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Abstract: Dual-function chemosensors that combine the capability of colorimetric and fluorimetric
detection of Cu®" are still relatively rare. Herein, we report that a 3-hydroxyflavone
derivative (E)-2-(4-(dimethylamino)styryl)-3-hydroxy-4H-chromen-4-one (4), which is a red-emitting
fluorophore, could serve as a reversible colorimetric and fluorescence “turn-off” chemosensor for the
detection of Cu?*. Upon addition of Cu?* to 4 in neutral aqueous solution, a dramatic color change from
yellow to purple-red was clearly observed, and its fluorescence was markedly quenched, which was
attributed to the complexation between the chemosensor and Cu?*. Conditions of the sensing process
had been optimized, and the sensing studies were performed in a solution of ethanol/phosphate buffer
saline (v/v = 3:7, pH = 7.0). The sensing system exhibited high selectivity towards Cu?*. The limit of
naked eye detection of Cu?* was determined at 8 X 107® mol/L, whereas the fluorescence titration
experiment showed a detection limit at 5.7 x 10~/ mol/L. The complexation between 4 and Cu** was
reversible, and the binding constant was found to be 3.2 x 10* M~1. Moreover, bioimaging experiments
showed that 4 could penetrate the cell membrane and respond to the intracellular changes of Cu?*
within living cells, which indicated its potential for biological applications.
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1. Introduction

Copper is an essential transition element in the human body that plays a critical role in many
biological processes. High concentrations of copper can be found in the liver and brain [1]. Generally,
the copper iron acts as a catalytic cofactor for a variety of metalloenzymes, including cytochrome
oxdidase, superoxide dismutase, and tyrosinase, etc. [2]. However, excessive uptake of copper would
cause liver or kidney damage and is associated with various neurodegenerative diseases, such as
Alzheimer’s disease and Wilson’s disease [3,4]. Copper is normally found as Cu(Il) in water, and the
permissible maximum level in drinking water is set at 3 x 107> mol/L by the World Health Organization
(WHO) [5]. Yet, due to the increasing discharge of metal waste from industry and agriculture,
copper has been identified as an environmental pollutant [6], so it is highly important to develop
sensitive and selective methods for the detection of Cu?* in environmental and biological samples.

Traditional analytical methods for the detection of Cu?* include electrochemical methods
(potentiometry, voltammetry, etc.), inductively coupled mass spectroscopy, atomic absorption
spectroscopy, etc. [7,8]. However, there are plenty of shortcomings in these methods because they are
usually complicated, time-consuming, and costly. In recent years, increased attention has been given
to the development of colorimetric and fluorimetric methods, which exhibit advantages of low cost,
simplicity, convenience, and high sensitivity [9-11]. The colorimetric method allows simple naked-eye
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detection without the use of any expensive equipment, and the fluorimetric method has the ability of
real-time analysis and biological imaging [12]. Both of the methods mostly employ a chemosensor that
undergos a specific interaction with Cu?* [1,13]. Obviously, compared to the single-functional one,
a chemosensor that combines the capability of colorimetric and fluorimetric detection will be more
desirable [1,2,14]. Though considerable efforts have been made, dual-functional chemosensors for
detection of Cu®* are still relatively rare.

The 3-hydroxyflavones are the known molecules that undergo an excited-state intramolecular
proton transfer (ESIPT) process [15]. These molecules often exhibit a large Stokes shift upon irradiation
and possess many favorable optical properties, such as good photophysical stability and reasonable
fluorescent quantum yields [16,17]. Plenty of biochemical chemosensors have been developed based
on their molecular scaffold [15,18,19]. However, to the best of our knowledge, the 3-hydroxyflavones
have never been used for the study of sensing Cu?* before. Herein we report that a 3-hydroxyflavone
derivative (E)-2-(4-(dimethylamino)styryl)-3-hydroxy-4H-chromen-4-one (4), which is a red-emitting
fluorophore, could serve as a reversible colorimetric and fluorescence “turn-off” chemosensor for
detection of Cu?". The sensing of Cu?* is rapid and highly sensitive in neutral aqueous solution.
In addition, 4 might be further used in monitoring the intracellular changes of Cu?* in living cells.

