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This study describes the synthesis of a coumarin-based reversible fluorescent probe BUCAC for the detection
of Cu?* and S~ in CHsCN:PBS (v/v = 8:2, pH = 7.4) solution. The resulting BUCAC exhibited high sensitivity
(detection limit = 3.03 x 10~/ M) and selectivity towards Cu?* through a 2:1 binding mode. In the presence
of $27, the BUCAC-Cu?* recovered to BUCAC and CuS, which in turn perform the function of a sensitive
probe with a lower detection limit of about 1.7 x 107 M. This “on—off—on" process can easily occur in 1 min
with a repetition of at least 5 times. The sensing mechanism was confirmed by Job's plot analysis, MS, and
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DOI: 10.1039/d1nj01951a density theory calculation. Besides, fluorescence imaging in zebrafish, Hela cells, and soybean root tissue

revealed that the probe BUCAC could serve as a valuable tool for monitoring and tracking intracellular Cu®*
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1. Introduction

Copper is one of the earliest metals discovered by humans and
has been widely used in mechanical, electrical, construction,
and decoration applications.'™ Due to their unique redox
activity, copper ions serve as an important co-catalytic factor
that significantly participates in the synthesis of multiple metal
enzymes, such as cytochrome oxidase, tyrosinase, and copper/
zinc superoxide dismutase.’” Excessive intake of copper ions
can cause severe damage to the internal organs of the human
body, especially the liver and bile, as well as adversely affect the
metabolic pathways of the body.®® A range of diseases including
necrotum hepatitis and hemolytic anemia are associated with
copper poisoning.’ Additionally, copper poisoning also causes
significant damage to the nervous system,'® digestive system,'*
cardiovascular system,"”"'® and various other systems."*™"® There-
fore, the rapid and accurate detection of this toxic substance is of
great importance to maintain human health and life. Until now, a
variety of structures have been reported for use as fluorescent
probes for the detection of Cu*, such as acridine,'” quinoline,'®
rhodamine,'®?* salicylaldehyde,>® BODIPY,** coumarin,>™>”
MOF*** and so on. Besides, S*~ is another hazardous and toxic
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and S2~ while benefiting from its excellent fluorescence performance and lower cytotoxicity.

pollutant with significant adverse effects on daily life. Increased
levels of S~ are more likely to cause a variety of physiological
problems which include respiratory paralysis, unconsciousness, and
irritation in the mucous membrane.>® Furthermore, it is also
interconnected to various diseases, diabetes, and Down
syndrome.*' ™ Therefore, it is highly required to explore a rapid
and convenient method to monitor Cu”* and $>~ in the natural
environment.

Previously, atomic absorption spectroscopy, electrochemical
analysis, colorimetry, and gas chromatography have been reported
to detect Cu®" and S>~.**° Fluorescence sensing technology has
attracted greater attention over traditional analysis methods
because of its simple and convenient operation. So far, various
Cu®" and S* fluorescent probes have been actively explored.***

Owing to the rapid combination of a copper ion (Cu®*) and
sulfide ion (S>”) to form a stable compound, copper sulfide (Cus,
Ksp = 6.3 x 10°),% here we describe the design and development
of a coumarin-based novel fluorescent probe, BuCAC. The sensing
mechanism was studied using a Job’s curve, mass spectrometry
experiments, and theoretical calculations. It was effectively utilized
to detect Cu®* and S* in HelLa cells, zebrafish, and soybean root
tissue (Scheme 1).

2. Experimental section

2.1. Materials and instruments

All the reagents and chemicals used in experiments were
purchased from Aladdin and were used without further
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Scheme 1 The synthetic route of BUCAC.

purification. Deionized water was used as the aqueous medium
in this research.

Fluorescence spectra and UV-vis spectra were observed using
an LS 55 Fluorescence Spectrometer with a 1 cm square quartz
cell (PerkinElmer) and a LAMBDA950 spectrometer (PerkinElmer
Precisely), respectively. FTIR spectra of the samples were recorded
with a Bruker Vertex 80v spectrophotometer at room temperature
after diluting the samples with KBr. NMR spectra were recorded on
a Bruker AVANCE III HD spectrometer operating at 600 MHz. Mass
spectrometry was performed on an LTQ-Orbitrap (Thermo Fisher
Scientific). The final bioimaging application was measured using a
Zeiss LSM710 Airy scan confocal laser scanning microscope.

