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Abstract: A new coumarin-based Cu** probe

(Cou-P) according to the Cu®*"coordination induced hydrolysis

mechanism has been developed. Cou-P exhibits a highly selective turn-on response to Cu** over other transition

metal ions in aqueous media. The recognition mechanism of Cou-P for Cu’* was comfirmed by UV-Vis,

fluorescence and mass spectrometry. The results show that Cou-P first forms Cou-P/Cu*(1:1) complex, and Cou-

P/Cu* complex is further catalyzed to 3-(carboxylic acid)-7-(diethylamino)-coumarin (Cou-COOH) by excessive

Cu*. Cou-P has low cytotoxicity and good membrane permeability. It has been successfully used to detect Cu* in

MCF-7 cells.
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0 Introduction

Fluorescent sensing of chemical species of
biological and environmental significance by fluores-
cence spectroscopy has emerged as an attractive field
for scientists, especially inspired by the development
of confocal microscope and optical imaging techni-

ques" ™. As the third most abundant transition metal
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ions in the human body, copper ions play important
roles in various biological processes, and maintaining
its homeostasis is critical for development of living

¥ The disturbed homeostasis of copper

organisms!
ions can result in severe cell damage and further lead
to many diseases such as Menkes syndrome, Wilson
disease, and Alzheimer disease™?'.. Due to its essential

toxic nature, long-term exposure to high levels of
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copper has been reported to induce the liver and
According to the World Health
Organization (WHO) International Standard for drinking

kidney damage.

water, the maximum acceptable level of copper in
1123]

drinking water is 30 pmol-L~ Considering the

important roles of copper in physiological processes
high of

fluorescent probes for sensitive copper detection,

and its toxicity, development specific

especially in  environmental and  physiological

conditions is of great significance.

To date lots of fluorescent probes have been
reported for Cu’* detection based on two main
mechanisms: coordination of receptor with Cu?" 2+

34 Due to the

and Cu®*-triggered specific reactions!
paramagnetic nature of Cu®*, Cu?* coordination often
results in fluorescence quenching. Fluorescence “turn-
off” signals are usually less sensitive and generate

448 which is a disadvantage for

Such be

eliminated by employing reaction-based probes, which

false-positive results

practical  application. obstacles  can

achieve fluorescence “turn-on” response and offer

high selectivity by reacting specifically with Cu* to
generate fluorescent products. However, few fluores-
cence turn-on Cu®* probes have been reported Y,
which make the development of new fluorescence
turn-on Cu® probes highly desired.

In this paper, Cou-P, a turn-on fluorescent probe
for Cu® sensing based on a mechanism of Cu*-
coordination-induced hydrolysis of hydrazides was
developed. Cou-P exhibits a selective and sensitive
emission turn-on response to Cu®* and features visible
light excitation and emission profiles. Moreover, its
turn-on imaging ability for intracellular Cu®* has been
confirmed in human breast adenocarcinoma cells
(MCF-7 cells) using a confocal microscope.

The synthesis route for Cou-P was depicted in
Scheme 1. Cou-P was synthesized by reacting of 7-
(diethylamino)-coumarin-3-carbonyl chloride and 2,2'-
(hydrazonomethylene)dipyridine in the presence of
EtN in a high yield (85%). It was well characterized
by 'H, "C NMR and ESI-MS (Supporting Information).
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Scheme 1

1 Experimental

1.1 General procedures

All chemicals and solvents were of analytical
grade or spectroscopic grade and were used without
further purification. Dichloromethane was refluxed
with calcium hydride and distilled at ambient pressure.
'H NMR and “C NMR spectra were recorded on a
Bruker DRX-300 spectrometer or Bruker DRX-500
spectrometer with TMS as internal reference in CDCls.
Mass spectrometric data were determined with LCQ
ESI-MS  Thermo

Absorption spectra were measured on a Shimadzu UV-

Finnigan mass  spectrometer.
3100 UV-Vis-NIR spectrophotometer. The fluorescence
spectra were recorded with an AMINCO Bowman

series 2 luminescence spectrophotometer (cuvette, 1

Synthesis of Cou-P

cm) with a xenon lamp as the light source.
1.2 Synthesis of Cou-P

A solution of compound 1 (200 mg, 0.72 mmol)
in CH,Cl, (5 mL) was slowly added to a solution of
compound 2 (143 mg, 0.72 mmol) and Et;N (80 mg,
0.68 mmol) in CH,Cl, (10 mL). The reaction mixture
was stirred at room temperature for 24 h. The mixture
was washed with water (3x15 mL). The organic layer
was dried on MgSO, and filtered, and the filtrate was
concentrated to dryness. The crude product was
purified by column chromatography (silica gel, Vy.on:
Vi, =1:10, R=0.4), and pure compound Cou-P was
obtained as an orange solid (270 mg) in 85% yield. 'H
NMR (400 MHz, CDCly): 6 8.97 (d, 1H, J=4.0), 8.83
(s, 1H), 8.58 (d, 1H, J=4.0), 8.28 (d, 1H, J=8.0), 7.86~
7.78 (m, 2H), 7.52 (d, 2H, J=8.0), 7.46~7.30 (m, 2H),



