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ty and Ins
A B S T R A C T

Cysteine (Cys) plays an important role in regulating cellular redox balance. But due to the constant
changes in the concentration of Cys in organisms, fast response sensors are urgent required for practical
application. In this work, a fluorescent probe with a fast response was developed by linking coumarin
derivatives containing α,β-unsaturated ketones to NBD. The PET effect made the system non-fluorescent.
When the probe reacted with Cys, the bond between the coumarin derivative and the NBD was cut off,
meanwhile a rapid rearrangement and reactive site passivation occurred. Then twofluorophoreswith the
same emission peak are released, among them, strong fluorescence signal of NBD dominated. Thus,
although the similar reaction occurred for Hcy, the rate of NBD derivative rearrangement was slow, in a
short time, fluorescence signal was still weak. As for GSH, cleavage could occur, but no rearrange within
the NBDmolecule due to GSH with large volume. Because of strong fluorescent emission, this probe was
successfully used in biological imaging about cell and zebrafish. More importantly, the probe was
successfully used to evaluate the oxidative stress caused by copper(II) in living cells. This fluorescence
strategy and application will provide a new way of studying intracellular oxidative stress processes and
damage.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Bio-thiols play important roles in living organisms which are
often involved in physiological processes such as maintaining the
homeostasis of redox, protein translation and folding, and signal
transduction [1–4]. As a transit station for intracellular active
sulfur species, cysteine (Cys) is particularly crucial. On the one
hand, under aerobic conditions, Cys is decomposed into neuro-
transmitter taurine and gas signal molecule sulfur dioxide. On the
other hand, in anaerobic conditions, Cys is catalyzed into gas signal
molecule hydrogen sulfide [5–8]. These signal molecules also play
important roles in human bodies, such as maintaining blood
pressure and regulating vasodilation to regulate fibrinolysis and so
on [9–11]. As the main task of Cys, regulating the intracellular
redox balance depends on the concentration of Cys. So, the
abnormality of Cys concentration is often related to diseases
occurrences, such as cardiovascular and cerebrovascular diseases,
Alzheimer’s disease, depression, intestinal injury and even cancer
[12–17]. And the normal intracellular Cys concentration should be
30–200mmol/L [18,19].
titute of Materia Medica, Chinese
Correspondingly, as a cell state regulated by Cys, oxidative
stress is one of the causes of many diseases, for instance,
neurodegenerative diseases, cardiovascular diseases and diabetes
[20–25]. Related papers pointed out that copper(II) can promote
the production of reactive oxygen species (ROS) in cells through
Fenton reaction [26,27]. When a large amount of copper(II) is
accumulated in cells, the level of ROS increase sharply and the
redox balance in the cells is broken up, which results in a large
amount of Cys will be consumed in order to maintain the redox
homeostasis in the cells [28].

Because of unique advantages, fluorescent probes for all kinds
of analytes were developed. In 2009, the first specifically
fluorescent probe for detecting Cys has been developed by Peng’s
group, which promoted Cys fluorescent probe development
[29–45]. However, small concentration changes of Cys during
oxidative stress in cells raises a higher requirement for probes.
Therefore, highly selective, sensitive and fast response fluorescent
probes for Cys are still needed for practical application.

In this work, a fluorescent probe with a fast response was
developed by linking coumarin derivatives containing α,β-unsatu-
rated ketones to 7-nitro-1,2,3-benzoxadiazole (NBD) which has a
large molar absorptivity and a high fluorescence quantum yield
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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[46,47]. The PETeffectmade the systemnon-fluorescent.When the
probe reacted with Cys, the bond between the coumarin derivative
and the NBD was cut off, meanwhile a rapid rearrangement and
reactive site passivation occurred. Then two fluorophores with the
same emissionpeak are released, among them, strongfluorescence
signal of NBD dominated. Thus, although the similar reaction
occurred for Hcy, the rate of NBD derivative rearrangement was
slow, in a short time, fluorescence signal was still weak. As for GSH,
cleavage could occur, but no rearrange within the NBD molecule
due to GSH with large volume. Because of strong fluorescent
emission, this probe was successfully used in biological imaging
about cell and zebrafish. More importantly, the probe was
successfully used to evaluate the oxidative stress caused by
copper(II) in living cells. At the same time, it was demonstrated
that the addition of copper(II) can cause a decrease in Cys level.

