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a b s t r a c t 

A novel ratiometric chemosensor BSRH based on spirolactamized benzothiazole-substituted N,N - 

diethylrhodol was developed for recognizing Cu 2 + . In sensing process of BSRH , The Cu 2 + was detected 

by the inhibition of ESIPT and formation of the delocalized xanthene with high sensitivity and selectivity. 

The Cu 2 + -induced emission intensity/absorbance showed linearly proportional to the Cu 2 + concentration 

(0.0–10.0 μM) with the low detection limit of 0.11 μM / 0.18 μM. Moreover, the probe was further 

successfully applied to test Cu 2 + in real water samples and living Hela imaging. This work provides a 

promising and useful tool to determine Cu 2 + in biological and environmental samples. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Copper (Cu) was an essential transition metal element in the 

uman body. [1, 2] The lack of Cu 

2 + in human body may leads 

o Menke’s disease, cardiovascular disease, Myelodysplastic syn- 

rome et al. [3] Meanwhile, the excessive level of Cu 

2 + also results 

n some serious neurodegenerative diseases, including Alzheimer’s 

iseases, Indian childhood cirrhosis, Wilson’s diseases, Parkinson’s 

iseases and cancer. [4, 5] The WHO and EPA recommended safe 

imit intake of Cu 

2 + in the drinking water was approximately 

.3 ppm (20 μM). [7] In addition, Cu also played an indispens- 

ble role in many fundamental physiological processes in organ- 

sms. Recently, Cu 

2 + becomes a common metal pollutant in envi- 

onment, due to the widespread use in industry and agriculture. 

6] As a consequence, the monitoring and detection of Cu 

2 + in bi- 

logical and environmental samples are of great significance. 

Fluorescence sensing technique [8-11] had found widespread 

pplications in the fluorescence imaging and detection of various 

arget analytes in biological and environmental field owing to its 

rominent superiorities, such as easy operation, rapid response, 

ow cost and high sensitivity. [12-15] Among various fluorescent 
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robes, [16-20] ratiometric probes possessed more attractive ad- 

antages than turn-on / turn-off probes. The ratio of emission in- 

ensities at two different wavelengths could overcome the inter- 

erence of external factors. [21-26] Therefore, developing of suit- 

ble ratiometric fluorescence probe to monitor the content of Cu 

2 + 

n environment and elucidate its distribution in physiological pro- 

esses is of great importance for human health and environmental 

ollution. [27, 28] 

Herein, by grafting dihydroxyphenyl unit on benzoxazole ap- 

ended xanthenes platform [29, 30] , a ratiometric probe BSRH was 

eveloped for tracking content changes of Cu 

2 + in the biologi- 

al and environment systems ( Scheme 1 ). The probe itself showed 

reen fluorescence, which was attributed to the ESIPT of benzoth- 

azole moiety. Upon the addition of Cu 

2 + , the bright green fluores- 

ence significantly decreased and the red fluorescence brightened 

the characteristic emission of opening-ring of rhodol spirolactam). 

ore importantly, the further application of this probe for dynamic 

maging of Cu 

2 + in biosystems has achieved. 

. Experimental 

.1. Materials and measurements 

All chemicals were purchased from commercial suppliers and 

sed without further purification. UV–Vis absorption and fluores- 

ence spectra were performed on Shimadzu UV-1700 spectropho- 

ometer and Hitachi F-4500 fluorescence spectrophotometer (ex- 

https://doi.org/10.1016/j.molstruc.2020.129360
http://www.ScienceDirect.com
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Scheme 1. Synthesis route of probe BSRH . 
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itation and emission slits set at 5.0 nm), respectively. High- 

esolution mass spectra (HR-MS) were measured by a Brukermicro 

OF-Q Ⅱ ESI-Q-TOF LC/MS/MS Spectrometer. 1 H NMR and 

13 C NMR 

pectra were recorded on a Varian INOVA-400 MHz spectrometer 

sing tetramethylsilane as internal standard. The cell line Hela was 

btained from Laboratory Center of the First Hospital of Jiaxing. 

.2. General procedure 

The stock solution of probe 1 (1 mM) was prepared in MeOH. 

he solutions of CuCl 2 and other biologically relevant analytes 

tock solutions (1 mM) were prepared in deionized water. The hy- 

rochloride salts of Zn 

2 + , Na + , K 

+ , Ba 2 + , Ca 2 + , Cd 

2 + , Sn 

4 + , Mg 2 + ,
o 2 + , Mn 

2 + , Pb 2 + , Hg 2 + , Ni 2 + , Cr 3 + , Al 3 + , Fe 2 + , Fe 3 + , Cu 

2 + and the

itrate salt of Ag + ions were used to evaluate the properties of the 

robe. 

