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e for Cu2+ and the secondary
application of the resultant complex to detect
cysteine†

Meipan Yang, *abc Lifeng Ma,abc Jing Liabc and Longli Kang*abc

A special fluorescent probe has been developed, one that demonstrated excellent “off-on-type” change in

fluorescence with high selectivity toward Cu2+. Interestingly, the probe–Cu2+ complex could detect

cysteine due to the ability of this amino acid to strongly coordinate Cu2+, and no obvious interference was

observed from other amino acids and anions. According to the proposed mechanism, addition of cysteine

induced decomplexation of the probe–Cu2+ form. Furthermore, the results of confocal microscopy

experiments demonstrated the potential of using the probe to image Cu2+ in living cells and mice.
Introduction

As the third most abundant transition metal ion, copper is an
essential element for life and plays vital roles in various bio-
logical processes. Its homeostasis is critical for the metabolism
and development of living organisms.1–3 Fluorescent probes
have been developed to meet the demand for molecular recog-
nition tools. Fluorescent probes combinemolecular recognition
with uorometric analysis and have as a result expanded
applications. When reacting with or binding to an acceptor in
a specic manner, the uorophore of the probe could express
the recognition process in the form of an optical signal. In
recent years, several uorescent probes for Cu2+ have been re-
ported, and some of them have been successfully applied both
in biological and environmental samples.4,5 Rhodamine deriv-
atives bearing a spirolactam structure are non-uorescent (off),
whereas ring opening of the corresponding spirolactam gives
rise to a strong uorescence emission (on). So the study of
outstanding probes for Cu2+ based on rhodamine is ongoing.

Cysteine (Cys) is an important amino acid and biothiol, and
plays an essential role in many signicant cellular functions
such as protein synthesis, detoxication, and metabolism.6,7 A
deciency of cysteine may lead to many syndromes such as slow
growth in children, hair depigmentation, lethargy and liver
damage.8–10 On the other hand, elevated levels of cysteine have
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been associated with cardiovascular disease, Alzheimer's
disease, neural tube defects, and osteoporosis.11–13 Li and co-
workers14 developed a novel ratiometric Cys-selective uores-
cence probe. The biocompatible merocyanine probe showed
highly selective detection and monitoring of Cys. The probe has
been successfully applied to the ratiometric imaging and
detection of mitochondrial Cys in cells and intact tissues. From
the biological and pharmacological points of view, the detection
of cysteine is particularly critical for the early diagnosis and
treatment of related diseases.

Nowadays, uorescence-based detection methods have been
widely applied in the detection of biologically relevant ions and
bio-molecules due to their advantages of being simple and
highly sensitive. In the past few years, various uorescent
probes that detect thiols have been developed based on
different mechanisms such as Michael addition,15–18 cyclization
reaction with aldehyde,19–21 cleavage reaction induced by
thiols,22–25 nucleophilic aromatic addition,26,27 and ligand
displacement of metal complexes by thiols.28–30 Most of these
uorescent-labeling reagents contain a functional group, e.g.,N-
substituted maleimide, reactive halide or aziridine, that reacts
with thiol groups in general, and thus are not specic to Cys.31,32

The common way developed to detect Cys is the so-called
“chemosensing ensemble”. In this method, the uorescent
indicator is bound to the receptor through non-covalent inter-
actions (such as coordination), and the uorescence of the
indicator is either quenched or enhanced by the receptor.33–35

