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Abstract 

A novel fluorescence chemosensor containing two rhodamine B moieties per molecule was 

synthesized and characterized as an “off-on” fluorescent probe for the detection of copper ions 

(Cu2+). The crystal structure of the chemosensor was confirmed by X-ray analysis and the 

recognition mechanism of detecting Cu2+ was proposed with the absorption and fluorescence 

characterization. The chemosensor showed high selectivity and sensitivity and good repetition in 

sensing Cu2+, and the detection limit is as low as 38.00 nM. In addition, the chemosensor displayed 

low cytotoxicity as revealed by methyl thiazolyl tetrazolium (MTT) assays and was successfully 

applied to fluorescence test paper and living cell imaging for detecting Cu2+. Therefore, based on 

being environment friendly and good biocompatibility, the results offered the advantages including 

the detection of Cu2+ in environment and bioimaging of intracellular Cu2+. 

Keywords: Fluorescence chemosensor; Cell imaging; Rhodamine B derivative 
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1. Introduction 

Recently, more and more interests have been attracted on detecting copper ions (Cu2+) 

because Cu2+ is indispensable during many fundamental processes in human beings and 

environmental cycle as well.1-7 Cu2+ is highly toxic when it is of high concentration in human body, 

leading to several serious diseases, such as Menkes, Wilson and Alzheimer.8-14 It can also cause 

infant liver damage15, 16 as well as childhood cirrhosis 17 when it is accumulated more in the body. 

Up to now, considerable efforts have been devoted to developing efficient methods to detect and 

trace Cu2+, such as, atomic absorption spectrometry, inductively coupled plasma atomic emission 

spectrometry (ICP-AES), and inductively coupled plasma mass spectroscopy (ICP-MS), and so on. 

18-23 Among these approaches, fluorescent probes have been recently considered as a promising 

candidate owing to the virtues of easy operation, high sensitivity, rapid response and 

non-destructive sensing characteristics. 17, 24-28 However, due to the paramagnetic nature of copper 

ions, most of the Cu2+ fluorescent probes reported often show “on-off” signals upon the bonding of 

Cu2+. These probes are not fit for analytical application because the quenching of the fluorescence 

may be caused by other quenchers and false results may be obtained by using this kind of probe for 

Cu2+ detection. 29-34 

On the contrary, introducing rhodamine moiety to construct “off-on” probes is an ideal 

alternative approach due to the well-known spirolactam (fluorescence off) to ring-opened amide 

(fluorescence on) equilibrium of rhodamine derivatives. 35-40 Owing to the excellent photophysical 

properties, such as high absorptivity, excellent fluorescence quantum yield and good photostability, 

rhodamine derivative has become one of the most popular fluorescent probes for the construction of 

artificial fluorescent probes. 41, 42 Furthermore, based on the Soft-Hard Acid-Base principle, the 

probes that contain the recognition moiety with O and N atoms could exhibit good affinity to Cu2+.  
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In this work, a novel fluorescent chemosensor containing two rhodamine B moieties per 

molecule was synthesized by using 3-di-(formaldehyde phenoxy)-2-propanol (denoted as DFPP) 

and rhodamine B hydrazide (denoted as RhB-NH2) through a convenient Schiff base reaction. The 

obtained Rhodamine B derivative (denoted as DFPP-RhB) was characterized and investigated to be 

an “off-on” fluorescent probe for the detection of Cu2+ with high selectivity and sensitivity. In 

addition, the chemosensor displayed low cytotoxicity as revealed by methyl thiazolyl tetrazolium 

(MTT) assays and was successfully applied to fluorescence test paper and living cell imaging for 

detecting Cu2+. Therefore, based on being environment friendly and good biocompatibility, the 

results offered the advantages including the detection of Cu2+ in environment and bioimaging of 

intracellular Cu2+. 