.3. Synthesis of compound 3 

The compound 2 was prepared from 2-aminothiophenol and 

,4-dihydroxy- benzaldehyde . The compound 1 was prepared from 

-diethylaminophenol and o -phthalic anhydride according to the 

iterature procedures. [31] 

A suspension of 1 (0.243 g, 1 mmol) and 2 (0.313 g, 1 mmol) 

n methanesulfonic acid (20 mL) was stirred at 90 ◦C for 24 h. 

he reaction mixture was cooled to room temperature and then 

oured in ice-cold water (100 mL). The precipitate was filtered, 

ashed with water (100 mL), and then dried under vacuum to 

ive the crude product, which was further by column chromatog- 

aphy (CH 3 OH / CH 2 Cl 2 = 1 / 15) to afford compound 3 as a pur-

le solid (0.256 g, yield: 49%). 1 H NMR(Chloroform- d , 400 MHz): 

(ppm) 1.22 (t, J = 7.0 Hz, 6H), 3.40 (q, J = 7.1 Hz, 4H), 5.32

s, 1H), 6.33–6.71 (m, 3H), 6.95 (s, 1H), 7.07 (s, 1H), 7.29 (d, 

 = 3.0 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.47–7.51 (m, 1H), 7.67–

.74 (m, 2H), 7.80 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 8.1 Hz, 1H),

.10–8.13 (m, 1H). 13 C NMR(Chloroform- d , 100 MHz): δ (ppm) 12.5, 

4.4, 65.4, 98.3, 104.8, 108.8, 114.1, 121.4, 121.9, 123.3, 123.8, 125.5, 

26.7, 127.8, 128.7, 129.8, 132.3, 132.9, 150.9, 151.6, 153.3, 155.8, 

59.1, 166.3, 168.3. MS (ESI) m/z = 521.1605 [ M + H ] + , calc. for

 H N O S + = 521.1530. 
31 25 2 4 

2 
.4. Synthesis of compound 4 

To a suspended solution of compound 3 (1 mmol, 0.52 g) in 

tOH (30 mL) was added an excess of hydrazine monohydrate 

51.5 mmol, 2.0 mL, 80%) and the solution was refluxed for 6 h. 

he resulting solution was evaporated in vacuum to give brownish 

lack oil, which was further by column chromatography (CH 3 OH 

 CH 2 Cl 2 = 1 / 10) to afford compound 4 as a pale yellow solid

0.386 g, yield: 72%). 1 H NMR(Chloroform- d , 400 MHz): δ (ppm) 

.22 (t, J = 7.0 Hz, 6H), 3.38 (q, J = 7.1 Hz, 4H), 5.32 (s, 1H),

.36 (dd, J = 8.9, 2.6 Hz, 1H), 6.47–6.50 (m, 2H), 6.94 (s, 1H), 

.98 (s, 1H), 7.15 (s, 1H), 7.18 (dd, J = 6.1, 2.5 Hz, 1H), 7.38 (t,

 = 7.6 Hz, 1H), 7.48 (t, J = 7.7 Hz, 1H), 7.53–58 (m, 2H), 7.75 (s,

H), 7.81 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 8.03 (dd,

 = 6.3, 2.6 Hz, 1H). 13 C NMR(DMSO–d 6 , 100 MHz): δ (ppm) 12.8, 

9.4, 44.1, 85.6, 97.9, 103.0, 104.1, 105.0, 108.4, 109.4, 111.1, 112.3, 

16.7, 122.2, 122.5, 123.7, 124.4, 125.2, 127.7, 129.6, 129.8, 131.9, 

34.5, 135.0, 149.3, 150.7, 151.7, 152.6, 153.8, 154.7, 157.5, 159.9, 

61.8, 163.3, 163.6. MS (ESI) m/z = 535.1798 [ M + H ] + , calc. for

 31 H 27 N 4 O 4 S 
+ = 535.1840. 

.5. Synthesis of probe BSRH 

Compound 4 (1 mmol, 0.534 g) and 2,4-Dihydroxybenzaldehyde 

1.1 mmol, 0.152 g) were mixed in ethanol (25 mL) with addi- 

ion of 2 drops of acetic acid. After refluxing for 24 h, the mix- 

ure was cooled to room temperature and evaporated to give deep 

ellow oil, which was further by column chromatography (CH 3 OH 

 CH 2 Cl 2 = 1 / 10) to afford probe BSRH as a pale yellow pow-

er (0.457 g, yield: 70%). 1 H NMR(DMSO–d 6 , 400 MHz): δ (ppm) 

