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A chemosensor based on rhodamine B with 1, 2, 4-triazole as subunit was synthesized and characterized.
It exhibits high selectivity and sensitivity for Cu®>* in ethanol/water (6:4, v:v) of pH 7.0 HEPES buffer
solution and undergoes ring opening mechanism, and a 2:1 metal—-ligand complex is formed. The
chemosensor displays a linear response to Cu?* in the range between 1.0 x 107 M and 1.0 x 10~% M with
a detection limit of 4.5 x 10~ M. Its capability of biological application was also evaluated and the results
show that this chemosensor could be successfully employed as a Cu?*-selective chemosensor in the
fluorescence imaging of living cells.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Detecting the presence of transition metal ions has received
considerable attention, mostly because these metal ions play
important roles in living systems and have an extremely ecotox-
icological impact on the environment and human. Among the
various transition metal ions, Cu** plays a critical role as a catalytic
cofactor for a variety of metalloenzymes, including superoxide
dismutase, cytochrome c oxidase and tyrosinase [1]. However,
under overloading conditions, Cu®t exhibits toxicity in that it
causes neurodegenerative diseases, probably by its involvement in
the production of reactive oxygen species [2]. Chemosensors based
on ion-induced changes in fluorescence appear to be particularly
attractive due to their simplicity, high sensitivity, high selectivity,
and instantaneous response [3]. Therefore, numerous excellent
studies focus on the design of fluorescent chemosensors and the
analysis of Cu®>*. Most of the reported Cu®* fluorescent chemo-
sensors, however, generally undergo fluorescence quenching upon
the binding of Cu** [4—10], which is not as sensitive as a fluores-
cence enhancement response. Therefore, the development of
highly sensitive and selective “off—on” chemosensor for Cu®" is
necessary. Based on our previous research [11—13], it is necessary to
choose an efficient fluorophore and consider the geometry of
coordination sites for a certain cation. Herein, we describe a new
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and simple fluorescent Cu?>* chemosensor L based on the equilib-
rium between the spirolactam (non-fluorescence) and the ring-
opened amide (fluorescence) of rhodamine derivatives. In chemo-
sensor L, we chose the rhodamine derivative as the fluorophore due
to its excellent photophysical properties, such as long wavelength
absorption and emission, high fluorescence quantum yield, large
extinction coefficient, and high stability against light [14]. In
addition, to take advantage of the 1, 2, 4-triazole subunit containing
lone electron pairs on N, the semirigid ligand could effectively
chelate Cu?* according to the ionic radius and limit the geometric
structure of the complex. With this intention, a Cu®*-specific
fluorescent and colorimetric chemosensor L derived from rhoda-
mine B with 1, 2, 4-triazole as subunit was designed and synthe-
sized (Scheme 1).

2. Experimental
2.1. Reagents and instruments

All reagents and solvents are of analytical grade and used
without further purification. The metal ions and anions salts
employed are NaCl, MgCl,-6H,0, CdCl,, HgCl,, CaCly-2H,0,
FeCl;-6H,0, CrCl3-6H,0, Zn(NOs3),-6H,0, AgNOs3, CoCl,-6H,0,
MnCl,-4H,0, CuCly-2H,0, NiCl,-6H0, PbCl;, NaClO, NaNOs,
NayCO03, NaCl, NaAc, NaClO4, KBr and NayHPQy4, respectively.

Fluorescence emission spectra were conducted on a HORIBA
Fluoromax-4 spectrofluometer. UV—vis spectra were obtained on
a Beckman DU-800 spectrophotometer (USA). Nuclear magnetic
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Scheme 1. Synthesis route of L.

resonance (NMR) spectra were measured with a Brucker WM-300
instrument and chemical shift were given in ppm from tetrame-
thylsilane (TMS). Mass (MS) spectra were recorded on a Thermo
TSQ Quantum Access Agillent 1100. Fluorescence imaging was
performed by confocal fluorescence microscopy on an Olympus
FluoView Fv1000 laser scanning microscope (USA). Melting points
were taken on a WRS-1B digital melting-point apparatus.