2. Results
2.1. Optimum Conditions for Sensing Process

2.1.1. Effect of Solution

The sensing process can be affected by the aqueous environment in which the complexation
takes place. Therefore, it is necessary to find a suitable medium for the sensing of Cu®*. For this
purpose, various water-miscible organic solvents were evaluated as the reaction solution. The changes
of their fluorescence spectra were analyzed after the addition of Cu?*. As shown in Figure 1a,
compared to dimethyl sulfoxide (DMSO), methanol, and acetonitrile the best fluorescence quenching
efficiency was obtained in ethanol, and the optimal proportion with PBS (pH = 7.0) is 3:7 (Figure 54).
Furthermore, in such solution the complexation took place very quickly (within 1 min), and the formed
product remained stable for at least 20 min (Figure 1c,d). These results indicated that the solution of
ethanol/PBS (v/v = 3:7) was suitable for sensing and was used in all the experiments here presented,
unless otherwise stated.

2.1.2. Effect of pH

The pH value of a solution is another key factor that affects the sensing process.
CH3COOH/CH3COO™ bulffer solutions of various pH were prepared and mixed with ethanol, in which
the fluorescence response of the chemosensor was analyzed after the addition of Cu?*. It was found
that the fluorescence intensity of 4 and its sensing of Cu?>* were pH sensitive. As shown in Figure 1b,
high fluorescent quenching efficiencies were obtained over the pH range 6-8, yet no considerable
fluorescence changes were observed over other pH ranges. These results suggests that 4 could perform
the sensing of Cu?* in neutral or near neutral conditions and may be further used for biological
applications, so all of the following experiments were performed in a neutral solution (pH = 7.0),
unless other way stated.

2.2. UV-Vis Measurement and Visual Detection

The UV-Vis spectra of 4 was first investigated in the presence of Cu?*. As shown in Figure 2a,
the free 4 exhibited a strong absorption band at 443 nm. Upon addition of Cu®*, the band disappeared
and a new broad absorption band with a red-shift of 45 nm was observed, which indicated that a new
stable complex product was formed. In the daylight, the process exhibited a distinct color change from
yellow to purple-red, which was clearly visible to the naked eye. Further, to determine the limit of
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visual detection, we had monitored the color changes of 4 upon the addition of various concentrations
of Cu?*. As illustrated in Figure 2b, 4 showed a limit of visual detection for Cu?* at 8 x 107° mol/L.
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Figure 1. Optimum conditions of 3-hydroxyflavone derivative (E)-2-(4-(dimethylamino)styryl)-3-
hydroxy-4H-chromen-4-one (4) for the sensing of Cu?*. (a) Fluorescence intensities at 617 nm of 20 uM
of 4 upon addition of 1 equiv. Cu?* in various organic solvents with phosphate buffer saline (PBS)
(v/v =3/7, pH =7.0). (b) Effects of pH on the fluorescence intensities at 617 nm of 20 uM of 4 with or
without addition of 1 equiv. Cu?* in ethanol/CH3;COOH-CH;COO™ solution (v/v = 3/7). Absorbance (c)
and fluorescent (d) kinetics data of 20 uM of 4 in the absence or presence of 20 uM Cu?* in ethanol/PBS
(vfv = 3/7, pH = 7.0) solution.
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Figure 2. (a) Absorption spectra of 4 (20 pM) in the absence or presence of Cu?* (20 uM). Inset: the
color changes of 4 (left) upon addition of CuZ* (right) under daylight; (b) Visible color changes of 4 in
the presence of various concentrations of Cu?* (0, 4, 8, 12 uM); (c) Fluorescence spectra of 4 (20 uM) in
the absence or presence of Cu?* (0, 4, 8, 12 uM). Inset: the fluorescence changes of 4 (left) upon addition
of 20 uM Cu?* (right) under UV light (A = 365 nm); (d) Fluorescence changes of 4 in the presence of
various concentrations of Cu?* 0,4,8,12 uM).
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2.3. Fluorescence Measurements

We then analyzed the fluorescence spectra of 4 with the addition of Cu?*. As shown in Figure 2¢,d,
the free 4 (20 uM) exhibited a red fluorescence with a maximum emission centered at 617 nm. However,
the fluorescence was gradually quenched when an incremental amount of Cu?* was added.