The precise interactions between cysteine and copper in bio-
logical systems remain unknown. Of the 20 predominant bio-
logical amino acids, cysteine has a particularly strong binding
affinity towards copper.36 Cu2+ could be recognized by the
designed probe, and then Cys may be detected secondly by
using the probe–Cu2+ complex. Qian and co-workers37 have
synthesized a new rhodamine-based uorescent chemosensor
that can selectively and sensitively recognize Cu2+ and Zn2+ in
This journal is © The Royal Society of Chemistry 2019
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different solutions. In addition, the zinc-containing complex
shows selective recognition for His/Cys. Zhang and co-workers38

synthesized a probe for the specic detection of cysteine and
homocysteine in water. The detection can be performed by
observing the color changes from yellow to red upon addition of
cysteine or homocysteine without interference by other amino
acids. Wang and co-workers39 demonstrated the use of
a molecular probe for the sensitive detection of cysteine in
human plasma. The sensing mechanism was shown to involve
release of the uorescent probe from a non-uorescent probe–
copper complex upon exposure of the complex to Cys. The new
dye was shown to have the desired properties suitable for bio-
sensing applications. The ultimate goals of our research are
designing and synthesizing “one-to-two” or even “one-to-many”
probes for which high efficiency is achieved by a simultaneous
functioning of probes operating based on different mecha-
nisms. Sensitive identication of two or more target materials to
maximize the use of resources has vitally important application
values.

Keeping these goals in mind, we produced a probe for Cu2+,
and then explored the ability of the probe–Cu2+ complex to
detect Cys. The probe showed excellent recognition of Cu2+,
with obvious absorption and uorescence. Upon addition of Cys
to the probe–Cu2+ complex solution, Cys was detected appar-
ently by capturing Cu2+ from the probe–Cu2+ complex. Then the
probe recovered the structure of the rhodamine lactam ring,
and the absorption and uorescence disappeared.
Experimental
Synthesis

The synthetic route to the target probe is shown in Scheme 1.
Compound 1 was obtained according to the literature.40

Rhodamine B hydrazide was synthesized following the re-
ported procedure.41,42 Rhodamine B hydrochloride (2.4 g, 0.005
Scheme 1 Synthesis of the probe.

This journal is © The Royal Society of Chemistry 2019
mol) was dissolved in 20 mL of ethanol. Then, to this solution,
an excess amount of hydrazine hydrate (3 mL) was added
dropwise and the resulting reaction mixture was reuxed for
2 h. The mixture was then cooled, poured into water, and
extracted with ethyl acetate. Finally, the solution was dried with
anhydrous sodium sulfate, ltered, and then gave rhodamine B
hydrazide.

Rhodamine B hydrazide (4.56 g, 10 mmol) was dissolved in
20 mL of ethanol, to which compound 1 (15 mmol) was then
added, followed by stirring of the resulting the mixture for 6 h at
room temperature. Aer that, the solvents were dried in vacuo
and the crude product was puried by performing chromatog-
raphy on silica gel. Yellow solid, yield: 53%. 1H NMR (400 MHz,
CDCl3) d (ppm) 11.44 (s, 1H), 9.12 (s, 1H), 8.05–7.90 (m, 1H),
7.83 (d, J ¼ 12.0 Hz, 2H), 7.79 (d, J ¼ 8.0 Hz, 1H), 7.69 (s, 1H),
7.60–7.46 (m, 2H), 7.18 (d, J ¼ 8.0 Hz, 1H), 7.05–6.90 (m, 3H),
6.60–6.40 (m, 4H), 6.32–6.22 (m, 2H), 3.88 (s, 3H), 3.33 (q, J ¼
8.0 Hz, 8H), 1.16 (t, J¼ 6.5 Hz, 12H). 13C NMR (100 MHz, CDCl3)
d 163.5, 161.7, 154.9, 152.5, 149.9, 149.7, 148.1, 147.2, 144.5,
132.8, 128.3, 127.7, 127.5, 127.0, 124.8, 124.5, 123.7, 123.2,
122.5, 122.1, 117.8, 117.2, 115.1, 107.1, 103.9, 96.9, 65.5, 43.3,
11.6. HRMS (ESI) calcd. for C42H42N6O4 [M + H]+: 695.3340,
found: 695.3343.
Materials and instrumentation

The uorescence spectra and relative uorescence intensity
were obtained with a HITACHI F-4500 uorescence spectro-
photometer. The absorption spectra were acquired using a Shi-
madzu UV-1700 spectrophotometer at room temperature. Mass
spectra (ESI-MS) were collected using an AXIMA-CFRTM plus
MALDI-TOF mass spectrometer. 1H and 13C NMR spectra were
recorded on a Varian INOVA-400 MHz spectrometer with tetra-
methylsilane (TMS) as an internal standard. Imaging of live
mice was conducted employing an Xenogen IVIS spectrum
imaging system. Chromatographic separations were done using
Merck silica gel (250–400 mesh ASTM). Thin-layer chromatog-
raphy (TLC) was performed on silica gel GF254.