2.2. Synthetic procedure

2.2.1. Synthesis of compound 2

Compound 1 was synthesized as described before [15]. Under N,
gas, salicylaldehyde (2.4 mmol) and Nap;CO3 (4.0 mmol) were
combined in DMF (40 mL) and stirred. Compound 1 (1.0 mmol) in
DMEF (10 mL) was added dropwise. The reaction mixture was stirred
at 80 °C for 24 h, and then was poured into 500 mL cooled water,
and the precipitate so produced was filtered off and recrystallized
with ethanol to give 2 as white solid. Yields: 85.2%. M.p.:
116.1—117.2 °C. MS (ES+) m/z: 338.2 (M-THP-+H™). '"H NMR (6 ppm,
CDCl3): 10.52 (s, 1H), 10.44 (s, 1H), 7.86 (t, 1H, J = 4.40 Hz), 7.74 (t,
1H, J = 4.40 Hz), 7.58 (d, 1H, ] = 12.00 Hz), 7.54 (d, 1H, ] = 12.00 Hz),
7.20 (s, 2H), 718 (s, 2H), 7.12 (t, 1H, J = 16.00 Hz), 7.06 (t, 1H,
J=16.00Hz), 5.66 (d, 1H, J = 8.00 Hz) 5.43 (s, 2H), 5.27 (s, 2H), 4.00
(d, 1H, J = 12.00 Hz), 3.63 (d, 1H, J = 18.60 Hz), 2.32 (m, 1H,
J=16.00 Hz), 2.09 (m, 1H, ] = 17.20 Hz), 1.99 (m, 1H, J = 10.00 Hz),
171 (m, 2H, J = 12.80 Hz), 1.62 (m, 2H, J = 18.40 Hz). 3C NMR (4
ppm, CDCl3): 189.78, 189.05, 160.84, 159.60, 158.25, 151.61, 135.97,
135.70,129.30, 128.18, 125.44, 125.29, 122.06, 121.40, 113.37, 113.05,
85.02, 61.52,29.61, 24.59, 21.79, 67.67, 63.99.

2.2.2. Synthesis of compound L

Compound 3 was synthesized according to reported method
[16]. Compound 2 (1.0 mmol) and compound 3 (2.2 mmol) were
mixed in 30 mL ethanol and refluxed for 4 h. After cooling to room
temperature, the precipitate so obtained was washed with water
and ethanol, and then dried in vacuum. The L was obtained by
recrystallization with ethanol as pale yellow solid. Yields: 75.3%.
M.p.: 186.2—187.8 °C. MS (ES+) m/z: 1320.96 (M+Na*). TH NMR (0
ppm, CDCl3): 'H NMR: 9.37 (s, 1H), 9.30 (s, 1H), 7.96 (s, 1H), 7.95 (s,