%10 0

SR A5 L BE T A R A3 9 AR B T e IR B AR A0 A% T A 1871

7.28~7.31 (, 1H, J=4.0), 6.63~6.66 (dd, 1H, J,=2.4, J,=
2.0), 6.47 (s, 1H), 3.42~3.48 (q, 4H, /,=7.6, J,=6.8),
1.21~1.253 (1, 6H, J=7.2); “C NMR (100 MHz, CDCl):
6 161.92, 161.04, 158.12, 156.23, 153.04, 151.85,
149.45,149.25,149.07, 148.59, 136.86, 136.82, 131.53,
126.13,124.18,124.14,123.70, 110.23, 110.16, 108.82,
96.84, 45.30, 12.59. ESI-MS (positive mode): Caled.
905.90, Found: 905.08 for [2M+Na]". Element analysis
Caled. for C;sHxNsO5(%): C, 68.01; H, 5.25; N, 15.86.
Found(%): C, 68.12; H, 5.46; N, 15.78.
1.3 Spectroscopic measurements

All the solvents were of analytic grade. The stock
solution of Cou-P was prepared in CH;OH (1.04 mmol
‘L7). For spectroscopic determination, the stock
solution was diluted with PBS to the desired concen-
tration. The stock solutions of metal ions were prepared
by dissolving Cu(NOs),, CoCl,-6H,0, NiCl,-6H,0,
HgCl,, MnCl,, Fe(NO;);-9H,0, FeSO,-7H,0, AgNO;,
PbClL, Zn(NOs),-7H,0, CdCl,-2.5H,0, KCIl, CaCl,,
NaCl, MgCl, -6H,0 with doubly distilled water.
Fluorescence measurements of Cou-P (10 pmol - L™)
were performed with 4 nm slit for excitation and 4 nm
slit for emission. The UV-Vis titration of Cou-P was
carried out by adding aliquots of 2.5 wL of Cu(NOs),
aqueous solution (1.2 mmol -L™") to 3 mL of probe
solution (10 pmol-L™) in a cuvette. The spectra were
recorded after the solution was completely mixed. The
fluorescence titration of Cou-P was also carried out
by adding aliquots of 2.5 pL of Cu(NO;), aqueous
solution (1.2 mmol-L™) to 3 mL of sample solution (10
pmol - L") in a cuvette. The measurements were carried
out in 2 min after the addition. All experiments were
carried out at 298 K.
1.4 Cell imaging

MCF-7 cells were
Modified Eagle Medium supplemented with 10% fetal
bovine serum, penicillin (100 unit-mL™), streptomycin
(100 mg -mL ™) and 5% (V/V) CO, at 37 C. After
removing the incubation media and rinsing with 1 X
PBS (0.01mol -L™") for three times. The MCF-7 cells
were incubated with Cou-P (20 pwmol - L™) for 30 min
at 25 “C. Then the cells were washed three times with
1 xPBS and imaged with Zeiss LSM-710 microscope

cultured in Dulbecco’ s

equipped with a 63X oil-immersion objective. For the
of MCF-7 cells upon
exogenous Cu*, the exogenous Cu** was introduced by
incubating the cells with Cu(NO,), (200 pmol -L.™)
solution for 5 h at 25 °C. The excitation wavelength of

imaging incubation  with

Cou-P used in experiment was 405 nm, while the
filter was 420~520 nm.

2 Results and discussion

2.1 Sensing properties

The sensing ability of probe Cou-P for Cu** was
investigated using fluorescence spectroscopy in
HEPES buffer solution (50 mmol -L~', 0.1 mol -L™
KNOs, pH=7.2). As shown in Fig.1, the probe Cou-P
itself showed relatively weak fluorescence at 497 nm
(©=0.005) when excited by 460 nm. However, upon
addition of 5 eq. of Cu®*, probe Cou-P exhibited a
significant fluorescence enhancement at 464 nm (d=

0.068), indicating that Cou-P could be efficiently

responded in the presence of Cu™.