We further performed the fluorescence titration experiment. As shown in Figure 3a, when the
addition of Cu?* exceeded 1 equiv. (20 M), a decreased saturation curve of fluorescence intensity
was observed (see inset of Figure 3a). The fluorescence quenching efficiency was 90% when 20 uM
Cu®* was added (the quenching efficiency was calculated as (Iy — I)/Ip x 100; Iy was the intensity
of free 4, I was the intensity of 4 upon the addition of Cu®*), which was supposed to be attributed
to the paramagnetic nature of Cu?* [20]. In the concentration range of 2-12 uM, when Cu®* was
added, a good linear relationship of emission intensity (617 nm) versus the concentration of Cu?* was
observed (R% = 0.9919, y = 89.96 - 6.6x) (Figure 3b). According to the International Union of Pure and
Applied Chemistry (IUPAC) definition [20-22], the limit of detection (LOD) of 4 was calculated by
the following equation: LOD = 3¢/k (o is the standard deviation of the blank, and k is the slope of the
calibration curve line). The LOD of 4 towards Cu?t was determined as 5.7 x 107~ mol/L, which is
much lower than the permissible maximum level of Cu?* in drinking water. These results suggest that
4 can be potentially employed to detect Cu?* quantitatively using the fluoremetric method.
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Figure 3. (a) Fluorescence titration of 4 upon the addition of Cu®* (0-40 uM). Inset: The fluorescence
intensity curve of 4 at 617 nm; (b) The linear fluorescence intensity of 4 against the concentrations of
Cu?*; Absorption spectra (c) or fluorescence spectra (d) of 4 in the presence of various metal cations
(20 uM).

When the addition of Cu?* exceeded 1 equiv., a decreased saturation curve of fluorescence intensity
was observed (see inset of Figure 3a). The binding constant obtained from the Benesi-Hildebrand plot
of 1/(I - I) versus 1/[Cu?*] was found to be 3.2 x 10* M1 (Figure S5).

2.4. Selectivity of Detection

To evaluate the selectivity of the sensing system, the UV-Vis and fluorescence spectra of 4 were
measured in the presence of Cu?" as well as other common metal irons, including AI(III), Ca (II),
Co(II), Fe (I1I), K(I),Mg(1I), Mn(II), Na(I),Ni (II), Pb (II), Sn (II), Sb (III), and Zn (II). As shown in
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Figure 3c—d, upon the addition of metal ions, except Cu?*, there were no considerable changes in the
optical spectra of 4, although Ni?* induced a slight effect on its absorption and fluorescence intensity.
The color and fluorescence of the chemosensor remained almost unchanged (Figure 4). In addition,
an interference study was performed to further investigate the selectivity of the sensing system towards
Cu?*. As shown in Figure 5, the UV-Vis and fluorescence spectra of 4-Cu?* were hardly affected in
the presence of other metal ions (20 uM). These results clearly indicate that 4 exhibits a high sensing
selectivity towards Cu?*.
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Figure 4. (a) Color and (b) fluorescent changes of 4 in the presence of various metal ions. 4 was 20 uM,
metal ions were 20 M.
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Figure 5. (a) Fluorescence intensities at 617 nm of 20 uM of 4 in the presence of Cu?* (20 uM) before
or after adding 1 equiv. of EDTA. (b) Job’s plot according to the method of continuous variation.
The molar ration of 4 changed from 0.1 to 0.9 while keeping the total concentration of 4 and Cu?* at
40 uM.

2.5. Reversibility

The binding reversibility of 4 was estimated with the help of EDTA. As shown in Figure 5a, 85% of
the fluorescence intensity of 4 (20 uM) was quenched in the presence of 1 equiv. Cu®*. After the addition
of EDTA at the same concentration, more than 70% of fluorescence intensity was restored. However,
the restored fluorescence was turned off again when adding another 1 equiv. Cu?*. These results
suggest that the complexation between 4 and Cu?* is reversible, and the chemosensor could be reusable
for further analytical tests.