1H), 7.9 (d, 1H, ] = 7.5 Hz), 7.76 (d, 1H, ] = 6.55 Hz), 7.51 (d, 1H,
J = 6.05 Hz), 748 (d, 1H, | = 1.60 Hz), 7.47 (s, 1H), 7.46 (d, 1H,
J = 1.75 Hz), 744 (d, 1H, ] = 7.25 Hz), 7.17 (d, 2H, ] = 4.26 Hz), 7.13
(m, 2H, ] = 6.69 Hz), 698 (s, 1H), 6.96 (s, 1H), 6.90 (t, 2H,
J=9.36 Hz), 6.87 (m, 1H, ] = 3.35 Hz), 6.84 (m, 1H, ] = 7.50 Hz), 6.52
(s, 1H), 6.50 (d, 2H, ] = 1.85 Hz), 6.49 (d, 1H, ] = 2.90 Hz), 6.44 (d, 1H,
J=2.35Hz), 6.42 (m, 3H, ] = 6.63 Hz), 6.24 (d, 2H, ] = 8.16 Hz), 6.22
(d, 1H, J = 2.20 Hz), 5.55 (d, 1H, J = 10.86 Hz), 5.19 (s, 2H,
J = 2.80 Hz), 5.03 (s, 2H, ] = 2.65 Hz), 3.82 (d, 1H, ] = 6.39 Hz), 3.54
(t, 1H, J = 11.37 Hz), 3.30 (m, 8H, J = 10.35 Hz), 2.21 (m, 1H,
J=12.33 Hz), 2.17 (d, 1H, ] = 10.32 Hz), 1.95 (t, 1H, ] = 7.90 Hz), 1.86
(d, 1H, J = 6.18 Hz), 1.62 (d, 1H, J = 12.00 Hz), 1.56 (m, 1H,
J = 14.10 Hz), 112 (t, 12H, J = 14.85 Hz). 3C NMR (6 ppm, CDCls):
164.56, 164.48, 158.87, 157.62, 156.34, 153.51, 153.47, 153.38, 152.01,
151.62, 151.33, 148.83, 148.78, 144.97, 144.15, 133.17, 132.99, 131.04,
130.63,130.09, 130.05, 128.29, 128.11, 128.04, 126.62, 126.32, 125.20,
124.82,124.04,123.92, 123.23, 121.99, 121.44, 114.36, 113.44, 107.90,
107.84,107.81, 106.51, 106.47, 98.01, 97.92, 84.51, 67.40, 66.32, 66.19,
64.92, 62.10, 58.46, 53.43, 44.31, 29.71, 29.48, 24.75, 21.77, 18.45,
12.56, 12.62.
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Fig. 1. Influences of pH on the fluorescence spectra of L (1.0 pM) (O) and L (1.0 uM)
plus Cu?* (50 uM) (A ) in ethanol—water solution (6:4, v:v). The pH was modulated by
adding 1 M HCl or 1 M NaOH in HEPES buffers.
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2.2.3. General spectroscopic methods

Metal ions and chemosensor L were dissolved in deionized
water and DMSO to obtain 1 mM stock solutions, respectively.
Before spectroscopic measurements, the solution was freshly
prepared by diluting the high concentration stock solution to the
corresponding solution.

2.2.4. Cell incubation

MCF-7 cells plated on coverslips were washed with phosphate-
buffered saline (PBS), followed by incubating with 1 uM of CuCl; (in
PBS) for 30 min at 37 °C, and then washed with PBS three times.
After incubating with 20 pM of L for 30 min at 37 °C, the cells were
washed with PBS three times again.

2.2.5. Cytotoxicity assay

Cytotoxicity in vitro was measured by using the methyl thiazolyl
tetrazolium (MTT) assay in MCF-7 cells. Cells were seeded into 96-
well cell culture plate at 4000/well, cultured at 37 °C and 5% CO; for
48 h, and then different concentrations of chemosensor L (0, 0.1, 1,
10 uM) were added to the wells. The cells were then incubated for
48 h at 37 °C under 5% CO,. Subsequently, 20 uL MTT (5 mg/mL) was
added to each well and incubated for an additional 4 h at 37 °C
under 5% CO,. Cells were lysed in triple liquid (10% SDS, 0.012 M
HCl, 5% isopropanol), and the amount of MTT formazan was
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Fig. 2. (a) Absorbance spectra of L (10 uM) in ethanol—water solution (6:4, v:v. 50 mM
HEPES, pH 7.0) in the presence of different amounts of Cu?*. (b) UV—vis spectra of L
(10 pM) with different metal ions (50 pM) in ethanol—water solution (6:4, v:v, 50 mM
HEPES, pH 7.0). Inset: Change in color of L (20 pM) with metal ions (100 uM) (from left
to right): blank, Ag*, Ca®*, Mg?*, Zn?*, Pb%*, Fe3*, Cu®*, Cd?*, Co?*, Ni%*, Mn?*, Cr3+
and Hg?". (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

qualified by determining the absorbance at 570 nm using a micro-
plate reader (Tecan, Austria).