12004 464 nm Cou-P
! adding Cu**
= 10004
<
E‘ 8001
g
E
o 6004
g
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g 4004 497 nm
=
= 2001

440 460 480 500 520 540
Wavelength / nm

Excitation wavelengths are 460 nm for Cou-P and 400 nm for

adding 5 eq. Cu®, respectively

Fig.1  Fluorescence spectra of Cou-P (10 wmol-L™) and
the corresponding hydrolysis product after adding
5 eq. Cu* in HEPES buffer (50 mmol-L™, 0.1
mol- L7 KNO;, pH 7.2)

2.2 Mechanism study

Due to few reports on the reaction copper probes
of hydrazide derivatives, the recognition mechanism of
probe Cou-P for Cu** was investigated in detail. First,
Cu** binding behaviour in Cou-P was investigated by
fluorescent and UV-Vis titration experiments. The
UV-Vis titration experiment demonstrates that free

Cou-P has two main absorption bands centering at
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454 (£=2.8x10" L*mol™-cm™) and 318 nm, which can P/Cu® complex to another compound. Normalized

be assigned to ICT and 7-7* transition bands,
respectively  (Fig.2a). When Cu®* was added, distinct
band
accompanied by the evident bathochromic shift to 474

reduction of the former can be observed
nm, suggesting the increased coplanarity of electron-
donating group induced by Cu* binding. Similar change
was also observed for the latter band, yet the band
shift is much less pronounced. The clear isosbestic
points at 471, 396 and 339 nm imply the undoubted
conversion of free Cou-P to a copper complex. The
titration profile based on the former band shows that

the absorbance descends linearly with ¢ - at the ratio
of ¢ lccnr<1. Higher ¢ _: does not lead to any

further evident change of isosbestic points at 471, 396
and 339 nm, suggesting a 1:1 stoichiometry for the
copper complex. The result obtained from fluorescence
Job's plot also confirms the 1:1 Cu** binding stoichio-
metry (Supporting information, Fig.S1). Cou-P/Cu**
complexes can remain stable for at least 120 min at

pH 7.2 (Fig.S2). However, after the ratio of ¢ /ccoup

attained 1, upon addition of another 0.1 eq. Cu®* to
the solution of Cou-P/Cu** complex, a new absorption
band centered at 414 nm appeared and the intensity
enhanced gradually in a time-dependent manner; at
the same time, the absorption band at 474 nm
exhibited decrease(Fig.2b). The clear isosbestic points
at 454 nm imply the undoubted conversion of Cou-

0.284 1501y 454 nm

0.214

0.14 1
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Wavelength / nm
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emission spectra of 3-(carboxylic acid)-7-(diethylamino)
-coumarin (Cou-COOH) and Cou-P incubated with
1.1 eq. Cu (NO;), for 80 min overlaped well, Cou-P/
Cu* complex may convert to Cou-COOH (Fig.S3).
Further fluorescence titration of Cou-P by Cu’*
shows similar phenomena. Titration of Cou-P by Cu?*

exhibits a linear emission decrease with ¢, and the

fluorescence of Cou-P was quenched efficiently when

the ¢ »/ccop ratio attained 1 (Fig.3a). However, after
the ¢ »/ccup ratio attained 1, upon addition of another

0.1 eq. Cu* to the solution of Cou-P/Cu* complex, a
new excitation band centered at 403 nm appeared and
the intensity enhanced gradually in a time-dependent
manner (Fig.3b). After 300 minutes, the fluorescence
intensity at 403 nm (/43) was reached its maximum.
Further addition of EDTA could not eliminate the
fluorescence (Fig.S4). This result demon-strates that
Cou-P/Cu’ * complex might have undergone Cu® *-
catalyzed chemical reactions.

To further verify the recognition mechanism of
probe Cou-P for Cu*, the reaction product of Cou-P
with Cu®* was characterized by the ESI-MS spectro-
metry. After addition of 1.1 eq Cu(NO;), for 60 min,
ESI-MS of Cou-P shows a peak assigned to [Cou-P-
H*+Cu**+CH;0H]* (Fig.S5). After 300 min, there are
three prominent peaks, 341.5 assigned to [3—-H*+Cu*+

H,0]*, 171.42 assigned to [(3+Cu*+H,0)/2]*, 251.33

0284 Exccssive Cu?*

0.214

t/ min

S
=
"

0.074

450 500 550
Wavelength / nm

300 350 400

600

650

Inset: (a) titration profile based on the absorption ratio at 454 and 470 nm, A ss4/A s;

(b) plot of A44/A 4 as a function of time upon addition of Cu(NO;),

Fig.2

(a) Absorbance spectra of 10 pmol-L™ Cou-P in HEPES buffer obtained by adding 0~1.6 eq. Cu(NO,), (1.2 mmol- L.

solution; (b) Time-dependent UV-Vis absorption spectra of 20 pwmol L™ Cou-P in HEPES buffer obtained by adding

excessive Cu(NO;), (100 wmol - L) solution
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assigned to [4+MeOH+Na']*, respectively (Fig.4). The
isotopic distribution of peak at 341.5 matches with the
results of ISOPRO 3.0 simulation, which further
indicates the reaction product of Cou-P with Cu?*.
This result is consistent with the experimental results

of spectroscopy.

