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Abstract  

A new coumarin-quinoline based sensor 1 has been synthesized. The paramagnetic Cu2+ ion 

turned off the fluorescence of the sensor 1 with the 1:1 binding stoichometry. The resultant 1-Cu2+ 

complex in situ could act as an efficient “off-on” fluorescence sensor for the paramagnetic Cr3+ ion 

triggered by the 1:1 replacement of Cu2+ with Cr3+. This selective fluorescence “on-off-on” sensor 

was used to identify Cu2+ and Cr3+ in living breast cancer MCF-7 cells using a confocal 

fluorescence microscopy, indicating that the sensor 1 has a potential application for the selective 

detection of Cu2+ and Cr3+ in living cells. 
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1. Introduction  

Development of selective fluorescent chemosensors for detecting biologically or environmentally 

important metal ions is of great importance [1-3]. Serving as the third most abundant transition 

metal in the biological process, copper (II) has a key influence on copper-binding enzyme activities, 

including cytochrome c oxidase, catechol oxidase, amine oxidase and so on, both as a catalytic 

co-factor and as an allosteric component of cuproenzymes. Insufficient intake of Cu2+ often causes 

anemia, bone abnormality or neutropenia [4]. However, excessive accumulation of copper (II) is 

toxic to the human body and leads to oxidative stress and neurodegenerative diseases [5]. 

Consequently, developing fluorescent chemosensors of the selective recognition and quantification 

of Cu2+ is considerably significant in the biological and environmental process [6-14]. Trivalent 

chromium, as an essential micronutrient for humans, plays a critical role in preventing negatively 

affects in the metabolism of glucose and lipids, therefore chromium (III) deficiency may cause 

glucose and lipid metabolism disorder [15], resulting in diabetes and cardiovascular diseases, while 

a high concentration level of Cr3+ may cause genotoxic effect and destroy cellular structure [16]. 

Thus, the development of reliable, selective and sensitive fluorescent chemosensors for Cr3+ 

recognition has attracted immense interest in biological and environmental areas [17-22].  

Recently, a variety of fluorescent chemosensors for the selective recognition of Cu2+ or Cr3+ 

have been reported which demonstrate high selectivities for the target Cu2+ or Cr3+ over other 

competitive metal ions based on the enhancement or quenching of fluorescence [16-22, 23-25], but 

most of them focus on single sensors for the selective recognition of only one target metal ion. 

Development of single sensors for the selective recognition of multiple metal ions, which would 

reduce analytic time, increase analysis speed and cut the cost, has received considerable attention. 
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Single chemosensors for the recognition of two metal ions have been reported, such as Fe3+/Hg2+ 

[26], Zn2+/Cu2+ [23-25], Zn2+/Cd2+ [27-28], Zn2+/Al3+ [29] and Hg2+/Au3+ [30]. In contrast, single 

chemosensors to detect Cu2+/Cr3+ are still rare.  

In this study, we developed a coumarin-quinoline based sensor 1 (Scheme 1) for detecting of 

two metal ions Cu2+ and Cr3+ in aqueous media and living breast cancer MCF-7 cells. When the 

addition of excess Cu2+, the sensor 1 undergone fluorescence quenching and a 10 nm red-shift of 

the maximum absorption wavelength. The 1:1 binding stoichometry was determined using the 

spectroscopic titration and Job’s plot. The resultant 1-Cu2+ complex could detect the paramagnetic 

Cr3+ ion by fluorescence enhancement though 1:1 metal ion replacement approach. The sensor 1 

showed excellent cell-membrane permeability and effectively distinguished Cu2+ and Cr3+ in living 

cells though fluorescence “on-off-on” signals.  

2. Materials and methods 

2.1 Instruments and reagents  

All solvents and reagents were obtained from commercial sources (Sigma-Aldrich, TCI or 

Aladdin) and used without further purification. MCF-7 (breast cancer) cells used for the 

fluorescence imaging were purchased from American Type Culture Collection. Fluorescence 

spectra were recorded on a FluoroMax4 spectrometer with a set of excitation and emission slits 

both at 3.0 nm. Absorption spectra were recorded on a UV-2550 UV-vis spectrometer. FT-IR spectra 

were obtained on a Nicolet 6700 Fourier-transform infrared spectrometer. The pH titration was 

conducted on a Leici PHS-25 pH meter. NMR spectra were obtained on an AVANCE Ⅲ 500 MHz 

spectrometer with TMS as an internal standard. Mass spectra (MS) were recorded with an 

Accurate-Mass TOF LC/MS spectrometer. XPS were recorded on a Kratos AXIS Ultra DLD 
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spectrometer. The cells were imaged by an Olympus FV1100 laser confocal fluorescence 

microscopy.  