2.6. Interaction Mechanism of 4 with Cu’*

To study the interaction mechanism of 4 with Cu?*, the method of continuous variation (Job’s plot)
was first employed. The molar ration of 4 changed from 0.1 to 0.9 while keeping the total concentration
of 4 and Cu?* at 40 uM. The concentration of the 4-Cu?" complex was calculated by the equation:
[4-Cu?*] = A/l x [4] (Ip was the fluorescent intensity of free 4, Al = |I — Iy|, I was the fluorescent
intensity of 4 upon the addition of Cu?*) [23]. The Job’s plot was plotted between [4-Cu?*] versus [4].
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As shown in Figure 5b, the maximum value of [4-Cu?*] in the Job’s plot appeared at the molar ration
of 0.7, which indicated the 2:1 binding stoichiometry between 4 and Cu?*.

H-NMR titration experiments were then performed to further investigate the binding mode
of 4 with Cu?*. As shown in Figure 6, the free chemosensor 4 displayed a sharp peak at 9.37 ppm,
which was assigned to the proton of the hydroxyl group. Upon the addition of 0.5 and 1 equiv.
Cu?* to the solution of 4 in DMSO-dg, the peak of the hydroxyl proton was getting broad and almost
disappeared, which suggested that the hydroxyl group of 4 was involved in the coordination with Cu?*.
Peaks of other groups started to combine after the addition of Cu?", indicating that the coordination
product has a more rigid and complicated structure [24].

4+Cu?* (leq)

4+Cu?" (0.5¢eq)

DA N

| BN

12.0 11.5 11.0 10.5 100 95 9.0 85 80 75 7.0 65 6.0 55 50 4=t
1 (ppm)

Figure 6. Parts of the 'H-NMR spectra of 4 without or with 0.5 and 1 equiv. Cu?*.

Based on the results from the Job’s plot and 'H-NMR titration studies, the possible interaction
mechanism between 4 and Cu?" is illustrated in Scheme 1. The fluorescence quenching effect is likely
attributed to the coordination with Cu?*, which blocks the ESIPT process of the chemosensor, 4.

I I
N N
o~
SO
red fluorescence (o)
I OH

ESIPT

oh
Y

| fluorescence off

Scheme 1. Proposed interaction mechanism of 4 with Cu?*. (ESIPT:Excited-state intramolecular
proton transfer)
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2.7. Bioimaging Experiments

Common fluorescent probes of Cu?* show emission within the green spectral region (below
600 nm), which coincides with that of many endogenous chromophores in biological systems,
while probes with longer wavelength excitation and emission would bring lower background
fluorescence, deeper penetration, and less phototoxicity. Therefore, red-emitting fluorescent probes will
be more suitable for bioimaging [25]. To confirm that 4 could perform the sensing of Cu®* in biological
systems, we then evaluated its sensing ability in living cells. Because copper tends to accumulate in the
liver cells and leads to toxicity [26], we choose the human liver cancer cells HepG2 for the bioimaging
experiments. First, to determine the cell permeability of 4, HepG2 cells were incubated with 10 uM of
4 for 15 min at 37 °C and were then washed with PBS. As shown in Figure 7b, cells treated with vehicle
did not show any fluorescence emission, while cells treated with 4 exhibited distinct red fluorescence
(Figure 7d). However, after incubation with 20 uM Cu?* for 15 min, the intracellular fluorescence
almost disappeared (Figure 7f). These results indicate that 4 is cell-permeable and could respond to the
intracellular changes of Cu?*.

Figure 7. Live-cell imaging of HepG2 cells treated with 0.1% DMSO (a,b) or 10 uM of 4 before (c,d) and
after incubation with 20 pM of Cu?* (e,f). (a,c,e) represent the bright-field images. (b,d,f) represent the
fluorescence images. Images were captured using a 40x objective lens.