2.2. Synthesis of 3-acetyl-8-tert-butyl coumarin (BuCAC)

40 ml of absolute ethanol, 0.6 ml of 3-tert-butylsalicylic aldehyde,
0.3 ml of ethyl acetoacetate, 5 drops of glacial acetic acid, and
5 drops of piperidine were added to a 100 ml round bottom flask
in sequence, and the mixed solution was heated to reflux for
5 hours. After cooling overnight at room temperature, a light-
yellow solid was obtained after suction filtration. The crude
product was recrystallized from absolute ethanol to obtain a white
solid. 0.36 g, yield 73.2%, m.p. 158 °C. IR(KBI) v (cm™):
3072(Ar-H), 2966, 2875(-C(CHj);), 1737(-C=0) ecm™'. '"H NMR
(DMSO-dg, 600M): & 8.654 (s, 1H, C—=CH-), 7.831-7.819 (d, J =
7.2Hz, 1H, Ar-H), 7.693-7.681 (d, J = 7.2Hz, 1H, Ar-H), 7.357 (m,
1H, Ar-H), 2.607 (s, 3H, -CH3), 1.464 (s, 9H, -C(CH,);); "*CNMR
(CDCl;, 150 MHz): 6 195.590, 158.898, 154.142, 148.416, 138.063,
132.025, 128.625, 124.574, 123.504, 118.756, 35.011, 30.622, 29.756.
MS (ESI) m/z calculated for [M + H|" 245.12; found 245.12.
Characterization of BuCAC is shown in Fig. S1-S4 (ESIY).

2.3. Spectral measurements

The stock solutions (1 mM) of various cations (Ca**, AI**, Cd*",
cr¥, co™, cu*, Fe**, Fe*, K*, Mn**, Mg®*, Na*, Zn**, and Pb*")
and anions (F~, Cl~, Br—, 17, 8%, NO;, SO;>", HSO, , H,PO, ",
ClO, and CH3COO ) were prepared in deionized water and the
probe BuCAC was the same concentration as the salt solution in
acetonitrile. The excitation wavelength of 305 nm was selected
for the fluorescence spectrum test (1ex = 305 nm, slit width: 5,
5 nm). In the experimental titration, the probe solution (3 ml)
present in the quartz optical cell was subjected to titration with
Cu”*/S>~ prepared in advance. To assure the reproducibility of
the results, all experiments were performed 2-3 times.

2.4. Bioimaging in cells

HeLa cells were incubated at 37 °C in 5% CO,. The medium
(10% FBS and 5% penicillin-streptomycin mixed solution) was
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removed after 24 h of the experiment and the cells were washed
thrice with PBS (pH = 7.2). The cells were then divided into
three different groups: the first group was treated with BuCAC
(10 uM) followed by incubation for 1 h. The second group was
treated with BuCAC (10 pM) and 10 pM Cu®" solution and
co-incubated for 60 min. The third group was treated with
BuCAC (10 uM), Cu®* (10 uM), and S*>~ (10 uM), and incubated
for 60 min. Fluorescence imaging was carried out with the help
of a confocal laser scanning fluorescence microscope.

2.5. Bioimaging in zebrafish and soybean root tissues

Two different samples of soybean root tissues and zebrafish were
chosen for bioimaging. Zebrafish were incubated in a nutrient
solution followed by the preparation of two sets of blanks
(containing Cu** (10 uM) or not) for 0.5 h. After washing with
PBS three times, both groups were treated with BuCAC (10 pM)
for 0.5 h. Then, the bioimaging of zebrafish of both groups was
performed by using confocal microscopy upon the addition of
Cu®* and S*". Plant cell imaging was also performed by using
soybean root tissue. Soybean seeds were subjected to sterilization
with alcohol and then allowed to culture at room temperature in
moist medium. The experimental procedure was similar to that
carried out for zebrafish.

2.6. Quantum calculations

All calculations were performed using the Gaussian 16 software
package.”” The density functional theory with dispersion
correction (DFT-D3) method, mode B3LYP, was used to optimize
the geometry of the ground state structure before and after the
reaction between BuCAC and Cu”* ions (Fig. $6 and S7, ESIT),*®™!
and the excited state geometry was optimized at the B3LYP/
6-311G(d) level. The nature of absorption and emission was
studied by using natural transition orbital (NTO) analysis which
was based on DFT calculations and the calculated transition
density matrices.”” The solvation effect was considered using the
SMD solvation model in all the calculations used in the study;>
the 6-311G(d) basis set for the atoms C, H, and O, and the SDD
basis set for Cu were selected.