2.2 UV-vis and fluorescence spectrometric determination 

2.2.1 Preparation of test solutions for fluorescent studies 

Stock solutions (1 mM) of nitrate salts of K+, Ca2+, Na+, Mg2+, Al3+, Zn2+, Fe3+, Pb2+, Hg2+, Ag+, 

Co2+, Ni2+, Cd2+, Cu2+ and Cr3+ were prepared in ultrapure water. 1 mM of stock solution of the 

sensor 1 was prepared in DMSO. The test solution was prepared by appropriately diluting the stock 

solution of the sensor 1 to 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution and then adding the 

appropriate amount of each metal ion stock solution. The fluorescence quantum yield was 

calculated using quinine sulfate (Ф = 0.51) in 0.5 M H2SO4 as the standard. 

2.2.2 Calculation of the binding stoichometry and association constant  

The binding stoichometry of the metal ion to the sensor 1 was determined using Job plot 

experiments [31]. The association constant (Ka) of the metal ion binding to the sensor 1 was 

determined from the fluorescence titration data based on the reported Benesi-Hildebrand equation 

[32-33]. 

2.3 Quantum chemical calculation  

Quantum chemical calculations were performed using Gaussian 09 program [34]. The ground 

state structure of the sensor 1 was optimized based on density functional theory (DFT) using 

B3LYP functional [35-36] and 6-311G(d,p) basis set. Frequency calculations were carried out on all 

optimized geometries to ensure that the obtained structures represent local minima without 

imaginary frequencies. Time-dependent (TD) DFT calculations were also performed using the same 

basis set as those in the geometry optimization. 
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2.4 Cell culture and fluorescence imaging  

The cell lines were cultured in RPMI-1640 medium supplemented with 10% (v/v) calf serum, 

penicillin (100 U mL−1), and streptomycin (100 mg mL−1). The cells were maintained at 37 0C in a 

humidified atmosphere containing 5% CO2.  

   To investigate the influence of Cu2+ and Cr3+ on the fluorescence intensity of the sensor 1 in cell 

level, MCF-7 cells were seeded in 12 laser confocal fluorescence microscopy culture dishes with a 

density of 3 × 105 cells/well and subsequently incubated at 37 0C. After 24 h of cell attachment, the 

12 dishes were separated into 4 groups randomly. The cells in first group without treatment with 

any samples were utilized as the contrast. The cells in the second group were treated with 40 µL of 

the sensor 1 (10 µM) in a HEPES-DMSO (9:1) solution and then incubated for 30 min at 37 0C. 

Phosphate-buffered saline (PBS) was utilized to wash the cells for three times. Following the 

experimental steps for the second group, the cells in the third group were incubated with 20 µL of 

the Cu2+ solution (30 µM) for 30 min at 37 0C. The cells in the fourth group were further treated 

with 20 µL of the Cr3+ solution (30 µM) for 30 min at 37 0C. After washing three times with PBS, 

the cells were imaged using a laser confocal fluorescence microscopy.  

2.5 Synthesis of the sensor 1 

7-diethylaminocoumarin-3-carboxylic acid (10 mmol, 2.61 g) and 8-aminoquinoline (10 mmol, 

1.44 g) were dissolved in 100 mL chloroform including dicyclohexyl carbodiimide (10 mmol, 2.06 

g) and 4-dimethylaminopyridine (50 mg). The solution was stirred for 6 hours at room temperature, 

and then the white precipitate dicyclohexylurea was filtered to obtain the clarified yellow solution 

which was extracted with water three times and dried with anhydrous sodium sulfate. Subsequently, 

the solvent was removed using the rotary evaporation to obtain a crude product which was further 
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purified by the silica gel column chromatography (ethyl acetate: dichloromethane = 1:10, v/v) to 

give 1 as a yellow solid in 61.5% yield. m.p. 222.5-224.3 0C ; 1HNMR (500 MHz, CDCl3): δ 1.25 (t, 