2. Experimental section 

2.1 Chemicals  

Hydrazine hydrate (85%) and Rhodamine B were purchased from J&K Chemical Ltd. 

salicyladehyde was bought from Aladdin. All other chemicals were purchased from Sinopharm 

Chemical Reagent Co. Ltd and used as received. The solutions of metal ions including Cu2+, Mg2+, 

Ba2+, Mn2+, Zn2+, Li+, Na+, K+, Ca2+, Hg2+ used in this paper were prepared in deionized water from 

their chloride salts, except that the solution of Co2+ was prepared from Co(NO3)2. 

2.2 Characterization  

1H NMR and 13C NMR spectra were performed on an AVANCE 500 MHz spectrometer, using 

tetramethylsilane (TMS) as an internal standard. Electrospray ionization mass spectrometry 

(ESI-MS) spectra were obtained on a Micromass LCTTM mass spectrometer. UV-Vis spectra were 

recorded on a 760CRT dual beam spectrophotometer. Fluorescence spectra were determined on a 

LS-55 spectrophotometer with 10 nm excitation slit and 7.5 nm emission one. The excitations 
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wavelengths were 520 nm, and the emissions were collected from 530 to 700 nm. All the 

measurements mentioned above were conducted at room temperature (about 298K). 

2.3 The analysis of X-ray crystallography 

   The crystals were obtained by diffusing petroleum ether slowly into a solution of DFPP-RhB in 

dichloromethane. An appropriate single crystal was coated in a glass fiber, and cooled fast under 

low-temperature nitrogen environment, and then, diffraction measurements were collected on a 

Bruker APEXII DUO (two light source) X-ray diffractometer with Mo Kα graphite monochromated 

radiation. The crystal structures were solved by direct methods using SHELXS-97 software and 

refined on F2 by using SHELXS-97 program incorporated in SHELXS software package. The 

refinement and all future calculations were carried out using SHELXS-97. 43, 44 The non-H atoms 

were refined anisotropically, using weighted full matrix least-squares on F2. What’s more, the 

hydrogen atoms were included in the models in calculated positions and were refined as constrained 

to bonding atoms for DFPP-RhB. 

2.4 Synthesis 

     The detailed synthetic procedure of DFPP-RhB was shown in Scheme S1. 

2.4.1 Synthesis of 1, 3-di-( formaldehyde phenoxy)-2-propanol 

1, 3-di-(formaldehyde phenoxy)-2-propanol (DFPP) was synthesized according to a previous 

literature. 45 1
H NMR (DMSO-d6), δ(ppm) : 10.40 (s, 2H, CHO) ; 6.92-7.69 (m, 8H, ArH); 

4.30-4.54 (m, 5H, CH2CHCH2); 3.35 (br, lH, OH). 

2.4.2 Synthesis of Rhodamine B hydrazide 

Rhodamine B hydrazide (RhB-NH2) was synthesized according to a previous report with some 

modification 35 : in a 100 mL of two-neck flask, rhodamine B (4.791g, 10 mmol) was added and 

dissolved in 30 mL of ethanol. 12 mL (excessive) of hydrazine hydrate (85%) was added dropwise 
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into the flask with stirring vigorously at room temperature. After that, the mixture was heated to 

reflux in an Ar bath for 8 hours. After cooling, the solvent was removed under reduced pressure. 

The precipitate was washed by deionized water and dried under reduced pressure. 1
H NMR 

(DMSO-d6) δ (ppm): 7.77（m, 1H, ArH），7.45 (m, 2H, ArH), 7.03(m, 1H, ArH）, 6.38（s, 2H, 

xanthene-H）, 6.33(s, 4H, xanthene-H), 3.38(s, 2H, NH2), 3.31(q, 8H, NCH2CH3), 1.09(t, 12H, 

NCH2CH3). 