Double distilled water was used throughout the experiment.
Unless specically noted, the solvents and reagents were
purchased from commercial sources and used as received.
Rhodamine B, p-anisidine and salicylaldehyde were purchased
from Aladdin (http://www.aladdin-e.com/zh_cn/). Hydrazine
hydrate was purchased from Sinopharm Chemical Reagent Co.,
Ltd (https://www.reagent.com.cn/).
General procedures used to collect spectra for detection

Solutions of probe and detected ions (or amino acids) were
prepared in methanol–water (3/7, v/v). The ions and amino
acids tested were Fe3+, NH4

+, Ag+, Ba2+, Al3+, Cd2+, Cr3+, Sn2+,
Hg2+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, Zn2+, Cl�, Br�, SO4

2�, SCN�,
S2�, C2O4

2�, NO3
�, NO2

�, CN�, Hcy, GSH, Gly, Glu, Ala, Pro, His
and Ser. Fresh solutions used for spectroscopic measurements
were made by diluting stock solutions. Each sample was shaken
for 10 s and then allowed to sit for 20 min at room temperature
before taking the measurement. The excitation wavelength was
RSC Adv., 2019, 9, 16812–16818 | 16813
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535 nm. The bandpass was set to 2.5 nm for this excitation
wavelength and 5.0 nm for the emission wavelength.
Fluorescence imaging for cells and mice

The HepG2 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 supplemented with 10% fetal bovine
serum (FBS). Immediately before performing the experiments,
cells were pretreated with probe (20 mM) for 1 h at 37 �C in
humidied air and 5% CO2, washed three times with
phosphate-buffered saline (PBS) and imaged. Aer incubation
with CuCl2 (40 mM) for another 2 h, the cells were washed 3
times with PBS and imaged.

All animal procedures for this study were followed in
accordance with the requirements of the National Act on the use
of experimental animals (China) and were approved by the
Ethnics Committee of the medical department of Xizang Minzu
University. The Kunming mouse (20–25 g) was given an intra-
peritoneal (i.p.) injection of probe (400 mL � 400 mM). The
mouse was anesthetized by being made to inhale isourane and
then imaged by using an imaging system. Then, CuCl2 (40 mL �
40 mM) was injected into the same region; and aer 10 min, the
mouse was then imaged again.
Results and discussion
Structural properties

The procedures used to synthesize probe T1 are summarized in
the Scheme 1, and the structure was determined using various
spectroscopic techniques, in particular 1H NMR, 13C NMR and
mass spectroscopies.
Spectral characteristics of the probe for Cu2+

As shown in Fig. 1, free probe T1 showed neither any absorption
nor uorescence, which was ascribed to the free probe adopting
predominantly the spirolactam form. When Cu2+ was added to
the probe solution (10 mM), a notable enhancement of absorp-
tion appeared at a wavelength of 552 nm. As the concentration
Fig. 1 Absorption spectra (a) and fluorescence spectra (b) of the synthe

16814 | RSC Adv., 2019, 9, 16812–16818
of Cu2+ was increased, the absorption intensity also increased.
These results indicated that the addition of Cu2+ induced the
opening of the ve-membered spiral ring of rhodamine.
Further, the uorescence spectra of the probe and Cu2+ were
investigated. With the addition of Cu2+, a new emission peak
appeared at 588 nm, which was attributed to the opening of the
lactam ring in rhodamine. For concentrations of Cu2+ between
0 and 10 mM, the relationship between uorescence intensity
and concentration was found to be quite linear (Fig. S1†).