6H, J = 7.2 Hz, -CH3), 3.47 (q, 4H, J = 7.2 Hz, -CH2-), 6.55 (s, 1H, Ar-H), 6.67 (d, 1H, J = 9.0 Hz, 

Ar-H), 7.45-7.48 (m, 2H, Ar-H), 7.53-7.59 (m, 2H, Ar-H), 8.17 (d, 1H, J = 8.25 Hz, Ar-H), 8.84 (s, 

1H, Ar-H), 8.99-9.01 (m, 2H, Ar-H), 12.76 (s, 1H, N-H); 13CNMR (125 MHz, CDCl3): δ 162.5, 

161.6, 157.9, 152.7, 148.9, 148.4, 139.6, 136.1, 135.6, 131.2, 128.1, 127.2, 121.9, 121.5, 117.7, 

111.1, 109.9, 108.6, 96.8, 45.1, 12.5; FTIR (cm-1) 2971.5, 2925.2, 1710.9, 1650.5, 1612.8, 1570.7, 

1506.9, 1420.7, 1350.2, 1263.4, 1188.3, 1133.7, 1076.9, 821.5, 788.6; HRMS calcd 388.1661, 

found 388.1657. 

3. Results and discussion 

3.1 Synthesis and characterization of the sensor 1 

The sensor 1 was obtained by the reaction of 7-diethylaminocoumarin-3-carboxylic acid and 

8-aminoquinoline where a new amide bond was formed between the coumarin and quinoline 

moiety (Scheme 1). To elucidate the structure of the sensor 1, the DFT calculations were carried out 

and the lowest energy structure of the sensor 1 is presented in Fig. 1. The sensor 1 forms a large 

coplanar structure over quinoline and coumarin moieties and shows a cis conformer though the 

amide bond. In addition, the shortened Namine-C bond length (1.37516 Å) and Calkyl-Namine-Calkyl or 

Caryl-Namine-Caryl angle of almost 120° suggest the lone pairs of amine N are delocalized and a p-π 

conjugated system is hence formed. Consequently, the sensor 1 presents a greater π conjugate 

system of electronic delocalization than its precursor coumarin.  

The synthesized yellow compound shows a maximum absorption band at 445 nm which 

undergoes a red-shift compared to its precursor [37], indicating a greater electronic delocalization 

Page 7 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 8

effect on the sensor 1 in good agreement with the above DFT-data. TD-DFT calculations predict 

that the experimentally observed maximum absorption band at 445 nm is predominately originating 

from the HOMO to LUMO transition (Fig. 1), where the HOMO delocalizes over the entire π 

system, whereas the LUMO has a significant contribution from the coumairn moiety. Accordingly, 

the maximum absorption of the sensor 1 presents a charge transfer π-π* transition from the 

occupied quinoline to unoccupied coumarin orbitals, which may cause the red shift of the 

absorption band. The quantum yield of the sensor 1 was 0.109 determined in a HEPES-DMSO 

buffer solution (0.1 M) with the emission band at 491 nm (Fig. 2). 

3.2 Spectroscopic properties  

The recognition ability of the sensor 1 was obtained by mixing it with various metal ions 

including K+, Ca2+, Na+, Mg2+, Al3+, Zn2+, Fe3+, Pb2+, Hg2+, Ag+, Co2+, Ni2+, Cd2+, Cu2+ and Cr3+ in 

aqueous solution using the fluorescence and UV-vis spectrophotometric titration. When excited at 

437 nm, only Cu2+ caused a significant quenching (Ф = 0.024) in the fluorescence intensity of the 

sensor 1 which could be attributed to the coordination of the paramagnetic Cu2+ ions (Fig. 2). Upon 

incremental addition of Cu2+, the fluorescence intensity at 491 nm decreased gradually and then 

reached the minimum after adding 5 equivalents of Cu2+ (Fig. 3). The linear relationship of the 

fluorescence titration (Fig. 3) and Job’s plot (Fig. 4) suggest the stoichiometric ratio of the sensor 1 

with Cu2+ appears to be 1 to 1. The association constant Ka of the sensor 1 for Cu2+ was 3.65 × 103 

M-1 (Fig. S1) and the detection limit of the sensor 1 for Cu2+ was 2.5 µM which was reasonable for 

the detection of the copper ion in the blood (15.7-23.6 µM) [38-39] and drinking water (~30 µM) 