.9 (t, J = 6.9 Hz, 6H), 3.35 (d, J = 7.0 Hz, 4H), 5.76 (s, 1H), 6.16

d, J = 2.3 Hz, 1H), 6.25 (dd, J = 8.5, 2.2 Hz, 1H), 6.43–6.47 (m,

H), 6.50 (d, J = 2.3 Hz, 1H), 6.97 (s, 1H), 7.16 (d, J = 8.5 Hz, 1H),

.22–7.24 (m, 1H), 7.37 (d, J = 7.6 Hz, 1H), 7.43 (d, J = 7.8 Hz, 1H),

.63 (s, 1H), 7.65–7.67 (m, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.99–8.01

m, 1H), 8.04 (d, J = 7.9 Hz, 1H), 9.15 (s, 1H), 9.97 (s, 1H), 10.42

s, 1H), 11.88 (s, 1H). 13 C NMR(DMSO–d 6 , 100 MHz): δ (ppm) 12.8, 

9.5, 44.1, 55.3, 65.6, 98.0, 103.7, 104.3, 109.5, 111.1, 117.1, 122.2, 

22.6, 124.6, 125.3, 126.7, 126.9, 127.5, 128.0, 130.2, 135.2, 136.3, 

42.8, 149.5, 151.6, 152.1, 154.1, 157.8, 162.9, 165.3, 192.4. MS (ESI) 

/z = 655.2010 [ M + H ] + , calc. for C H N O S + = 655.1942. 
38 31 4 5 
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Fig. 1. Fluorescence spectra / UV–vis spectra of probe BSRH (10.0 μM) in the presence of the gradual addition of Cu 2 + . λex = 380 nm. 

Fig. 2. A plot of the fluorescence intensity ratio (I 591 /I 434 ) / absorbance (562 nm) versus Cu 2 + (0.0–10.0 μM). λex = 380 nm. 
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. Results and discussion 

.1. Optical response towards Cu 2 + 

The signal response of probe BSRH towards CuCl 2 was recorded 

n MeOH-PBS (1/99, v/v, pH 7.4) solution in both fluorescence and 

V–Vis spectra ( Fig. 1 ). As expected, free probe BSRH showed 

 bright fluorescence at 434 nm corresponding to the formation 

f ESIPT effect. With the addition of Cu 

2 + , the emission band at 

34 nm significantly decreased and the new emission band at 

91 nm gradually enhanced, suggesting that Cu 

2 + induced the dis- 

ppearance of the ESIPT effect and the opening of spirocylic ring 

f the xanthene moiety. Meanwhile, the visual color change from 

reen to red under a 365 nm UV lamp for probe BSRH solution 

ould be observed. The emission intensity ratio at 591 nm and 

34 nm (I 591 /I 434 ) of probe BSRH increased with the reaction time 

nd reached a maximum with 20 min (Figure S1). Meanwhile, the 

mission intensity ratio (I 591 /I 434 ) increased linearly as a function 

f the concentration of Cu 

2 + (0.0–10.0 μM). The regression equa- 

ion was y = 0.0306 × [Cu 

2 + ] + 0.102 (R ² = 0.9831) with the

etection limit (S/ N = 3) of 0.11 μM ( Fig. 2 ). Similarly, probe BSRH

xhibited a progressive increase in absorbance with the increas- 

ng of Cu 

2 + concentration (0.0–10.0 μM), as well as color chang- 

ng from colorless to red by naked-eye for the BSRH probe solu- 

ion. The regression equation was y = 0.0054 × [Cu 

2 + ] - 0.0036 
l

3 
R ² = 0.986) and the detection limit (S/ N = 3) was calculated to be

.18 μM. The results demonstrated that probe BSRH was a compe- 

ent probe for the quantitative and qualitative detection of Cu 

2 + . 
Subsequently, the changes in the fluorescence / absorption 

pectra of probe BSRH with different metal ions were evaluated 

 Fig. 3 ). Under the same testing conditions, there was not a no- 

iceable change on the fluorescence intensity ratio / absorbance 

nduced by other cations. The interference experiments were then 

onducted in the presence of Cu 

2 + (20.0 μM) and other competi- 

ive metal ions (100 μM). It was clearly shown that no apprecia- 

le changes in fluorescence / absorption behavior of probe BSRH 

or Cu 

2 + (20.0 μM) was observed by other interference metal ions 

100 μM). The results suggested that probe BSRH could be used as 

n efficient probe for the detection of Cu 

2 + . 

.2. Proposed mechanism 

To further ensure the binding site of the probe BSRH , the bind- 

ng ratio between probe BSRH and Cu 

2 + was calculated based on 

he Job’s plot analysis ( Fig. 4 ). The maximum of fluorescence in- 

ensity ratio achieved when the molar fraction of Cu 

2 + was 0.5, 

ndicating that complex ratio of BSRH 

–Cu was 1:1. Meanwhile, the 

ssociation constant (Ka) of the probe BSRH on Cu 

2 + was calcu- 

ated as 1.32 ×10 5 M 

− 1 . 
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Fig. 3. (a) Fluorescence intensity ratio (I 591 /I 434 ) of probe BSRH (10.00 μM, λex = 380 nm) in MeOH-PBS (1/99, v/v, pH 7.4) solution and in the presence of different cations 

(100 μM) without (black) / with (red) Cu 2 + (20.00 μM). (b) Absorbance of probe BSRH (10.00 μM) in the presence of different cations (100 μM) without (black) / with (red) 

Cu 2 + (20.00 μM). 