Selectivity is an important criterion for measuring probe
performance. Fig. 2 shows the selectivity of 10 mM T1 aer 10
mM of various common cations (including Fe3+, NH4

+, Ag+, Ba2+,
Al3+, Cd2+, Cr3+, Sn2+, Hg2+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, and
Zn2+) were each added to a separate probe solution sample. Only
the addition of Cu2+ generated a new absorption peak at
552 nm. The uorescence spectrum also showed similar
changes.

The tolerance of the probe (10 mM) during its detection of
Cu2+ (10 mM) is displayed in Fig. 3. As expected, the Cu2+-
induced spectral enhancement was not affected by the presence
of any other tested background metal ion (20 mM) in a meth-
anol–water (3/7, v/v) solution. These results showed the strong
anti-interference ability of the probe.
Spectral characteristics of the probe for Cys in the presence of
Cu2+

Kinetic studies. As the optical signal in our experiments
relied on the chemical reaction between the probe–Cu2+

complex and Cys, the reaction rate might have affected the
experimental results. Thus, kinetics studies using the detecting
system were undertaken and the results are shown in Fig. S2.†
The results showed that the uorescence response decreased
quickly aer addition of Cys, and the recognition interaction
completed within 4 min, indicating the potential effectiveness
of using the probe–Cu2+ complex for the real-timemonitoring of
Cys. Meanwhile, based on these results, a reaction time of 4 min
was used in subsequent experiments with the system.
sized probe (10 mM) with various amounts of Cu2+. lex ¼ 535 nm.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-Vis absorption spectra (a) and fluorescence spectra (b) of the probe (10 mM) with various ions (10 mM), with each experiment carried
out in a methanol–water (3/7, v/v) solution. lex ¼ 535 nm.
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UV-Vis absorbance and uorescence spectra of probe–Cu2+

titrated with Cys. Previously, according to the strategy involving
the displacement of Cu2+-chelating ligands, Cys can be detected
based on its ability to strongly coordinate Cu2+. Thus, we
hypothesized that the probe–Cu2+ complex would be an effec-
tive uorescent probe for Cys. To test this hypothesis, we
compared UV-Vis absorbance and uorescence spectra of the
probe–Cu2+ complex collected before and aer adding Cys.
Based on our previous study, the solution of the probe–Cu2+

complex (10 mM probe and 10 mM Cu2+) demonstrated an
obvious absorption at the wavelength of 552 nm. With the
addition of Cys (0–20 mM) to the above solution, the absorption
Fig. 3 The selectivity and competition of the probe for Cu2+. The
pillars in the front row represent the respective fluorescence
responses of the probe (10 mM) for the examinedmetal ions. The pillars
in the back row each represent the response after subsequent addition
of 10 mMCu2+ to the solution containing the probe and the competing
metal ion (20 mM), namely Fe3+, NH4

+, Ag+, Ba2+, Al3+, Cd2+, Cr3+, Sn2+,
Hg2+, Mg2+, Mn2+, Na+, Ni2+, Pb2+, Zn2+, or Cu2+ from 1 to 16.

This journal is © The Royal Society of Chemistry 2019
intensity gradually decreased, which was due to the disap-
pearance of the conjugated system, and the wavelength blue
shied (Fig. 4a). This phenomenon indicated that Cys could
capture Cu2+ from the probe–Cu2+ complex, and the probe
adopted the spirocycle form with neither signicant UV-Vis
absorption nor uorescence. A similar phenomenon was also
observed in the uorescence changes (Fig. 4b). As depicted in
Fig. S3,† the detection limit of Cys was approximately 1.2 �
10�6 M based on the literature denition of the detection
limit.43 In a word, the decrease of the UV-Vis absorbance and
uorescence of probe–Cu2+ by the addition of Cys both indi-
cated that Cys pulled Cu2+ from the complex, and that the spi-
rocycle form of probe was recovered via interaction of Cys with
probe–Cu2+.