[40]. After binding with Cu2+, the absorbance at 445 nm increased and the maximum absorption 

band was shifted to 455 nm which led the color change from light yellow to yellow (Fig. 5 and Fig. 
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S2). The fluorescence changes of the sensor 1 in the absence and presence of Cu2+ in different pH 

values were evaluated. As shown in Fig. S3, Cu2+ caused the fluorescence quenching over a wide 

pH range of 4.5-7.5. This indicates that the sensor 1 can be potentially applicable as a selective 

sensor for Cu2+ in near neutral and acidic medium, which is promising in both the environmental 

and biological application.   

   To further explore the influence of other metal ions on the 1-Cu2+ complex, the competitive 

experiments were carried out with other metal ions (30 µM) in the presence of Cu2+ (30 µM) and 

the sensor 1 (10 µM) (Fig. S4). The observed fluorescence spectra of K+, Ca2+, Na+, Mg2+, Al3+, 

Zn2+, Fe3+, Pb2+, Hg2+, Ag+, Co2+, Ni2+ and Cd2+ in the presence of the 1-Cu2+ complex were similar 

to that caused with the 1-Cu2+ complex alone. Attractively, the addition of Cr3+ caused a 3.8-fold 

enhancement of the fluorescence intensity of the 1-Cu2+ complex (Fig. 6-7 and Fig. S5). The 

quantum yield of the emission band was increased to 0.064.  

Fluorescence titration experiments were performed to further evaluate the sensing ability of 

1-Cu2+ (10 µM) to Cr3+ (Fig. 8). The fluorescence intensity of the 1-Cu2+ solution increased 

gradually with the addition of Cr3+ and remained fairly constant until 3.0 equivalents of Cr3+ were 

added. According to the Benesi-Hildebrand equation, the association constant of 1-Cu2+ with Cr3+ 

was calculated to be 5.4 × 104 M-1 from the fluorescence titration curve (Fig. S6). The association 

constant of 1-Cu2+ for Cr3+ is 3.9-fold of that for the sensor 1 with Cu2+, suggesting the increased 

fluorescence may originate from the replacement of Cu2+ by Cr3+. The linear relationship of the 

fluorescence titration of 1-Cu2+ also indicated a 1:1 binding mode for 1-Cu2+ with Cr3+ which was 

further supported by the UV-vis titration of Cr3+ to 1-Cu2+ (Fig. S7). The above observations 

suggest that Cu2+ in the 1-Cu2+ complex could be replaced by only Cr3+, indicating the 1-Cu2+ 

Page 9 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 10

complex has a good selectivity for Cr3+ and could be an efficient “off-on” sensor for Cr3+. A 

schematic for the analysis of the mixed metal ions using the sensor 1 is shown in Scheme 2. When 

the resultant 1-Cu2+ complex in situ is used to as the sensor, existence of Cr3+ would turn on the 

fluorescence of the 1-Cu2+ complex. In contrast, other metal ions including Cu2+ would have no 

obvious influence on the fluorescence intensity of the 1-Cu2+ complex. The sensor 1 can detect the 

Cu2+ ion from the solution of the mixed metal ions without Cr3+ based on the fluorescence 

quenching.  

3.3 Possible sensing mechanism  

To get insight of the binding mode of the sensor 1 with Cu2+, IR, NMR and MS were first 

employed. IR spectra of the sensor 1 and 1-Cu2+ are shown in Fig. 9. The sensor 1 exhibits a band 

of the medium intensity at around 3440 cm-1. This band can be assigned to v NH which is also be 

observed in the spectrum of 1-Cu2+. Two bands appearing at 1701.9 and 1650.5 cm-1 are the C=O 

stretching vibration of the ester carbonyl and amide carbonyl groups, respectively. In the spectrum 

of 1-Cu2+, the C=O vibration band of the ester carbonyl is shifted to the lower frequency by 48 cm-1 

suggesting the binding of the oxygen of the ester carbonyl group with Cu2+, whereas there are not 

obvious differences in the C=O stretching band of the amide carbonyl group before and after the 

addition of Cu2+. 

