyl based uorescence probe for
cellular Cys relies on modulating donor-excited photoinduced
electron transfer (d-PeT) process from the excited uorophore
to a strong electron-withdrawing group, which can switch the
emission signal.23,24 Thus, the core of the strategy is depending
on the carefully choosing a Cys responding group, which can
simultaneously the PET acceptor. On other hand, it has been
known for several years that the conjugate addition of Cys to
acrylates will generate the corresponding thioether, which can
further undergo an intramolecular cyclization to yield 3-
carboxy-5-oxoperhydro-1,4-thiazepine. Meanwhile, acryloyl
group has low LUMO energy level and can serve as the PET
acceptor. Therefore, a,b-unsaturated carbonyl moiety was
selected as the responding group and signal modulator for
probe DN-C.

The synthetic route for DN-C was shown in Scheme 1. DN-C
was readily prepared in two convenient steps under facile
conditions with high yield. The DN was prepared starting from
dansyl chloride and 3-aminophenol in acetonitrile at room
temperature. The reaction of DN and acryloyl chloride in
anhydrous acetonitrile afforded DN-C with a high yield of 87%.
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 The synthetic route of DN-C.

Fig. 2 Frontier molecular orbitals (MOs) of dansyl group and acrylate
group. In the ball-and-stick model, carbon, oxygen, sulfur and
nitrogen atoms are colored in gray, red, yellow and blue, respectively.
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The structure of DN-C was fully characterized by 1H NMR, 13C
NMR and MS.

Spectral properties of DN and DN-C were rst examined in
amixed solution of CH3CN : PBS (50 : 50, v/v, pH¼ 7.4, 10mM).
As shown in Fig. 1, DN exhibits a robust emission peak with
maximum at 545 nm. However, the emission intensity of DN-C
decline markedly. The suppression of uorescence emission
may attribute to the occurrence of donor-excited photoinduced
electron transfer (d-PeT) process. The process of d-PeT involves
transfer of one electron from the excited donor unit to the
lowest unoccupied molecular orbital (LUMO) of the electron-
decient unit. To verify this hypothesis, the HOMO and
LUMO energy levels of dansyl group and acryloyl group were
calculated by suite of Gaussian 09 programs [density functional
theory (DFT) time-dependent density function theory (TD-DFT)]
at B3LYP/6-31G basis sets. The calculation result indicated that
the LUMO energy level of acryloyl group is in the range of
between the HOMO and LUMO energy levels of dansyl group,
which is appreciate for d-PeT process (Fig. 2). The electron
transfer from the dansyl framework (PET donor) to the acryloyl
group (PET acceptor) weakened the uorescence of the
primordial uorophore. Thus, the dansyl uorophore will be in
the off state. Once removal of the d acryloyl group, like the
structure of DN, the d-PeT progress will disappear and the
uorescence will restore.

Subsequently, we performed the uorescence titration
studies ofDN-C towards Cys in amixed solution of CH3CN : PBS
(50 : 50, v/v, pH¼ 7.4, 10mM). The absorption and uorescence
spectra of the solution of DN-C treated with a series of Cys (0 to
Fig. 1 Fluorescence spectra of DN and DN-C (10 mM). Inset: fluores-
cence changes of probe DN-C upon the addition of Cys (100 mM)
under excitation with UV light (365 nm).

This journal is © The Royal Society of Chemistry 2017
100 mM) were recorded. As shown in Fig. 3, the free DN-C dis-
played quite weak uorescence. With the addition of Cys, the
uorescence intensity ofDN-C increased signicantly at 545 nm
due to specically trigger the cleavage of acryloyl group by Cys.
As shown in Fig. 4, the emission intensities of 545 nm increased
by nearly 28-fold. In addition, the increase in uorescence
intensity is in a concentration dependent manner and exhibits
good linear correlation with the amount of Cys (0–30 mM, R2 ¼
0.98412). A maximal uorescent signal is achieved in the pres-
ence of only 5 equiv. of Cys and the detection limit of DN-C for
Cys was determined as 13 nM, indicating that the probe is
sensitive enough to Cys and might be suitable for detecting
endogenous Cys in biological samples.

To evaluate the selectivity of DN-C for Cys, we measured the
uorescence intensity changes for various analytes upon addi-
tion of excess guests (Fig. 5). The uorescence intensity of DN-C
was highly enhanced only by the addition of Cys. Other amino
acids, such as Hcy, GSH, Gly, Phe, Ser, Glu, Lys, Arg, His, Ala,
Gln, Met, and Tyr, did not cause any signicant changes in the
uorescence emission intensity of 545 nm. This result indicated
that probe DN-C exhibited remarkably higher selectivity for Cys
over Hcy, GSH and other amino acids at neutral conditions.

Furthermore, the practical utilities of DN-C was investigated
for uorescent imaging of intracellular Cys in living T-47D
Fig. 3 Emission spectra of DN-C (10 mM) in a mixed solution of
CH3CN : PBS (50 : 50, v/v, pH ¼ 7.4, 10 mM) upon addition of Cys (0–
100 mM) with lex ¼ 380 nm.
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Fig. 4 Plot of emission intensity at 545 nm as a function of Cys
concentration when using DN-C (10 mM) in a mixed solution of CH3-
CN : PBS (50 : 50, v/v, pH ¼ 7.4, 10 mM) with lex ¼ 380 nm.

Fig. 5 Fluorescence responses of DN-C (10 mM) to various analytes in
a mixed solution of CH3CN : PBS (50 : 50, v/v, pH ¼ 7.4, 10 mM) with
lex ¼ 380 nm.
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human breast duct carcinoma cells (T-47D human breast duct
carcinoma cells were purchased from Abcam). As shown in
Fig. 6, in the control experiment, when N-ethylmaleimide
(NEM), a well know thiol trapping reagent, was added to the cell
culture prior to the addition DN-C (10 mM), faint uorescence
was observed in the green channel (b). However, when T-47D
cells were only incubated with DN-C (10 mM) for 30 min,
bright green uorescence could be observed (d). These results
Fig. 6 Top: T-47D human breast duct carcinoma cells were pre-
incubated with 500 mM NEM for 50 min and then treated with 10 mM
of DN-C for 30 min; bottom: T-47D human breast duct carcinoma
cells were treatedwith 10 mMofDN-C for 30min ((a and c), bright-field
image; (b and d), fluorescence images. The excitation wavelength is
330–400 nm and the emission was collected in green channel).

21052 | RSC Adv., 2017, 7, 21050–21053
demonstrated that DN-C possesses good membrane perme-
ability and is able to detect intracellular Cys in living cells.
Conclusions

In conclusion, we have designed and synthesized selective and
sensitive uorescent probe DN-C for Cys based on dansyl
chromophore. The probe exhibits a turn-on uorescence signal
for responding Cys via d-PeT switching mechanism. It has
a selectivity and sensitivity for in vitro Cys over other various
biologically relevant species, and could detect Cys in living cells.
Therefore, we anticipate that the superior properties of DN-C
will make it of potential use in real-time Cys monitoring, and as
an efficient research tool for the study on Cys related molecular
events in biological systems.
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