The probe CN-1 was obtained and characterized through a
series of experiments which can be found in Supporting
information. The synthesis route of CN-1 was shown in Scheme 1.

A series of spectral experiments were carried out. In PBS/DMSO
(9/1, v/v, pH 7.4) containing 5mmol/L of CN-1, Cys (0�100mmol/L)
was gradually added. As shown in Fig. 1a, with the addition of Cys,
the fluorescence intensity at 555nm was continuously enhanced.
Under the same conditions, we performed kinetic experiments of
CN-1 (5mmol/L)with Cys (100mmol/L), Hcy (100mmol/L) andGSH
(100mmol/L). With the addition of Cys, the fluorescence intensity
increased rapidly and basically reached a platform about 210 s as
shown in Fig. 1b, but the time of Hcy and GSH was longer. The UV
spectral experiment, selective test, detection limit and linear
correlation were carried out as shown in Figs. S7–S10 (Supporting
information). The above results indicated that the probe CN-1 can
react with Cys in vitro and give a turn-on fluorescence signal.

When the probewas designed, the strong nucleophilicity of -SH
in Cys was supposed to be considered. It was speculated that the
recognition mechanism of the probe is as follows (Scheme 2).
Firstly, the -SH nucleophilic attacks on NBD successfully and
replaces the coumarin moiety, which releases the coumarin
fluorophore. In addition, the rearrangement occurred: The -SH
attached to the NBD was replaced by the amino group on the Cys,
[(Scheme_1)TD$FIG]

Scheme 1. The synthesi
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Fig. 1. (a) The fluorescence spectra of 100mmol/L Cys added in PBS/DMSO (9/1, v/v) cont
(100mmol/L) and GSH (100mmol/L) in PBS/DMSO (9/1, v/v, lex = 488nm).
also emitting strong yellow fluorescence. When the probe reacts
with Cys, the bond between the coumarin derivative and the NBD
was cut off and there is a rapid rearrangement occurred within the
molecule of theNBDderivative. At this time, twofluorophoreswith
the same emission peak are released. When reacts with Hcy,
although the similar reaction occurs, the rate of NBD derivative
rearrangement is slow. So, in a short time, there is only one
fluorophore is allowed to be released. As for GSH, although the cut-
off reaction can occur, since the GSH molecule is too large to
rearrange within the NBD molecule, only one fluorophore is
released. At the same time, due to the strong push electron effect of
the �OH, the α,β-unsaturated double bond in the coumarin
derivative is deactivated, and the thiol could not further react with
it, so that the probe can keep a long emission wavelength.

In order to confirm the reaction mechanism, NMR and ESI-MS
were employed. It could be seen from theNMR spectrum that there
was no obvious peak disappearence or increase, but the position of
the aromatic peak has changed and shifted to the high field (Fig. S4
in Supporting information). These changes are attributed to the
interaction of Cys with NBD, which terminated the electron-
withdrawing effect of NBD to coumarin. Next, we verified the result
with high-resolution mass spectrometry. With the addition of Cys,
it can be found that two peaks emerged at m/z 386.1368 and
283.0144 (Figs. S5 and S6 in Supporting information), which
belong to the reaction products.