The 1HNMR spectrum of the sensor 1 with the addition of Cu2+ reveals that the amide 

hydrogen (NH) at 12.6 ppm (Fig. S8) is still held which is in good agreement with the IR 

observation. Due to the paramagnetic Cu2+ ion, the signals of 1HNMR are broadened and hence 

distinct shifts of proton signals are not observed. As discussed above, the formation of 1-Cu2+ is 

further confirmed using HRMS (Fig. S9) where the peak at m/z 449.0808 corresponds to [1-Cu-H]+ 
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and moreover a peak at m/z 527.0953 corresponding to [1-Cu+DMSO-H]+ is also observed, 

indicating one solvent involves in the coordination to 1-Cu2+.  

To more clearly understand the structure of 1-Cu2+, XPS spectra were carried out and the 

standard samples, coumarin 120 and 8-aminoquinoline, were also analyzed using XPS to help 

further assign the O and N groups. The results are presented in Fig. S10 and the corresponding 

assignments are listed in Table 1. When Cu2+ is bound to the sensor 1, the binding energy of the 

oxygen of the ester carbonyl group in the sensor 1 (528.33 eV) is shifted to the higher energy by 0.6 

eV, while those of nitrogen atoms of amide and aromatic groups undergo the lower energy shift by 

0.55 eV and 0.19 eV in 1-Cu2+, respectively, which suggest these atoms have involved in the 

coordination to Cu2+, in good agreement with the above IR and NMR analyses.  

Based on the analysis of the fluorescence and UV-vis titration, Job’s plot, IR, NMR, HRMS and 

XPS, the possible binding mode of the sensor 1 with Cu2+ in solvent media is proposed as shown in 

Fig. 10, where a four-coordination copper(II) complex is formed with three coordination sites in the 

sensor 1 and one coordination site from the solvent.  

To explore the possible mechanism of the fluorescence recovery of the 1-Cu2+ complex after the 

addition of Cr3+, NMR and IR were also carried out as presented in Fig. S8 and S11. Similar to the 

1HNMR spectrum of 1-Cu2+, the paramagnetic Cr3+ ion also causes the broader proton signals, 

hence no significant shifts of proton signals are observed with the held amide hydrogen at 12.6 ppm. 

Different from the IR characteristics of the 1-Cu2+ complex, IR spectrum of 1-Cu2+ with Cr3+ shows 

that the C=O stretching vibration of the ester carbonyl group in the ligand is shifted back from ca. 

1650 cm-1 to ca. 1700 cm-1 which distinctly suggests that copper (II) may be replaced by chromium 

(III). In addition, individual chromium (III) ions were also added to the sensor 1 and its IR spectrum 
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shows the same band at ca. 1700 cm-1 which can be assigned as the C=O stretching vibration of the 

ester carbonyl group in the ligand. The above observations indicate that the oxygen of the ester 

carbonyl group in the ligand may not participate in the coordination to chromium (III). IR spectra of 

1-Cr3+ and 1-Cu2+ in DMSO were also recorded and shown in Fig S11 where the bands of NO3 in 

1-Cr3+ complex are different from those in 1-Cu2+ complex with three bands at ca. 1437, 1408, 1318 

cm-1 vs ca. 1350 cm-1 for 1-Cr3+ and 1-Cu2+, respectively. As the analysis for the four-coordination 

1-Cu2+ complex in the solution, one solvent with the sensor 1 is bound with copper (II) with the free 

NO3 groups in good agreement with its IR observation in DMSO, whereas NO3 groups may involve 

in the binding with chromium (III) in 1-Cr3+.  

Overall, referring to the analysis of the fluorescence, UV-vis titration and the larger association 

constant of 1-Cu2+ for Cr3+ vs the sensor 1 for Cu2+, the possible sensing mechanism in solvent 

media is proposed that Cr3+ replaced Cu2+ and then was bound to the sensor 1 as shown in Fig. 10.  

3.4 Living cell imaging  

To further demonstrate the practical application of the sensor 1 for the detection of Cu2+ and 

Cr3+ in biological samples, the fluorescence imaging was carried out in MCF-7 breast cancer living 

cells as showed in Fig 11. MCF-7 cells themselves have not showed obvious fluorescence. When 

the cells were treated with 10 µM of the sensor 1 for 30 min at 37 0C, the intracellular bright green 

fluorescence was observed in MCF-7 cells. Subsequently, upon treating above cells with an 

excessive amount of Cu2+ (30 µM) for 30 min at 37 0C, the fluorescence intensity in MCF-7 cells 

was significantly quenched. Finally, when 30 µM of the Cr3+ solution was further added, the 

intracellular fluorescence was easily recovered and showed a green fluorescence imaging. The 

bright field images also confirmed that cells were visible before and after the addition of the sensor 
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1, Cu2+ and Cr3+. These results indicate that the sensor 1 has excellent cell-membrane permeability. 