3. Results and discussion
3.1. Fluorescence response of BuCAC towards Cu>*

The optical properties of the probe BuCAC and its response to
copper ions were evaluated in CH;CN : PBS (v/v=8:2, pH = 7.4,
10 pM) solution. Fig. 1a shows the strong fluorescence emission
of BUCAC at 419 nm. After the incorporation of Cu®, the
intensity of fluorescence at 419 nm gradually decreased, which
may be attributed to the reaction of Cu** with the probe to form
BuCAC-Cu**. As a result, the changes occurred in the transition
mode of excited electrons of the probe with a frequent decrease in
fluorescence because of the paramagnetism of Cu**. Moreover, a
linear relationship was observed between the change in the
fluorescence intensity and the concentration of Cu®>* over a range
of 0-28.6 uM, the linear equation is y = —10.577x + 474.84, and the
linear fitting constant R* = 0.984 (Fig. 1b). The detection limit was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 1 (a) Fluorescence spectra of BUCAC (10 uM) to Cu?* in CHsCN : PBS (v/v = 8:2, pH = 7.4) solution. (Jex = 305 nm, slit width: 5, 5 nm). (b) Linear
relationship between the fluorescence intensity and concentration range of Cu?* (0-28.6 uM). (c) Emission spectra of BUCAC (10 uM) upon the addition
of different metal ions (100 pM) in CH3sCN : PBS (v/v = 8:2, pH = 7.4) solution. (Zex = 305 nm, slit width: 5, 5 nm). (d) Fluorescence spectra of FL in the
presence of interfering metal ions in CH3CN : PBS (8: 2, v/v) solution. (1ex = 305 nm, slit width: 5, 5 nm).

found to be 3.03 x 10~7 M, indicating that the probe BuCAC has
high sensitivity to copper ions and has the potential to detect the
changes in trace copper ions in vivo.

3.2. Selectivity of BuCAC for Cu**

Selectivity is an essential requirement for the specific detection
of target species. For this purpose, competitive metal ions were
also incorporated into the solution of BuCAC-Cu®" to examine
if BuCAC responds to other metal ions or not. The results
showed that the fluorescence intensity of BUCAC only decreases
upon the addition of Cu®*, while all the tested cations
(ca®, A", cd*, cr®, co**, cu®', Fe*', Fe**, K', Mn*", Mg*",
Na', Zn**, and Pb*") produced negligible changes in fluores-
cence (Fig. 1c). Hence, after adding other metal ions to the
BuCAC-Cu”* solution, the fluorescence intensity remained at
about 200 (Fig. 1d), which not only justifies the selectivity of
BuCAC to copper ions but also shows the good anti-interference
ability of BuCAC. It can be inferred from the results that
the probe under consideration can be used in complex
environments.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

3.3. Fluorescence response of BuCAC-Cu®" systems with S>~

Cu*" can easily be removed from BuCAC-Cu®" after the addition
of $*~ because of the significantly higher binding constant of Cu$S
than that of BUCAC-Cu®. These phenomena make it suitable for
the possible detection of anions with the BuCAC-Cu®" system.

The addition of sulfide ions (5*7) to the BuCAC-Cu®" system
gradually increased the fluorescence intensity at 419 nm (Fig. 2a)
because of the rapid formation of a stable product (CuS) by the
sulfur ion and copper ion. With the help of this characteristic, the
probe is released and the fluorescence intensity is recovered. In
the concentration range of 0-14.5 uM, the change in fluorescence
intensity has a good linear correlation with the concentration of
$*7, R? = 0.995 (Fig. 2b), the detection limit of BuCAC-Cu** for
S~ was found to be 1.3 x 10”7 M. Compared with other currently
reported probes for Cu®>" and 8>~ listed in Table S1 (ESIt).

The selectivity of probe BuCAC-Cu®* towards S*~ was also
investigated upon addition of various anions (F, Cl", Br , I,
$*~, NO;~, SO;>~, HSO,~, H,PO,~, ClO,~, and CH;COO") in
CH;CN: PBS (v/v = 8:2, pH = 7.4) solution. The results revealed
that the addition of various anions into the BuCAC-Cu®*
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Fig. 2 (a) Fluorescence spectra of BUCAC—Cu3* (10 uM) to $2~ in CHsCN:PBS ((v/v = 8:2, pH = 7.4)) solution. (iex = 305 nm, slit width: 5, 5 nm).
(b) Linear relationship between the fluorescence intensity and concentration range of $>~ (0-14.5 pM). (c) Fluorescence spectra of BUCAC—-Cu?* (10 uM)
in the presence of various anions (10 equiv.) in CHzCN : PBS (v/v = 82, pH = 7.4), Jex = 305 nm, slit width: 5, 5 nm. (d) Fluorescence spectra of BUCAC—Cu3* in
the presence of interfering anions in CHsCN : PBS ((v/v = 8:2, pH = 7.4)) solution.

solution did not affect the fluorescence intensity at 419 nm which  of other anions to check the sensitivity of S>~. It can be seen from
was amazingly increased by $>~ from 210 to 480 (Fig. 2c). Moreover, ~ Fig. 2d that the complex BuCAC-Cu** specifically detects the S*~ in
the competing behavior of BUCAC-Cu®* was studied in the presence  the medium even in the presence of various other anions.