The following formula was used to calculate the inhibition of cell
growth: Cell viability (%) = (mean of Abs. value of treatment group/
mean Abs. value of control) - 100%.
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Fig. 3. (a) Fluorescence spectra of L (0.5 uM) with different metal ions (100 equiv.) in
ethanol—water solution (6:4, v:v. 50 mM HEPES, pH 7.0). (b) Fluorescence response of L
(1.0 uM) to 10 uM of Cu?* and to the mixture of 50 pM individual other metal ions with
10 uM of Cu®*. (c) Fluorescence response of L (1.0 uM) to 10 uM of Cu?* and to the
mixture of 50 uM individual anions with 10 uM of Cu*. (d) Fluorescence response of L
(1.0 pM) with various concentrations of Cu®* in ethanol—water solution (6:4, v:v.
50 mM HEPES, pH 7.0). Inset: the fluorescence at 575 nm of L (1.0 uM) as a function of
Cu?* concentrations (0.1-1 puM).
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Scheme 2. Proposed binding mode between L/Cu?*.

3. Results and discussion
3.1. The effects of pH on L and L with Cu®*

The pH-control emission measurements revealed that chemo-
sensor L could respond to Cu®* in the pH range of 5.0—9.2 with the
fluorescent intensity varying less than 10%, while the fluorescence of
the free L can be negligible. It could be seen that the L facilitates
quantification of the concentration of Cu®>* in a wide pH range (Fig.1).
Therefore, further UV—vis and fluorescent studies were carried outin
ethanol—water solution (6:4, v:v, 50 mM HEPES, pH 7.0).

3.2. Uv—vis spectral response of L

The UV/vis of L to various metal ions and its selectivity for Cu®*
are illustrated in Fig. 2. Electronic spectra of L (10 uM) in etha-
nol—water solution (6:4, v:v, 50 mM HEPES, pH 7.0) exhibited only
a very weak band above 500 nm, which could be attributed to the
presence of a trace amount of the ring open form of L. Upon the

gradual addition of Cu®>* up to 5 equiv,, a new absorption band
centered at 556 nm appeared with increasing intensity, accompa-
nied by a clear color change from colorless to pink. This enhance-
ment in absorbance clearly suggests the formation of the ring-
opened amide form of L as a result of Cu®>* binding (Fig. 2(a)).
Other metal ions, such as K*, Ag™, Ca®*, Cd?*, Co?*, Cr3+, Fe?*, Fe>™,
Hg?*, Mg?*, Mn?*, Ni?* and Zn?*, did not show any significant
color and spectral change under identical conditions. Finally, a color
change from the colorless to pink associated with the reaction of L
with Cu?* is readily detectable visually, while no significant color
changes are promoted by other metal ions, as shown in inset of
Fig. 2(b). Therefore L would serve as a “naked-eye” chemosensor
targeted toward Cu*.

The method of continuous variations (Job’s plot) obtained from
the L—Cu?* system in ethanol—water solution (6:4, v:v, 50 mM
HEPES, pH 7.0) clearly suggested the formation of 1:2 stoichiometry
between L and Cu®* (Supporting information, Fig. S1), which is also
confirmed by the Benesi—Hildebrand method [17] (Supporting
information, Fig. S2).

Fig. 4. Confocal fluorescence images in MCF-7 cells. (a) Cells incubated with 1 uM Cu?* for 30 min, washed three times, and then further incubated with 20 uM L for 30 min
(ex = 559 nm); (b) Bright field image of cells shown in panel (a); (c) Cells incubated with 20 uM L in PBS buffer for 30 min; (d) Bright field image of cells shown in panel (a).
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Fig. 5. Cell viability values (%) estimated by MTT proliferation test versus incubation
concentrations of L. MCF-7 cells were cultured in the presence of 0—10 uM L at 37 °C.