Moreover, the sensor 1 is applicable for the recognition of Cu2+ and Cr3+ in living cells.  

4 Conclusion 

In conclusion, a new fluorescence sensor 1 has been synthesized, which showed the selective 

recognition for Cu2+ by fluorescence quenching. The resultant 1-Cu2+ complex can serve as a 

fluorescent turn-on sensor for Cr3+ via the replacement of Cu2+. The binding mode of the sensor 1 

with Cu2+ or Cr3+ was 1:1 to form the four-coordination 1-Cu2+ complex or six-coordination 1-Cr3+ 

complex. 

This “on-off-on” switching sensor was successfully applied in the live cell fluorescence 

imaging and therefore further demonstrates its greatly potential applicability for the recognition of 

Cu2+ and Cr3+ in living cells. 
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Figure and scheme captions 

Table 1. XPS results of the sensor 1 and 1-Cu2+. Asterisk (*) presents the assigned atom. 

Scheme 1. Synthesis of the sensor 1. 

Scheme 2. Schematic for the analysis of the mixed metal ions using the sensor 1. 

Fig. 1. The optimized geometry (left) and significant frontier molecular orbitals (right) of the sensor 

1 using B3LYP functional and 6-311G(d,p) basis set (blue atom, N; red atom, O). 

Fig. 2. (a) Fluorescence changes of the sensor 1 (10 µM) upon addition of 3.0 equiv. of individual 

metal ions in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. (b) The relative fluorescent 

intensity of I0/I at 491 nm, where I0 and I are the fluorescent intensity of the sensor 1 (10 µM) in the 

absence and presence of metal ions, respectively. Inset: a picture of fluorescence changes of the 

sensor 1 (10 µM) upon addition of 3.0 equiv. of individual metal ions in 0.1 M HEPES-DMSO (9:1, 

v/v, pH = 7.2) solution. 

Fig. 3. Fluorescence response of the sensor 1 (10 µM) to different equivalents of Cu2+ (0, 0.2, 0.5, 

0.8, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 equiv.) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) 

solution.  

Fig. 4. Job’s plot for the sensor 1 vs Cu2+ in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. The 

total concentration of the sensor 1 and Cu2+ was 30 µM.  

Fig. 5. Absorption changes of the sensor 1 (10 µM) upon addition of 3.0 equiv. of individual metal 

ions in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution; Inset: a picture of absorption changes of 

the sensor 1 (10 µM) upon addition of 3.0 equiv. of individual metal ions in 0.1 M HEPES-DMSO 

(9:1, v/v, pH = 7.2) solution. 

Fig. 6. Fluorescence response of the sensor 1 (10 µM) and Cu2+ (30 µM) in the presence of other 

different metal ions (30 µM) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Fig. 7. Fluorescence response of the sensor 1 (10 µM) and Cu2+ (30 µM) in the presence of other 

different metal ions (30 µM) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  

Fig. 8. Fluorescence changes of 1-Cu2+ (10 µM) on addition of different equivalents of Cr3+ in 0.1 

M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. Inset: the fluorescence intensity of 1-Cu2+ (10 µM) 

at 491 nm as a function of equivalents of Cr3+ in 0.1M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. 

Fig. 9. FT-IR spectra of the sensor 1 and 1-Cu2+ with the KBR compression method. 

Fig. 10. Possible sensing mechanism of the sensor 1 for the sequential recognition of Cu2+ and Cr3+.  

Fig.11. Confocal fluorescence images in MCF-7 cells. (a) cells untreated with any samples as blank 

test; (b) cells incubated with 10 µM of the sensor 1 for 30 min at 37 0C; (c) cells further incubated 

with 30 µM of the Cu2+ solution for another 30 min at 37 0C; (d) cells incubated with 10 µM of the 

sensor 1 and 30 µM of the Cu2+ solution, and further incubated with 30 µM of the Cr3+ solution for 

30 min at 37 0C; (e) bright field image of cells in panel a; (f) bright field image of cells in panel b; 

(g) bright field image of cells in panel c; (h) bright field image of cells in panel d. 
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Scheme 1. Synthesis of the sensor 1.  
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Fig. 1. The optimized geometry (left) and significant frontier molecular orbitals (right) of the sensor 1 using 
B3LYP functional and 6-311G(d,p) basis set (blue atom, N; red atom, O).  