Fig. 3 (a) Time-course fluorescence responses of BUCAC (10 pM) towards Cu?* and in situ produced complex BUCAC-Cu?* to 52~. (b) Fluorescence
intensity of BUCAC (10 uM) upon the alternate addition of Cu®* and $2~.

11986 | New J Chem., 2021, 45, 11983-11991 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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3.4. The dynamics and reversibility test of BuCAC,
BuCAC-Cu®" and BuCAC-Cu**+ 8%~

Fig. 3a shows that the fluorescence intensity of the probe BuCAC
remained unchanged with the increase of time but the intensity
decreased rapidly after the addition of copper ions (¢ < 30 s).

Fig. 4 Job's plot between BUCAC and Cu?*.
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However, the addition of sulfur ions caused a rapid increase in
the fluorescence intensity (¢ < 30 s) and became stable.

To further study the practicability of the probe, the reversibility
experiments were performed by alternate addition of Cu®** and S*~
into BuCAC solution. The fluorescence intensity showed repeated
quenching and recovery after adding Cu®>" and S*, respectively
(Fig. 3b). In the meantime, the reversible inter-conversion can
be repeated 5 times under low fluorescence efficiency loss,
indicating that BuCAC has the potential to be an “on-off-on”
probe for Cu** and >~

3.5. Mechanistic research of BuCAC for sensing Cu”* and
BuCAC-Cu*" for §>~

The binding ratio of Cu®** ions with BuCAC was investigated by
using Job’s plot (Fig. 4). The highest absorbance was observed
with a molar fraction of 0.3, indicating the formation of BuCAC
and Cu®" as a 2:1 complex. According to the absorption spectra,
the binding constant of BuCAC and Cu** was 2.4 x 10* Addi-
tionally, the experimental mass spectrum of BuCAC-Cu*" was
also studied (Fig. S5, ESIt), a mass fraction of m/z = 711.5751
attributed to the complex which was formed by the ligand and
metal ion, [(BuCAC),(OAc),Cu-CH;CN +H] ", in the stoichiometric
ratio of 2: 1. The above results showed that the probe BuCAC can
recognize copper ions through a ratio of 2:1 to produce a weakly

Fig. 5 (a) The orbitals involved in the principal electronic transition of BUCAC; (b) dominant natural transition orbital (NTO) pairs of the principal

electronic transition in BUCAC—Cu?*.

Fig. 6 The proposed sensing mechanism.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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fluorescent complex BuCAC-Cu®>". When sulfur ions were added
to the system, copper ions were converted into a more stable
compound copper sulfide by reacting with sulfur ions. Hence,
the copper ions are removed from the complex BuCAC-Cu**and
the original probe BuCAC is released with the recovery of
fluorescence intensity.

Fig. 7 CFl of Hela cells. Cells incubated with BUCAC (10 pM) for 1 h (A);
cells treated with Cu?* (10 pM) for 60 min (B); cells treated with S~ (10 pM)
from BUCAC—Cu?* for 60 min: (1) Fluorescence channel, (2) bright field,
and (3) overlay image.
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The sensing mechanism of BuCAC was also studied theoreti-
cally. Generally, the fluorescent sensors exhibit the process of charge
transfer (CT). CT phenomena involved metal ions induced changes
in fluorescence emission by chelation-enhanced fluorescence
(CHEF) or chelation-enhanced fluorescence quenching (CHEQ)
upon the chelation of a metal ion to the sensor molecule. In this
sense, the CHEQ mechanism has been fully demonstrated for
Cu®" turn-off sensors that do not have a wavelength spectrum
shift. This process is the result of the photoinduced electron
transfer (PET) process.

It can be seen in Fig. 5a that the n-electrons distribute on the
coumarin matrix and the acetyl skeleton on the HOMO and LUMO
of BuCAC, the electronic transition of BuCAC molecule is a Local
Excitation (LE), and the dominant MO transition is MO65 — MOG66.
The energy gaps between the HOMO and LUMO of BuCAC and
BuCAC-Cu®" are 4.190 eV, 3.505 eV (o orbit), and 2.796 eV (B orbit)
(Table S2, ESIt). However, no dominant MO transition was observed
for BuCAC-Cu** Hence, it is impossible to identify the nature of this
excitation which was solely based on the MO pair. NTO analysis is
considered an important tool to elucidate the various contributions
to electron excitation. The analysis provides a compact orbital
representation of electron transitions through a single configuration
of hole and electron interaction. Therefore, the NTO distribution of
the complex BuCAC-Cu®* was calculated (Fig. 5b), and the optical
emissions are mainly attributed to the d-d orbital transitions in the
Ni atom from NTO143B to NTO144B.