2.4.3 Synthesis of DFPP-RhB 

0.687 g of RhB-NH2 (1.5 mmol) was dissolved in 15 mL of ethanol. Then 0.144 g (0.5 mmol) 

of DFPP dissolved in 15 mL of ethanol was added dropwise with vigorous stirring. The mixture was 

heated to reflux in an Ar bath for 8 hours. The precipitate was obtained under reduced pressure, 

washed 3 times by cold ethanol and dried in vacuum. The crude product was purified by silica gel 

column chromatography using petroleum ether/ethyl acetate (1:2, v/v) as eluent. 1
H NMR 

(DMSO-d6) δ (ppm): 9.14 （s，2H，N=C-H），7.90 （d, 2H, ArH, J=6.0 Hz），7.57 （m, 6H, ArH），

7.29 （m, 2H, ArH），6.99 （t, 2H, ArH, Jac=14.6 Hz），6.29-6.50（m, 12H, ArH），4.30-4.54 (m, 

5H, CH2CHCH2), 3.35（s，1H，OH）, 3.23 (q, 16H, NCH2CH3), 1.09 (t, 24H, NCH2CH3, Jac=13.05). 

13
C-NMR (DMSO-d6) δ (ppm): 12.85, 44.05, 65.70, 67.89, 69.65, 97.85, 105.84, 113.29, 121.21, 

124.17, 127.96, 131.98, 134.21, 143.54, 148.88, 151.93, 153.02, 157.46, 164.19. MS (ESI) m/z: 

[M+H]
+: 1177.5. 

2.5 Metal-ions Sensing procedures 

A stock solution of DFPP-RhB (10 µM) was prepared in absolute ethyl alcohol. Stock 

solutions of the metal ions (0.1 M) were prepared in deionized water. Titration experiments were 

performed by adding Cu2+ stock solution incrementally to a solution of DFPP-RhB (2.5 mL) by 

means of a micro-pipette. For the selectivity experiments, the test samples were prepared by adding 
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appropriate amounts (100 equiv.) of metal ions solution to 2.5 mL of a solution of DFPP-RhB (10 

µM). In competition experiments, Cu2+ was added to the solutions containing DFPP-RhB and other 

metal ions of interest. All solutions were stirred for 1 min at room temperature and then used for the 

spectroscopic test. For fluorescence measurements, excitation and emission slit widths were 3 nm 

and 5 nm, respectively. Excitation was provided at 525 nm, and emission was collected from 535 

nm to 700 nm. 

2.6 Cell culture  

Human cervical carcinoma HeLa cells were provided by the Institute of Biochemistry and Cell 

Biology for Biological Sciences (SIBS), Chinese Academy of Sciences (CAS) (China). The HeLa 

cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% Fetal 

Bovine Serum (FBS) at 37 °C and 5% CO2. 

2.7 Cytotoxicity test in vitro 

The in vitro cytotoxicity of DFPP-RhB was estimated by performing methyl thiazolyl 

tetrazolium (MTT) assays on the HeLa cells. Cells were seeded in a 96-well plate at 1× 104/well 

under 100 % humidity, and allowed to adhere for 24 h at 37 °C and 5% CO2. Then, different 

concentration of DFPP-RhB (0~50 µM) were added to the wells, and the cells were subsequently 

incubated for additional 24 h at 37 °C under 5% CO2. The combined MTT/phosphate buffered 

solution (PBS) solution was added to each well of the 96-well assay plate, and incubated for an 

additional 4 h in the same conditions. Cells treated with serum free media were considered as 

control group. An enzyme-linked immunosorbent assay (ELISA) reader (infinite M200, Tecan, 

Austria) was used to measure the OD570 (Absorbance value) of each well referenced at 490 nm. 

The following formula was used to calculate the viability of cell growth: 

Viability (%) = (mean of Absorbance value of treatment group/mean Absorbance value of 
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control) × 100. 

2.8 Fluorescence imaging 

The cells were washed with PBS before the experiments, and then incubated with 10 µM Cu2+ 

for 0.5 h at 37 oC. After that, the cells were incubated with 10 µM DFPP-RhB in DMSO/PBS (pH 

7.4, 1:99, v/v) for 0.5 h at 37 oC. After washing the cells with PBS, cell imaging was implemented. 