Prior to cell imaging, the toxicity of the probe to the cell was
evaluated. As shown in Fig. S11 (Supporting information), the
result showed that the probe CN-1was low cytotoxic and could be
used in cell experiments. Cell imaging was used to verify whether
the probe CN-1 can detect Cys in Hela cells. As shown in Fig. S12
(Supporting information), first, the cells were incubated with the
CN-1 (5mmol/L) for 15min, there was a weak yellow fluorescence.
Then, NEM (2mmol/L) was used to incubate another batch of cells
for 20min, then were treated with CN-1 (5mmol/L), the yellow
channel was still no fluorescent emission. After incubated with
CN-1, the cells incubatedwith Cys (100mmol/L), Hcy (100mmol/L),
and GSH (100mmol/L) respectively (15min), only incubated with
Cys showed a significantly strong yellow fluorescence (Fig. S13 in
s of the probe CN-1.

aining 5mmol/L CN-1. (b) Time curve of CN-1 (5mmol/L) with Cys (100mmol/L), Hcy
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Scheme 2. The detection mechanism of CN-1.
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Fig. 2. Bioimaging of CN-1 detecting endogenous/exogenous Cys in a 5 days old
zebrafish: Zebrafish with CN-1 (10mmol/L) (top); NEM (2mmol/L) pre-treating
zebrafish with CN-1 (10mmol/L) (middle); NEM (2mmol/L) pre-treating zebrafish
withCN-1 (10mmol/L) andCys(200mmol/L) (bottom).Yellowchannel,lex = 488nm,
lem =520�580nm.
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Supporting information). Therefore, CN-1 can specifically image
exogenous/endogenous Cys in living cells.

According to the relevant report, Cys concentration changes are
often associated with diseases. In order to assess whether the
probe can detect changes in cysteine concentration, different
concentrations of Cys were labeled in Hela cells. As shown in
Fig. S14 (Supporting information), as the concentration of
exogenous Cys increases, the fluorescent intensity in the yellow
channel increased. Those results showed that probe CN-1 can
monitor the changes in Cys concentration in the cells.

Furthermore, we applied probe imaging in zebrafish. In Fig. 2,
CN-1 (10mmol/L, 15min) was directly incubated with untreated
zebrafish, a strong fluorescent signal was obtained in the yellow
channel. However, when the probe was incubated in NEM-
pretreated zebrafish, the fluorescence signal intensity was
significantly reduced. After Cys reperfusion of NEM and probe
pretreated zebrafish, the fluorescence intensity was enhanced
again in the yellow channel. It was revealed that CN-1 can
specifically image endogenous/exogenous Cys in zebrafish.

H2O2, a representative ROS, is the preferred candidate for
evaluating the performance of CN-1 for imaging the redox dynamic
in Hela cells. As shown in Fig. 3, the fluorescent emission of CN-1
(10mmol/L, 15min) in Hela cells in the yellow channel within
25min almost no changed. The Hela cells with CN-1 (10mmol/L,
15min) which were incubated H2O2 (2mmol/L) showed a gradual
decrease in fluorescence in the following 25min. The phenomenon
indicated that CN-1 is a good candidate to image the redox
dynamic in Hela cells. CuSO4 was used as a copper source, with the
time increasing, the fluorescence intensity in the cells decreased
significantly. All of the results might be that copper(II) stimulated
the cells to produce ROS, and a large amount of ROS undergo redox
reactions with Cys, resulting in a decrease in the amount of Cys in
the cells. So, the fluorescence in the yellow channel cells is
gradually reduced.

In conclusion, a selective and sensitive probe CN-1 for Cys was
designed and synthesized and applied to the detection of Cys in
vivo and image the oxidative stress induced by copper(II) ions in
living cells. During the recognition process, the CN-1 showed a
“turn-on” fluorescence response to Cys in the PBS-DMSO (9/1, v/v,
pH 7.4). The detection limit of CN-1 for detecting Cys was
calculated to 0.44mmol/L. At the same time, CN-1 can detect
endogenous/exogenous Cys in vivo. The experiments in cells
indicated that CN-1 can be used to image and evaluate the redox
stress induced by copper(II) ions in Hela cells. In summary, due to
its excellent properties, the probe has great potential for
monitoring the redox stress induced by heavy-metal ions to
diagnose related diseases.
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Fig. 3. Time-dependent cells-imagingwith CN-1 (10mmol/L) and PBS (10mmol/L)/ H2O2 (2mmol/L)/ Cu2+ (2mmol/L). Yellowchannel,lex = 488nm,lem = 520–580nm. Scale
bars: 10mm.
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