3. Materials and Methods

All commercial reagents and solvents were purchased from vendors and were used without further
purification or distillation. Synthetic reactions were monitored by thin-layer chromatography (TLC)



Molecules 2019, 24, 4283 8 of 10

on a glass plate coated with silica gel with fluorescent indicator (GF254). Column chromatography
was performed on silica gel (200-300 mesh). 'H-NMR and *C-NMR spectra were recorded using
tetramethylsilane (TMS) as an internal standard with a Burker Biospin Ultrashield 400 NMR system
(Rheinstetten, Germany)). High resolution mass spectra (HRMS) were recorded on an Agilent
Technologies 6530 Q-TOF (Santa Clara, CA, USA). UV-Vis spectra was recorded using a UV2600
spectrometer (Shimadzu, Japan). Fluorescence spectral studies were performed using an F-4500
fluorescence spectrophotometer (Hitachi, Japan) equipped with a quartz cell of 10 mm path length.

3.1. Synthesis of (E)-2-(4-(dimethylamino)styryl)-3-hydroxy-4H-chromen-4-one (4)

The synthesis of 4 is illustrated in Scheme 2. A mixture of 4 mmol (0.54g) 2’-hydroxyacetophenone
(1), 6 mmol (1.05g) 4-dimethylaminocinnam- aldehyde (2), and 4 mL 60% Potassium hydroxide
(KOH) in 10 mL ethanol was heated at 60 °C. The reaction progress was monitored by TLC until
completed. After being cooled to room temperature, the mixture was diluted with ice cold water
and then neutralized with 5% HCI. The precipitate formed was then filtered off and then purified by
column chromatography. The intermediate (3) was obtained as black powder (0.4g), yield 51%.

\
OH 5 ‘ NS
o7~ 60% KOH OH N 30% H,0,
+ _ - = O S
N A SN ‘
o] ‘ o OH
o]

4

1 2 3

Scheme 2. The synthesis of 4.

Compound 3 (1 mmol, 0.307g) and 20% NaOH (6 mL) were stirred in 10 mL methanol. Then 30%
H,0O; (5 mL) was slowly added under an ice water bath, and the resulting mixture was kept stirred at
room temperature for 2 h. When the reaction was completed, the methanol was removed in vacuum
and the residue was diluted with water. After being neutralized with 5% aqueous HC], the mixture
was extracted with ethyl acetate three times. The organic layer was combined and washed with
excess water and then dried over anhydrous sodium sulfate. After removal of the organic solvent in
vacuum, the crude product was purified by column chromatography to give 4 as a red powder in
13.3% yield. 'H-NMR (400 MHz, DMSO-dy) § 9.37 (s, 1H), 8.07 (d, ] = 7.6 Hz, 1H), 7.73 (d, ] = 23.9 Hz,
2H), 7.55 (d, ] = 7.7 Hz, 2H), 7.50-7.39 (m, 2H), 7.12 (d, ] = 16.0 Hz, 1H), 6.76 (d, ] = 7.7 Hz, 2H),
2.99 (s, 6H). (Figure S1, Supplementary Information). 13C-NMR (100 MHz, DMSO-d) & 171.84, 154.55,
151.43, 148.02, 137.56, 134.48, 133.64, 125.19, 124.65, 123.81, 122.66, 118.40, 112.57, 110.77. (Figure S2,
Supplementary Information). HRMS calculated for C19Hy7NOj3, [M + H]*: 308.1281, found 308.1294.
(Figure S3, Supplementary Information)

3.2. Spectral Measurements

Generally, the stock solutions of 4 were prepared in ethanol. The metal salts, i.e., CuSOy,
AI(NO3)3, CoCly, CaCly, FeCls, KCl, MgSO,, MnCl,, NaCl, NiCl,, PbCl,, SbCl3, SnCly, and ZnCl,
were of analytical reagent grade and used without further purification. The stock solutions of metal
ions (10 mM) were prepared in distilled water and diluted to the desired concentrations. For the
optical measurements, 4 was diluted to 20 uM in an ethanol with phosphate buffer saline (PBS) or
CH3;COOH-CH;3;COO™ buffer solution. For the reversibility study, Ethylenediaminetetraacetic acid
(EDTA) was heated until completely dissolved in ultrapure water, and the stock solution was prepared
at 10 mM. The UV-Vis and fluorescence spectra of the chemosensor in the absence or presence of
various guests were recorded at room temperature. The slit size for excitation and emission was 10 nm.
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3.3. Cell Culture