The fluorescence imaging was performed with an Olympus FluoView FV1000 confocal 

fluorescence microscope and a 60 oil-immersion objective lens. Cells incubated with DFPP-RhB 

were excited at 543 nm with a HeNe laser, and the emission was collected at 580 ± 20 nm. 

3. Results and discussion 

3.1 Synthesis and characterization of DFPP-RhB 

The fluorescence chemosensor DFPP-RhB was synthesized via a Schiff base reaction from 

3-di-(formaldehyde phenoxy)-2-propanol and rhodamine B hydrazide (Scheme S1, Supporting 

Information) and its structure was confirmed by using 1H NMR (Fig. S1, Supporting Information), 

13C NMR and ESI-MS spectra. The structure of DFPP-RhB, with the numbering scheme, is 

displayed in Fig. 1. From the crystalline picture, we can see that this novel chemosensor contains 

two rhodamine B moieties per molecule with a symmetrical configuration. Crystallographic data for 

DFPP-RhB are listed in Table S1 and Table S2 (Supporting Information). The two imine bonds are 

N(2)-C(9) and N(6)-C(45), and the bond lengths of them are 1.283 Å and 1.274 Å, respectively, 

which is similar to the result reported by Xu et al.46, 47 The crystallographic result can demonstrate 

the formation of imine group in the chemosensor molecule, which is expected to chelate with 

copper ions by the imino N 48 together with the carbonyl O. 

3.2 Spectra response of DFPP-RhB towards metal ions 

Rhodamine B hydrazide can be used as the fluorescent probe for soft metal ions because of the 
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well-known equilibrium between the non-fluorescent spirolactam and the fluorescent ring-opened 

amide of rhodamine. The UV-Vis and fluorescence spectra of DFPP-RhB towards various metal 

ions are illustrated in Fig. 2A and Fig. 2B, respectively. Upon the addition of Cu2+, significant 

enhancements in UV-Vis absorption at 552 nm (almost 100-fold) and fluorescence intensity at 580 

nm (almost 40 fold) can be observed, indicating a Cu2+-induced ring opening reaction of the 

spirolactam form has happened in the rhodamine unit of the synthesized DFPP-RhB. The absorption 

and fluorescence spectra were almost no changed upon the introduction of other metal ions, 

including Mg2+, Co2+, Ba2+, Mn2+, Zn2+, Li+, Na+, K+ and Ca2+, even Hg2+ which was often thought 

of as the most interferential ion to Cu2+, 38, 49-51 indicating that this chemosensor detects Cu2+ 

exclusively over other metal ions. Correspondingly, as shown in Fig. 2C and Fig. 2D, a solution of 

DFPP-RhB in ethanol is colorless and non-fluorescence, indicating that the spirocyclic form is 

retained. Upon the addition of Cu2+ into the ethanol solution of DFPP-RhB, a color change from 

colorless to purple is observed immediately, and a significant fluorescence enhancement occurs as 

well. Neither color change nor fluorescence enhancement was observed in the selective experiments 

using other metal ions under the identical condition indicating that this chemosensor could be 

served as a sensitive “naked-eye” chemosensor for Cu2+.Additionally, competition experiments 

were further carried out by adding Cu2+ to the solutions containing both DFPP-RhB and the metal 

ions of interest. As shown in Fig. S2 (Supporting Information), these co-existent ions had negligible 

interference on Cu2+ sensing even the competitive ions were present at high concentrations. 

The detailed titration experiments of DFPP-RhB upon varying amounts of Cu2+ (0-400 µM) in 

ethanol solutions were performed and the changes in absorption spectra is shown in Fig. 3A. Upon 

the addition of Cu2+ gradually, an absorption band centered at 552 nm appears and the intensity 

increases evidently, indicating the undergoing of the ring-open process of the rhodamine B unit in 
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DFPP-RhB. A linear increase of the absorbance intensity can be observed with the increasing of 

Cu2+ in a wide range from 0 to 10 µM (Inset of Fig. 3A). The reaction reached saturation with a 

100-fold increase of absorbance when 8 equiv. Cu2+ was added. According to the formula 