136x110mm (300 x 300 DPI)  

 

 

Page 22 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 2. (a) Fluorescence changes of the sensor 1 (10 µM) upon addition of 3.0 equiv. of individual metal ions 
in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. (b) The relative fluorescent intensity of I0/I at 491 nm, 
where I0 and I are the fluorescent intensity of the sensor 1 (10 µM) in the absence and presence of metal 
ions, respectively. Inset: a picture of fluorescence changes of the sensor 1 (10 µM) upon addition of 3.0 

equiv. of individual metal ions in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Fig. 3. Fluorescence response of the sensor 1 (10 µM) to different equivalents of Cu2+ (0, 0.2, 0.5, 0.8, 1.0, 
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 equiv.) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Fig. 4. Job’s plot for the sensor 1 vs Cu2+ in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. The total 
concentration of the sensor 1 and Cu2+ was 30 µM.  
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Fig. 5. Absorption changes of the sensor 1 (10 µM) upon addition of 3.0 equiv. of individual metal ions in 0.1 
M HEPES-DMSO (9:1, v/v, pH = 7.2) solution; Inset: a picture of absorption changes of the sensor 1 (10 

µM) upon addition of 3.0 equiv. of individual metal ions in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution. 
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Fig. 6. Fluorescence response of the sensor 1 (10 µM) and Cu2+ (30 µM) in the presence of other different 
metal ions (30 µM) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Fig. 7. Fluorescence response of the sensor 1 (10 µM) and Cu2+ (30 µM) in the presence of other different 
metal ions (30 µM) in 0.1 M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Fig. 8. Fluorescence changes of 1-Cu2+ (10 µM) on addition of different equivalents of Cr3+ in 0.1 M 
HEPES-DMSO (9:1, v/v, pH = 7.2) solution. Inset: the fluorescence intensity of 1-Cu2+ (10 µM) at 491 nm 

as a function of equivalents of Cr3+ in 0.1M HEPES-DMSO (9:1, v/v, pH = 7.2) solution.  
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Scheme 2. Schematic for the analysis of the mixed metal ions using the sensor 1.  
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Table 1. XPS results of the sensor 1 and 1-Cu
2+
.   

 

Sample 1 1-Cu
2+
 Coumarin 120 8-aminoquinoline assignment 

N1s(FWHM) 

397.31(1.10) 396.76(1.01) - - –HN*–C=O 

396.68(0.78) 396.49(0.92) - 396.80(1.47) aromatic N* 

396.06(0.94) 395.96(0.98) 396.19(1.08) 395.96(1.02) 
*NH2 or 

*NEt2 

O1s(FWHM) 

530.95(1.58) 531.05(1.52) 530.89(1.72) - –O*–C=O 

529.36(1.55) 529.47(0.88) - - –HN–C=O* 

528.33(1.52) 528.93(1.0) 528.39(1.24) - –O–C=O* 

-- 529.66(1.89) - - NO3* 

Asterisk (*) presents the assigned atom.  
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Fig. 9. FT-IR spectra of the sensor 1 and 1-Cu2+ with the KBR compression method.  
93x72mm (600 x 600 DPI)  
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Fig. 10. Possible sensing mechanism of the sensor 1 for the sequential recognition of Cu2+ and Cr3+.  
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Fig.11. Confocal fluorescence images in MCF-7 cells. (a) cells untreated with any samples as blank test; (b) 
cells incubated with 10 µM of the sensor 1 for 30 min at 37 0C; (c) cells further incubated with 30 µM of the 
Cu2+ solution for another 30 min at 37 0C; (d) cells incubated with 10 µM of the sensor 1 and 30 µM of the 

Cu2+ solution, and further incubated with 30 µM of the Cr3+ solution for 30 min at 37 0C; (e) bright field 
image of cells in panel a; (f) bright field image of cells in panel b; (g) bright field image of cells in panel c; 

(h) bright field image of cells in panel d.  
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