Human liver carcinoma cell lines (HepG2) were grown in Dulbecco’s modified eagle’s medium
(DMEM) containing L-glutamine supplemented with penicillin (100 U/mL), streptomycin (100 ug/mL),
and 10% (v/v) heat-inactivated fetal bovine serum (FBS) in a humidified atmosphere of 5% CO, and
95% O, at 37 °C. First, the cells were incubated with 10 uM of 4 for 15 min at 37 °C. Then the cells were
washed with PBS three times and then captured under a fluorescence microscope. Then 2 equivalents
of Cu?* were added in the growth medium for 15 min at 37 °C. After being washed with PBS three
times, the cells were captured under the fluorescence microscope again. All the pictures were captured
using the EVOS FL fluorescence microscope (Thermo Fisher, USA).

4. Conclusions

In summary, we have found that the 3-hydroxyflavon derivative 4, which is a red-emitting
fluorophore, could serve as a reversible colorimetric and fluorescence “turn-off” chemosensor for
Cu?*. In the ethanol-PBS solution (v/v = 3:7, pH = 7.0), 4 showed a rapid color change from yellow to
purple-red upon the addition of Cu?*, and its fluorescence was quenched simultaneously. The limit
of naked eye detection for Cu?* was observed at 8 x 107® mol/L, and a lower detection limit was
determined as 5.7 x 1077 mol/L from the fluorescence titration experiment, both of which were much
lower than the permissible maximum level of Cu?* in drinking water. The sensing of Cu?* by 4 was
highly selective and was not influenced even in the presence of other metal ions. Furthermore, 4 was
cell-permeable and could respond to the intracellular changes of Cu?*, which indicated its potential
for biological applications.

Supplementary Materials: The following are available online: Figure S1: "H-NMR (400 MHz) spectrum of
4 in DMSO-dg; Figure S2: '3C-NMR (100 MHz) spectrum of 4 in DMSO-dg; Figure S3: HRMS spectrum of 4.
Figure S4: Fluorescence spectra of 4 (20 uM) upon the addition of Cu?* (20 uM) in ethanol/PBS solution of various
proportions; Figure S5: The Benesi-Hildebrand plot of 1/(I — Iy) versus 1/[Cu®*]. Iy was the intensity of free 4,
I was the intensity of 4 upon the addition of Cu?+.

Author Contributions: Y.H. designed and conducted the majority of the experiments. The manuscript was also
prepared and edited by Y.H. A.C. synthesized the chemosensor 4. Z.K. and D.S. analyzed the data.

Funding: This work was supported by the National Natural Science Foundation of China (Grant No. 81560562),
the Science and Technology Cooperation Plan of Guizhou Province (Qian Ke He LH Zi [2015] 7559), and the
Natural Science Project of the Education Department of Guizhou Province (Qian Jiao He KY Zi [2014] 302).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. More, P.A.; Shankarling, G.S. Reversible ‘turn off’ fluorescence response of Cu?* ions towards 2-pyridyl
quinoline based chemosensor with visible colour change. Sens. Actuators B Chem. 2017, 241, 552-559.
[CrossRef]

2. Mahapatra, A.K; Hazra, G.; Das, N.K.; Goswami, S. A highly selective triphenylamine-based indolylmethane
derivatives as colorimetric and turn-off fluorimetric sensor toward Cu?* detection by deprotonation of
secondary amines. Sens. Actuators B Chem. 2011, 156, 456—462. [CrossRef]

3. Shahid, M.; Chawla, H.M.; Bhatia, P. A calix [4]arene based turn off/turn on molecular receptor for Cu?* and
CN~ ions in aqueous medium. Sens. Actuators B Chem. 2016, 237, 470-478. [CrossRef]

4. Zhao-Qi, G.; Wei-Qiang, C.; Xuan-Ming, D. Highly selective visual detection of Cu(II) utilizing intramolecular
hydrogen bond-stabilized merocyanine in aqueous buffer solution. Org. Lett. 2010, 12, 2202.