Based on the results of DFT studies and mass spectrometry,
the possible binding mechanism in BuCAC-Cu”" is provided

Fig. 8 CFl of soybean root tissues. CFl of soybean root tissues grown in water (A). CFl of soybean root tissues grown in the presence of Cu* (B). CFl of
soybean root tissues grown in water followed by incubation with BUCAC (10 pM) for 1 h (C). CFl of soybean root tissues grown in the presence of Cu?*
followed by incubation with BUCAC (10 uM) for 1 h (D). CFl of soybean root tissues grown in the presence of BUCAC—Cu?* followed by incubation with
$27 (10 uM) for 1 h (E): (1) Fluorescence channel, (2) bright field, and (3) overlay images.

11988 | New J. Chem., 2021, 45, 11983-11991
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Fig. 9 CFI of zebrafish. Confocal images of zebrafish grown in water (A). CFl of zebrafish grown in a Cu?*-containing environment (B). CFl of zebrafish
grown in water then incubated with BUCAC (10 pM) for 1 h (C). CFl of zebrafish grown in a Cu?*-containing environment and then incubated with BUCAC
(10 uM) for 1 h (D). CFl of zebrafish grown in a BUCAC—Cu?* containing environment and then incubated with $2~ (10 uM) for 1 h (E): (1) Fluorescence

channel, (2) bright field, and (3) overlay images.

in Fig. 6. Cu®>" coordinated to the carbonyl of the acetyl group
and lactone resulted in PET. The increase in energy also
facilitated the existence of PET with decreased fluorescence
intensity of BuCAC-Cu**. When S>~ was added to the complex
BuCAC-Cu®*, the $>~ combined with the Cu®** and removed the
Cu*" from the complex, which allowed the release of the ligand
and restored the fluorescence.

3.6. Cell imaging

To authenticate the potential ability of BuCAC in bio-imaging of
Cu®" and S*7, the confocal fluorescence imaging application was
employed for HeLa cells. Prior to conduct cell imaging experi-
ments, the toxicity of BuCAC was studied and the result showed a
75% survival rate of HeLa cells, thus rendering BuCAC suitable for
cell imaging experiments. BuCAC (10 uM) was injected into HeLa
cells and cultivated for 1 h (Fig. 7A). Then, Cu®>* (10 uM) was added,
which decreased the fluorescence after 60 min (Fig. 7B). While in
the presence of S>~, the fluorescence was restored in the fluores-
cence channel (Fig. 7C). The viable cells maintained their proper
shape throughout the imaging experiments as evidenced by bright-
field photographs and overlays of confocal fluorescence images
(CFI). The obtained results suggested that probe BuCAC can cross
the cell membrane, and hence, it can be safely applied in
biological cells for fluorescence imaging of Cu®>" and S>".

3.7. Biological imaging

Biological imaging was carried out in soybean root tissue and
zebrafish because of their enhanced water content and excellent

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

transparency. After ethanol-based sterilization, soybean seeds
were then cultured at room temperature in a moist environment.
Soya was grown in a Cu*'-containing environment with a fluores-
cence response (Fig. 8A-C). Fortunately, the fluorescence intensity
turned weak upon the addition of BuCAC for 1 h (Fig. 8D).
Besides, after the addition of S*>7, the fluorescence intensity
recovered (Fig. 8E). The same phenomenon was also seen in
zebrafish (Fig. 9). The results of the study indicated that BuCAC
is highly biocompatible and offers a good perspective for the
detection of $>~ and Cu®" in the living body.

4. Conclusion

We successfully demonstrated the condensed product of coumarin,
BuCAC, as a fluorescent probe for the detection of Cu** and $>".
According to the fluorescence spectrum, specific fluorescence
quenching was observed in the presence of Cu>* within a
detection limit of 3.03 x 10”7 M. BuCAC formed a complex in
a ratio of 2:1 with Cu®* with a binding constant of 2.4 x 10
Furthermore, BuCAC-Cu>* can also be used to detect $>~ with a
detection limit of 1.7 x 10”7 M. The in vivo detection of Cu®*
and S>~ was also studied successfully by using HeLa cells,
zebrafish, and soybean root tissues.
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