Fig. 4. Job’s plot of probe BSRH and Cu 2 + . The total concentration of probe BSRH 

and Cu 2 + was 20 μM. λex = 380 nm. 

o
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p
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b
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r

Fig. 5. MTT assay of Hela cells in the presence of different concentrations of probe 

BSRH (a: 0 μM; b: 0.1 μM; c: 1 μM; d: 10 μM; e: 100 μM; 10 0 0 μM). 
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According to the fluorescence spectra results, the disappearance 

f the ESIPT effect and the opening of spirocylic ring of the de- 

ocalized xanthene had been established [32-33] . Thus, the pro- 

osed mechanistic pathway of the probe BSRH towards Cu 

2 + was 

educed as follows ( Scheme 2 ). 

To strengthen the proposed mechanism, HRMS of probe BSRH 

y treated with Cu 

2 + was conducted. A major ion peak was ob- 

ained at m/z 716.1259 (Figure S11), which was characterized to 

e the ring opening product complex BSRH + Cu (C 38 H 29 CuN 4 O 5 S,

alculated: m/z 716.1155). The results proved that probe BSRH di- 

ectly interacted with Cu 

2 + to form a 1:1 complex. 
Scheme 2. Proposed response m

4 
.3. Applications in real water samples 

The practical application of the probe BSRH had been eval- 

ated by the preliminarily determination of Cu 

2 + concentration 

n river water (Qiantang River) and tap water samples. The wa- 

er samples were spiked with Cu 

2 + at different known concentra- 

ions, and the content of Cu 

2 + present in water sample was de- 

ermined by measuring the ratio of emission intensity at 591 nm 

nd 434 nm, respectively. As expected in Table 1 , the analytical re- 

ults obtained for these real samples showed good agreement with 

he Cu 

2 + spiked samples. The recoveries of the real water samples 

ere in the range of 96.61- 103.29%, which were within an accept- 
echanism of probe BSRH. 
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Table 1 

Application of the probe BSRH in real samples. 

sample Determined Cu 2 + added (μM) Spiked Cu 2 + (μM) Total found Cu 2 + (μM) Recovery (%) 

tap 

water 

0.34 ± 0.02 3.00 3.45 ± 0.13 103.29 

8.00 8.53 ± 0.27 102.28 

River 

water 

0.53 ± 0.06 3.00 3.41 ± 0.17 96.61 

8.00 8.58 ± 0.21 100.59 

Fig. 6. Fluorescent images of Hela cells after incubation with probe BSRH (10.0 μM) in the absence and the presence of Cu 2 + . 
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ble range, suggesting that the components in real water samples 

id not cause serious interference in the detection of Cu 

2 + . There- 

ore, the proposed fluorescent probe had potential applications in 

he determination of Cu 

2 + in Cu 

2 + -contained water samples. 

.4. Visualization of Cu 2 + in Hela cells 

More importantly, we applied the BSRH probe for fluorescence 

maging Cu 

2 + in Hela cells. Firstly, the toxicity of BSRH is evalu- 

ted by MTT assay result, displaying a low cytotoxicity in living 

ela cells ( Fig. 5 ). Then, the Hela cells which were pretreated with

0.0 μM probe BSRH displayed a strong green fluorescence ( Fig. 6 ), 

uggesting that the probe was well membrane-permeable. When 

he cells were further supplemented with 20 μM Cu 

2 + , the bright 

reen fluorescence significantly decreased and the red fluorescence 

rightened. After loading of 50 μM Cu 

2 + under the same con- 

ition, they exhibited intense red fluorescence but essentially no 

reen fluorescence. These results established that the probe could 

e used to image Cu 

2 + in living cells. 

. Conclusions 

In summary, we had successfully developed a novel ratiomet- 

ic rhodol probe with a benzoxazole group. The probe exhibited 

olormetric and ratiometric fluorescence response to Cu 

2 + with 

igh sensitivity and selectivity, through a unique spirocyclic ring- 

pening process. The Cu 

2 + -induced emission intensity/absorbance 

howed a good linear relationship with the concentration of Cu 

2 + 
5 
n the range of 0.0 to 10.0 μM with a detection limit of 0.11 μM /

.18 μM. Moreover, the probe was further employed to monitoring 

u 

2 + in real water samples and detection of exogenous Cu 

2 + in 

iving cells, indicating its superb practical applications. This work 

rovides a viewpoint for further design and synthesis of organic 

robe in biological and environmental samples. 
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