Selectivity and tolerance of the probe–Cu2+ system to Cys.
Metal ionic complexes are considered to be ideal for use in
approaches aimed at recognizing anions and amino acids. Thus,
the selectivity of the probe–Cu2+ complex for 20 mM of relevant
anions and amino acids (including Cl�, Br�, SO4

2�, SCN�, S2�,
C2O4

2�, NO3
�, NO2

�, CN�, Hcy, GSH, Gly, Glu, Ala, Pro, His and
Ser) was determined. As shown in Fig. 5, both the intensity of the
absorption and emission were decreased only with the addition
of Cys, whereas the tested anions and other amino acids
produced poor changes in the spectra. The stronger binding of
Cys with Cu2+ than with the probe clearly contributed to the high
sensitivity in the detection of Cys andwas also responsible for the
good selectivity over other examined substances.

In addition, whether the T1–Cu2+ complex (10 mM probe and
10 mMCu2+) could still retain the sensing response to Cys under
the potential interferent was considered to be very important for
the applicability of this uorescent probe. As shown in Fig. S4,†
the addition of Cys still resulted in large uorescence changes
even in the presence of 2.0 equiv. of interferents. The compet-
itive anions tested showed virtually no inuence on the uo-
rescence detection of Cys. These observations indicated that the
probe–Cu2+ complex could serve as a potentially effective probe
of Cys with excellent properties.
RSC Adv., 2019, 9, 16812–16818 | 16815
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Fig. 4 Absorption spectra (a) and fluorescence spectra (b) of the probe–Cu2+ complex with various amounts of Cys. lex ¼ 535 nm.

Fig. 5 UV-Vis absorption spectra (a) and fluorescence spectra (b) of the probe–Cu2+ complex upon addition of various anions or amino acids (20
mM), with each experiment carried out in a methanol–water (3/7, v/v) solution. lex ¼ 535 nm.
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Mechanism

DFT calculations based on the Fukui function f+(r) were further
carried out for T1 by using the Gaussian 09 program to explore
the binding site better. The double-z quality (6-31 + G* for O
and N, 6-31G** for C and H) basis set was applied for the
geometry optimization and the following single-point energy
calculation. According to the results of the vibration analysis,
the optimized structure was proven to be the local minimum.
Based on NBO analysis,44 the condensed Fukui functions of
carbonyl O (0.026) and hydroxyl O (0.028) were larger than those
of N1 (�0.001) and N2 (�0.002). These results indicated that the
probe was most likely to chelate Cu2+ via carbonyl O and
hydroxyl O (Fig. S5†).

From the mass spectrum (Fig. S6†), a unique peak at an m/z
of 756.2475, corresponding to [T1 + Cu–H]+, was clearly
observed, demonstrating the formation of the T1–Cu2+

complex. Interestingly, the intensity of the peak at an m/z of
695.3342 increased a bit aer addition of Cys to the T1–Cu2+
16816 | RSC Adv., 2019, 9, 16812–16818
complex, corresponding to [T1 + H]+. This result indicated that
the probe recovered the spirocyclic form under the present
conditions.

Based on the various experiments that we carried out,
a plausible mode of the binding of probe to Cu2+ and the
progression to a secondary recognition of Cys was derived, and
is shown in Scheme 2. Generally, the d orbital of Cu2+ is not
underlled by electrons, and the unpaired electrons lead to
Cu2+ exhibiting paramagnetic properties, which make Cu2+ act
as typical uorescence quencher. In themeantime, the excellent
photophysical properties of rhodamine, such as strong uo-
rescence emission and high uorescence quantum yield,
should be taken into consideration. Energy and electron
transfer occurring when combining Cu2+ with the probe was
expected to only cause partial loss of uorophore emission
energy. In general, the intensity of the uorescence of the probe
was observed to increase when Cu2+ bound. The owing elec-
trons of the Schiff base structure (–C]N–) of the probe was
expected to cause a uorescence emission. Azo dyes can be used
This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Proposed mechanism used by the probe to recognize Cu2+ and Cys.