3.3. Fluorescence spectral response of L

Fig. 3(a) shows the fluorescence spectra (ex = 520 nm) of L
(0.5 uM) measured in ethanol—water solution (6:4, v:v, 50 mM
HEPES, pH 7.0) with the addition of respective metal ions
(100 equiv.). L showed only a very weak fluorescence in the absence
of metal ions. The addition of Cu?* resulted in remarkably
enhanced fluorescence intensity (about 5-fold). Under the same
condition, additions of other metal ions including Cr3*, Fe>*, Cd?*,
Na®, Zn?*, K*, Hg?*, Ag™, Co®*, Ni%*, Pb?*, Mg+ and Ca®* did not
cause any discernible changes. These observations indicated that L
could selectively recognize Cu?* in ethanol—water solution (6:4,
viv, 50 mM HEPES, pH 7.0). For the Cu?>* chemosensor, cross-
sensitivity to the other metal ions and to the commonly present
anions was also a challenge. Therefore, competition experiments
were conducted in the presence of 10 equiv of Cu?>* mixed with 50
equiv of other metal ions mentioned above and anions including
Clo~, NO3, CO%, Cl-, Ac, ClOz, Br~ and HPO7Z, respectively. No
significant variation in fluorescence intensity was found by
comparison with that the same amounts of Cu®* solution without
other metal ions and anions (Fig. 3(b) and (c)). It is gratifying to note
that all the tested metal ions and anions have no interference. To
further investigate the interaction of Cu** and L, a fluorescence

titration experiment was carried out, as shown in Fig. 3(d). A linear
increase of fluorescence intensity could be observed with
increasing Cu®* concentration over the range of 1.0 x 10~ M to
1.0 x 10~® M with a detection limit of 4.5 x 10~® M based on
3 x Oplank/k (Where Opjank is the standard deviation of the blank
solution and k is the slope of the calibration plot). The results
indicated that the chemosensor L could sensitively detect envi-
ronmentally relevant levels of Cu?*.

3.4. The proposed reaction mechanism

Thus, according to the obtained results, it is very likely due to
the metal ion-induced ring opening of rhodamine spirolactam,
rather than other possible reactions [14]. The chemosensor is the
most likely to chelate with Cu®* via its oxygen on the salicylalde-
hyde, oxygen on the carbonyl group, as well as nitrogen on the
hydrazine and triazole moiety (Scheme 2). On the other hand, the
response of L to Cu?* was confirmed to be reversible by the EDTA
titration. Upon addition of 100 uM EDTA to the mixture of L (1 uM)
and Cu?t (10 uM) in ethanol-water solution (6:4, v:v, 50 mM
HEPES, pH 7.0), the color changed from pink to almost colorless,
and ~93% fluorescent emission intensity of the system was
quenched (Supporting information, Fig. S3), and the EDTA replaced
the receptor L to coordinate Cu®>". When Cu?* was added to the
system again, the signals were almost completely reproduced, and
the colorless solution turned to pink. These findings indicated that
L can be classified as a reversible chemosensor for Cu®*.

3.5. Preliminary analytical application

To further demonstrate the practical applicability of the che-
mosensor L of 1, 2, 4-triazole-linked rhodamine B to detect Cu** in
living cells, the fluorescence images of MCF-7 cells were recorded
before and after addition of Cu?* (Fig. 4). The cells were supple-
mented with only L in the growth medium for 30 min at 37 °C,
which led to very weak fluorescence as determined by laser scan-
ning confocal microscopy (ex = 559 nm) (Fig. 4(c)). In contrast, and
then loaded with 1 pM CuCl; for 30 min, a bright fluorescence was
detected (Fig. 4(a)). These results suggested that chemosensor L can
penetrate the cell membrane and might used for detecting Cu®* in
living cells.

To evaluate cytotoxicity of the chemosensor, L was taken as an
example to perform a MTT assay on MCF-7 cells with dye

Table 1
Performances comparison of various fluorescent chemosensors for Cu®* ion.
Modes Reagents Linear LOD, Testing media Applications Remarks Ref.
range, utM  puM

Quenching Aexjem = Spiropyran 0.75-3.6 0.15 Ethanol or pH 6.98 NA? Big background fluorescence, [4]
556/603 nm derivative (0.1 M Tris—HCl) fluorogenic change.