LOD=3S0/S (where 3 is the factor at the 99% confidence level, S0 the standard deviation of the 

blank measurements, and S is the slope of the calibration curve). As shown in Fig.4, the detection 

limit (LOD) of thechemosensor towards Cu2+ was calculated to be 38.00 nM, suggesting the high 

sensitivity of the chemosensor for detecting Cu2+. Similarly, as shown in the fluorescence titration 

spectra (Fig. 3B), a linear increase of fluorescence intensity could be observed as well with the 

increasing of Cu2+ concentration over a wide range, and the LOD was calculated to be 0.58 µM 

based on the fluorescence technique. It must be pointed out that a continuous red shift of the 

emission peak from 573 to 585 nm was obtained, and this sensing result was similar to that of the 

probe synthesized by Tong et al.37  

Based on the high selectivity and sensitivity of DFPP-RhB towards Cu2+ mentioned above, 

the test paper with DFPP-RhB was prepared to be used to detect Cu2+. As shown in Fig. S3 in the 

supporting information, the test paper was colorless and non-fluorescence. Upon the addition of 

Cu2+, a color change from colorless to purple occurred immediately, and a significant fluorescence 

could be observed under excitation with UV light at 365 nm. Therefore the obtained test paper 

provides a convenient method to detect Cu2+ easily by using naked-eyes. 

3.3 Recognition mechanism of DFPP-RhB towards Cu
2+

 

To understand the probable recognition mechanism of DFPP-RhB towards Cu2+, the method of 

continuous variations (Job’s plot) was conducted from the DFPP-RhB-Cu2+ system in ethanol 

solution. The Job’s plot (Fig. S4, Supporting Information) clearly demonstrated a 1:1 stoichiometry 

between DFPP-RhB and Cu2+. Furthermore, the ESI-MS of DFPP-RhB and DFPP-RhB–Cu2+ 
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complex shown in Fig. S5 can also suggest the 1:1 stoichiometry mentioned above. As shown in the 

top spectrum of the figure, the peak at m/z=1177.5 was resulted from the [DFPP-RhB-H+], while, 

after the addition of excessive Cu2+ (20 equiv) to the solution, a unique peak at m/z=1241.4 

corresponding to [DFPP-RhB–Cu2+-H+] appeared (Fig. S5C, Supporting Information), which 

demonstrated the formation of a 1:1 stoichiometry mode. Furthermore, from the nonlinear fitting of 

the titration curve, we assumed a 1:1 stoichiometry for DFPP-RhB–Cu2+ complex (Fig. 5), with an 

association constant Ka value of 6.67*105,52-54 which showed the high affinity of DFPP-RhB to Cu2+. 

Furthermore, the reversible behavior of DFPP-RhB upon Cu2+ was conducted by adding EDTA (10 

equiv) aqueous solution to the solution of DFPP-RhB containing Cu2+. After the addition of EDTA 

aqueous solution the color of the solution of DFPP-RhB containing Cu2+ changed from purple to 

colorless immediately, and at the same time, the UV-Vis absorption at 552 nm decreased 

significantly. In addition, the relative quantum yields of the chemosensor after interaction with Cu2+ 

was calculated to be 7.87% (Fig. S6, Supporting Information). 

3.4 Fluorescence bioimaging of intracellular Cu
2+

 

To investigate the potential biological application of chemosensor DFPP-RhB, the 

biocompatibility is essential to evaluate and the methyl thiazolyl tetrazolium (MTT) assay was 

employed to study its cytotoxicity (Fig. S7, Supporting Information). Assuming that the viability of 

untreated HeLa cells was 100%, the viabilities of the cells incubated with different concentrations 

of DFPP-RhB for 24 h at 37 °C were estimated to be higher than 95%, even at a relatively high 

concentration of 50 µM. The MTT assay results demonstrated that the synthesized chemosensor has 

low cytotoxicity and good biocompatibility in the dosages range studied and can be served as a 

potential probe for living cell imaging. 