Fig. 6 Bioimaging applications of the probe in HepG2 cells. Representative fluorescence images of the cells treated with the probe (20 mM) in
either the absence (a) or the presence (c) of 20 mM Cu2+ for 1.5 h at 37 �C. (b) Bright-field image of cells. (d) Overlay image of (b) and (c).
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to further increase the extent of the molecular conjugation of
a system, and hence was expected in our experiments to serve as
an effective chromophore group for the detection of ions. The
combination of the two frameworks was expected to yield
a novel uorescent reagent with excellent properties. At the
same time, oxygen atoms are classied as hard bases according
to the hard and so acid and base principle. As a result,
increasing the number of oxygen atoms was expected to
increase the ability of the probe to complex with Cu2+. In our
experiments, these features indeed appeared to be benecial for
increasing the intensity of emission signals for yielding a better
detection. Then, in the azophenol structure of the probe, the
complexation of the Cu2+ with the phenolic hydroxyl group
apparently effectively changed the distribution of charges in the
molecule and realized the detection of Cu2+.

In summary, the complexation of Cu2+ with the probe
induced the opening of the rhodamine lactam ring, resulting in
an obvious increase in absorption and uorescence. Cys, when
added to this solution, apparently captured Cu2+, due to its
ability to relatively strongly coordinate Cu2+, and then led to the
lactam ring of the probe having formed again and to the UV-Vis
absorption and uorescence signals having nearly disappeared.
Fluorescence imaging

For biological research applications, low toxicity is a prerequi-
site. The toxicity of the probe to HepG2 cells was explored by
using the (3,4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) assay method45 with working concentra-
tions of 80, 40, 20, 10, and 5 mM. As shown in Fig. S7,† the cell
viability was about 86% when the probe concentration was 20
mM, indicative of low toxicity of the probe to cells and that the
probe could be used in the elds of cell labeling, detection and
staining.
This journal is © The Royal Society of Chemistry 2019
To further demonstrate the practical biological application
of the probes, confocal microscopy experiments were carried
out in living HepG2 cells. As shown in Fig. 6, the probe showed
almost no uorescence in the cells (Fig. 6a). Aer the addition
of Cu2+, an obvious uorescence was observed (Fig. 6b). Bright-
eld transmission images of cells treated with Cu2+ and the
probe revealed that the cells were viable throughout the
imaging experiments (Fig. 6c). The probe could bind to Cu2+

specically in cells. Aer the introduction of Cu2+, the lactam
ring of the probe molecule opened, and the uorescence
appeared. The above results showed the ability of the probe to
display excellent cytocompatibility and permeability, features
important for the effective use of reagents designed to detect
intracellular Cu2+.

Encouraged by the results of the intracellular detection of
Cu2+, we considered whether the probe can be further applied to
uorescence imaging in live animals. To test this idea, Kunm-
ingmice (20–25 g) were selected as the subjects of study, and the
results of our experiments with these mice are shown in
Fig. S8.† When the probe was injected intraperitoneally into
a mouse, no uorescence was observed (Fig. S8a†). When the
mouse was injected with Cu2+ at the same region, a large uo-
rescence signal was noted. The results suggested the ability of
the probe to be highly biocompatible with small animals and
that it could be widely used in biological research.
Conclusions

In summary, we have developed a special uorescent probe, on
that showed “off-on” response to Cu2+ based on a ring-opening
mechanism. Moreover, the ensemble probe–Cu2+ complex was
shown to be an excellent sensory system for detecting Cys,
indicating the promise of the metal-based complex as a tool to
RSC Adv., 2019, 9, 16812–16818 | 16817
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detect this amino acid. We further showed the ability of using
the probe for bio-imaging not only in cells but also in live mice.
We expect the synthesized probe to nd additional interesting
applications as sensing and labeling agents in biology and
medicine.
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