Enhancement Aexjem = Rhodamine 0.05—4.5 0.018 Water—ethanol (9:1, v/v, Hela cells Dual chromo- and fluorogenic changes. [13]
510/580 nm derivative pH 7.0, 50 mM HEPES)

Quenching Aexjem = BODIPY NA NA CH3CN containing 7% NA NIR fluorescence, dual chemosensors for  [18]
600/716 nm derivative (v/v) HEPES pH 7.0 AP+ and Cu?®", fluorogenic change.

Enhancement Aexem =  Naphthalene NA NA Water—CH5CN (2:8, v/v, NA Dual chromo- and fluorogenic changes, [19]
328/495—616 nm derivative pH 7.2, 50 mM HEPES) ratiometric chemosensor.

Enhancement Aexjem = Naphthalimide NA NA CH3CN or HEPES—CH3CN NA Dual chromo- and fluorogenic changes, [20]
370/450—544 nm derivative (1:1, v/v, pH 7.4, 50 mM HEPES) ratiometric chemosensor.

Enhancement Aexjem = Rhodamine 0-14 0.01 Water—CH3CN (1:1, v/v, pH 7.1,  Waster water  Dual chromo- and fluorogenic changes. [21]
530/570 nm derivative 10 mM Tris—HCI)

Enhancement Aexjem = Rhodamine 0—0.005 0.002 Water—CHsCN (1:1, v/v, pH 7.2,  EJ cells Dual chromo- and fluorogenic changes. [22]
480/554 nm derivative 10 mM Tris—HCl)

Enhancement Aexjem = Rhodamine NA NA Water—CH;CN (1:1, v/v) EJ cells Dual chromo- and fluorogenic changes. [23]
495/552 nm derivative

Enhancement Aexjem = Rhodamine 0.1-1.0 0.045 Water—ethanol (4:6, v/v, MCF-7 cells Dual chromo- and fluorogenic changes. This
510/580 nm derivative pH 7.0, 50 mM HEPES) work

2 NA: Not available.



J. Zhang et al. / Dyes and Pigments 92 (2012) 1370—1375 1375

concentrations from 0 uM to 10 pM. The cellular viability estimated
was ca. 98% in 48 h after treatment with 10 pM of L (Fig. 5),
exhibiting low toxicity to cultured cells.

3.6. Method performance comparison

Table 1 summarizes the photophysical properties of typical Cu®*
fluorescent/colorimetric chemosensors and highlights their appli-
cations. Most methods exhibit wide linear range and good selec-
tivity, and meanwhile most of them can adopt dual chromo- and
fluorogenic changes toward Cu?t except some chemosensors
[18,19]. Though the availability of fluorescence is increasing, there
are still numerous challenges and opportunities remaining for
development of new fluorophores and practical applications in
biological systems, such as excitation wavelength [20,21], testing
media [18,20,21]. Our newly developed chemosensor based on
rhodamine derivative with 1, 2, 4-triazole as subunit presents
a number of attractive analytical features such as high sensitivity,
wide linear range, good selectivity and wide applicability. It can be
used for rapid analysis of ultra-trace level Cu®* in living cells with
satisfactory results.

4. Conclusion

In summary, we describe a new chemosensor with 1, 2, 4-
triazole as subunit. It selectively responds to Cu®* by dual
chromo- and fluorogenic changes and also facilitates “naked-eye”
detection of Cu?*. We believe that these observations regarding the
interaction between 1, 2, 4-triazole and Cu®* should serve as the
platform to develop new chemosensors for other transition metal
ions. In addition, we have demonstrated that the chemosensor L
can be used to detect Cu®* in living cells. It is anticipated that the
chemosensor will significantly promote the studies on the effects of
Cu?* in biological systems.
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