Based on the excellent detection property of DFPP-RhB upon Cu2+ , confocal microscopy 
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experiments were carried out to display its applicability in bioimaging of intracellular Cu2+. As 

determined by laser scanning confocal microscopy, the HeLa cells show no intracellular 

fluorescence after being incubated with 10 µM of DFPP-RhB for 0.5 h at 37 °C, (Fig. 6, the top 

three pictures). When the cells were supplemented with 10 µM Cu2+ in the medium for 0.5 h at 37 °

C and then incubated with DFPP-RhB under the same condition, a significant fluorescence increase 

was observed from the intracellular region (Fig. 6, the bottom three pictures). From the brightfield 

measurements with or without the treatment with Cu2+, it could be noted that the cells were viable 

throughout the imaging experiments. The overlay of brightfield and fluorescence pictures indicated 

the fluorescence signals were localized around the cytosol region rather than merely staining the 

membrane surface. These results demonstrated that the chemosensor could be used for monitoring 

subcellular distribution of Cu2+ in biological samples.   

Conclusions 

    In summary, a new “off-on” fluorescence chemosensor DFPP-RhB which specifically 

responds to Cu2+ has been successfully prepared by using a simple method. The chemosensor 

DFPP-RhB shows high selectivity and sensitivity and good repetition for the detection of Cu2+.    And 

the detection of limit is as low as 38.00 nM. The crystal structure of DFPP-RhB has been confirmed 

and the recognization mechanism of detecting Cu2+ was proposed. With the good emission property 

of DFPP-RhB–Cu2+ complex and good biocompatibility of DFPP-RhB, the chemosensor was 

successfully applied to fluorescence test paper and living cell imaging for detecting Cu2+. Therefore 

we hope this chemosensor could play an important role in physiology and pathology science in the 

future.  
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Figure captions 

Figure 1 X-ray crystal structure of DFPP-RhB. Blue: N atom. Red: O atom. 

 

Figure 2 UV/Vis (A) and fluorescence spectra (B) of DFPP-RhB (10 µM) upon addition of 200 µM 

of different metal ions in ethanol, (C) and (D) show the photos of color and fluorescence 

changes of DFPP-RhB upon of various metal ions, respectively. (λex = 520 nm, excitation 

slit: 10 nm, emission slit: 7.5 nm). 

 

Figure 3 Absorption (A) and fluorescence (B) spectra of DFPP-RhB (10 µM) upon the addition of 

different amount of Cu2+ in ethanol. (λex = 520 nm, excitation slit: 10 nm, emission slit: 

7.5 nm). 

 

Figure 4 The sensitivity test (detection limit) of DFPP-RhB towards Cu2+ using UV-Vis absorption 

technique (A) and fluorescence technique (B). 

 

Figure 5 The probable recognition mechanism of DFPP-RhB towards Cu2+. 

 

Figure 6 The brightfield and confocal fluorescence images of HeLa cells. Brightfield, fluorescence 

and overlay images of living HeLa cells incubated with 10 µM DFPP-RhB in DMSO/PBS 

(pH 7.4, 1:99, v/v) for 0.5 h at 37 oC (top three pictures). Brightfield, fluorescence and 

overlay images of living HeLa cells incubated with 10 µM Cu2+ in the grown media for 0.5 

h at 37 oC and then incubated with 10 µM DFPP-RhB in DMSO/PBS (pH 7.4, 1:99, v/v) 

for 0.5 h at 37 oC (bottom three pictures).  
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Fig. 1  
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Fig. 2 
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Fig. 3 
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Fig. 4  
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Fig. 5  
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Fig. 6 

Page 23 of 24 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



TOC 

A novel fluorescent chemosensor containing two rhodamine B moieties per molecule with high 

symmetry structure was synthesized and characterized as an “off-on” fluorescent probe for the 

detection of copper ions. Living cell imaging experiment further demonstrates its value in 

bioimaging of intracellular Cu
2+

 by virtue of its nontoxic nature. 
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