5. Qian, B.V,; Varadi, L.; Trinchi, A.; Reichman, S.M.; Bao, L.; Lan, M.; Wei, G.; Cole, LS. The Design and
Synthesis of Fluorescent Coumarin Derivatives and Their Study for Cu?* Sensing with an Application for
Aqueous Soil Extracts. Molecules 2019, 24, 3569. [CrossRef]

6. Zhanxian, L.; Wanying, Z.; Xiaoya, L.; Yanyan, Z.; Chunmei, L.; Lina, W.; Mingming, Y.; Liuhe, W,;
Mingsheng, T.; Hongyan, Z. 1,8-naphthyridine-derived Ni?*/Cu?*-selective fluorescent chemosensor with
different charge transfer processses. Inorg. Chem. 2012, 51, 12444-12449.


http://dx.doi.org/10.1016/j.snb.2016.10.121
http://dx.doi.org/10.1016/j.snb.2011.04.009
http://dx.doi.org/10.1016/j.snb.2016.06.102
http://dx.doi.org/10.3390/molecules24193569

Molecules 2019, 24, 4283 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Porento, M.; Sutinen, V.; Julku, T.; Oikari, R. Detection of Copper in Water Using On-Line Plasma-Excited
Atomic Absorption Spectroscopy (AAS). Appl. Spectrosc. 2011, 65, 678-683. [CrossRef]

Adeleye, A.S.; Oranu, E.A ; Tao, M.; Keller, A.A. Release and detection of nanosized copper from a commercial
antifouling paint. Water Res. 2016, 102, 374-382. [CrossRef]

Lin, Q.; Chen, P; Liu, J.; Fu, Y.P.; Zhang, Y.M.; Wei, T.B. Colorimetric chemosensor and test kit for detection
copper(Il) cations in aqueous solution with specific selectivity and high sensitivity. Dye. Pigment. 2013, 98,
100-105. [CrossRef]

Zhang, J.; Zhang, L.; Wei, Y.; Chao, J.; Shuang, S.; Cai, Z.; Dong, C. A selectively rhodamine-based colorimetric
probe for detecting copper(Il) ion. Spectrochim. Acta. Part A Mol. Biomol. Spectrosc. 2014, 132, 191-197.
[CrossRef]

Cheng, D.; Liu, X; Yang, H.; Zhang, T; Han, A; Zang, L. A Cu?*-Selective Probe Based on
Phenanthro-Imidazole Derivative. Sensors 2017, 17, 35. [CrossRef] [PubMed]

An, R.; Zhang, D.; Yan, C.; Cui, Y.Z. A novel “turn-on” fluorescent and colorimetric sensor for selective
detection of Cu?* in aqueous media and living cells. Sens. Actuators B Chem. 2015, 222, 48-54. [CrossRef]
Li, W.Z,; Zhu, G,; Li, ].; Wang, Z.; Jin, Y. An Amidochlorin-Based Colorimetric Fluorescent Probe for Selective
Cu?* Detection. Molecules 2016, 21, 107. [CrossRef]

Wei, C.; Wang, L.; Gang, X.; Zhou, L.; An, X.; Cao, D. A colorimetric and fluorescence “turn-off” chemosensor
for the detection of silver ion based on a conjugated polymer containing 2,3-di(pyridin-2-yl)quinoxaline.
Sens. Actuators B Chem. 2015, 207, 281-290.

Lan, M.; Wu, J; Liu, W.; Zhang, H.; Zhang, W.; Zhuang, X.; Wang, P. Highly sensitive fluorescent probe for
thiols based on combination of PET and ESIPT mechanisms. Sens. Actuators B Chem. 2011, 156, 332-337.
[CrossRef]

Chen, S.; Hou, P,; Zhou, B.; Song, X.; Foley, ].W. A red fluorescent probe for thiols based on 3-hydroxyflavone
and its application in living cell imaging. RSC Adv. 2013, 3, 11543-11546. [CrossRef]

Song, C.; Peng, H.; Song, X. A red-emitting fluorescent probe for imaging hydrogen sulphide with a large
Stokes shift. Sens. Actuators B Chem. 2015, 221, 951-955.

Liu, Y; Yu, D; Ding, S.; Xiao, Q.; Guo, ]J.; Feng, G. Rapid and ratiometric fluorescent detection of cysteine
with high selectivity and sensitivity by a simple and readily available probe. ACS Appl. Mater. Interfaces
2014, 6, 17543-17550. [CrossRef]

Jin, X,; Liu, C.; Wang, X.; Hai, H.; Zhang, X.; Zhu, H. A flavone-based ESIPT fluorescent sensor for detection
of NpHy in aqueous solution and gas state and its imaging in living cells. Sens. Actuators B Chem. 2015, 216,
141-149. [CrossRef]

Borase, P.N.; Thale, P.B.; Shankarling, G.S. Dihydroquinazolinone based “turn-off” fluorescence sensor for
detection of Cu2* ions. Dye. Pigment. 2016, 134, 276-284. [CrossRef]

McNaught, A.D.; IUPAC. Compendium of Chemical Terminology. In The Gold Book, 2nd ed.; IUPAC: Oxford,
UK, 1997.

Long, G.L.; Winefordner, J.D. Limit of detection. A closer look at the [UPAC definition. Anal. Chem. 1983, 55,
712-724.

Xue, W,; Li, L.; Li, Q.; Wu, A. Novel furo[2,3-d] pyrimidine derivative as fluorescent chemosensor for HSO4~.
Talanta 2012, 88, 734-738. [CrossRef] [PubMed]

Mergu, N.; Gupta, VK. A novel colorimetric detection probe for copper (II) ions based on a Schiff base.
Sens. Actuators B Chem. 2015, 210, 408-417. [CrossRef]

Yu, D.; Zhang, Q.; Ding, S.; Feng, G. A colorimetric and near-infrared fluorescent probe for biothiols and its
application in living cells. RSC Adv. 2014, 4, 46561-46567. [CrossRef]

Hyo Sung, J.; Pil Seung, K.; Jeong Won, L.; Jae I, K.; Seop, H.C.; Jong Wan, K.; Shihai, Y.; Yong, L.J.;
Jung Hwa, L.; Taiha, J. Coumarin-derived Cu?*-selective fluorescence sensor: Synthesis, mechanisms, and
applications in living cells. . Am. Chem. Soc. 2009, 131, 2008-2012.

Sample Availability: Samples of the compounds 4 are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1366/10-06051
http://dx.doi.org/10.1016/j.watres.2016.06.056
http://dx.doi.org/10.1016/j.dyepig.2013.01.024
http://dx.doi.org/10.1016/j.saa.2014.04.006
http://dx.doi.org/10.3390/s17010035
http://www.ncbi.nlm.nih.gov/pubmed/28029130
http://dx.doi.org/10.1016/j.snb.2015.08.035
http://dx.doi.org/10.3390/molecules21010107
http://dx.doi.org/10.1016/j.snb.2011.04.042
http://dx.doi.org/10.1039/c3ra41554f
http://dx.doi.org/10.1021/am505501d
http://dx.doi.org/10.1016/j.snb.2015.03.088
http://dx.doi.org/10.1016/j.dyepig.2016.07.025
http://dx.doi.org/10.1016/j.talanta.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/22265567
http://dx.doi.org/10.1016/j.snb.2014.12.130
http://dx.doi.org/10.1039/C4RA06596D
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Optimum Conditions for Sensing Process 
	Effect of Solution 
	Effect of pH 

	UV-Vis Measurement and Visual Detection 
	Fluorescence Measurements 
	Selectivity of Detection 
	Reversibility 
	Interaction Mechanism of 4 with Cu2+ 
	Bioimaging Experiments 

	Materials and Methods 
	Synthesis of (E)-2-(4-(dimethylamino)styryl)-3-hydroxy-4H-chromen-4-one (4) 
	Spectral Measurements 
	Cell Culture 

	Conclusions 
	References