500
497 nm 5001w (@)
400{ " g
5 400 [}
s row 2 .
z 200 .
2 n
5 300 100 »
'g 0 "ay nmn
5 00 02 04 06 08 10 12
2 200+ Caa+/Ceor
£
]
59
1004
0
500 550 600 650
Wavelength / nm

Inset: (a) titration profile based on the emission intensity

Thus, the coordination of Cu** to picolinic ester
in probe Cou-P is essential for the Cu?*-promoted
hydrolytic cleavage of Cou-P to Cou-COOH (3).
Based on the above results, a detailed recognition
mechanism of probe Cou-P for Cu** was proposed as

shown in Scheme 2.
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at 497 nm, L, A,=460 nm; (b) time-dependent fluorescence

at 403 nm, A,,=510 nm, slit width=d..=d.,=4.0 nm, PMT voltage=950 V

Fig.3 (a) Emission spectra of 10 pmol-L™" Cou-P in HEPES buffer obtained by adding aliquots of 2.5 pL Cu(NOs),
.2 mmol- L") solution; (b) l1tme-dependent tluorescent excitation spectra o pmol- L~ Cou-F n
1.2 mmol- L) solution; (b) Time-dependent fl itation sp f 10 pmol-L™" Cou-P in HEPES

buffer after addition of 1.1 eq. Cu(NO;),
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Fig.4 (a) ESI-MS of Cou-P in MeOH/H,0 (1:1, V/V) after addition of 1.1 eq. Cu(NOs), for 5 h; (b) Corresponding simulated
one for [3-H*+Cu*+H,0]"; (c) Determined isotopic distribution patterns of the peak with m/z of 341.50
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Scheme 2 Proposed mechanism
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of Cu*-catalysed reaction of Cou-P
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2.3 Cu”* detection selectivity

Selectivity is a crucial parameter to assess the
performance of the developed probes. Therefore, the
selectivity experiments of Cou-P were extended to a
variety of biological-related species including common
cations (K*, Na*, Mg*, Ca*, Co*, Ni**, Fe*, Fe*, Hg™,
Mn**, Zn**, Cd**, Pb** and Ag*). As shown in Fig.5a,
only introduction of Cu* could cause apparent fluores-
cence intensity changes of the probe Cou-P solution,

most of the tested cation did not induce any emission

enhancement at 403 nm. According to the value of
L/ Ly, Cu®* can induce 13-fold fluorescence enhance-
ment, and Co®* and Ni** also induce very minor
enhancement due to fluorescence quenching at 460
nm (Fig.5b). Moreover, the abundant metal cations in
natural water such as Na*, K*, Ca’* and Mg** do not
result in distinct emission either. This provides probe
Cou-P the advantage in sense Cu* in samples contai-
ning abundant Na*, K*, Ca®*, and Mg*, such as living

cells.

10004 @ cu

800 -
Blank, Hg?, Mn?, Fe*,

24 Agt Ph2* Zntt
600 - Fe?* Ag', Pb* Zn*,

400

Fluorescence intensity / a.u.

53

(=3

(=}
1

T v T v T r T T T T T T
360 380 400 420 440 460
Wavelength / nm

Cd, Na*, K*, Ca?*, Mg?*

FEEIEIESFSE S E S G S

Final concentration for Cd*, Zn*, Co*, Cu®, Fe*, Fe*, Hg*, Mn*, Ni* and Pd* is 20 pmol-L™, for Na*, K*, Ca®* and Mg* is 10 mmol - L.

Fig.5

(a) Excitation spectra of Cou-P (10 wmol-L™) in the presence of various metal ions in HEPES buffer (50 mmol-L™,

0.1 mol-L™ KNO;, pH 7.2); (b) Ratio of fluorescence intensity at 403 and 460 nm of 10 pwmol-L™" Cou-P induced

by different metal ions in HEPES buffer

24 Cell cytotoxicity and confocal fluorescence
imaging
The cytotoxicity of probe Cou-P in MCF-7 cells
was evaluated by MTT assays with the concentration
of the probe ranging from 2 to 50 pmol -L™" (Fig.S6).
The results show that Cou-P is of low cytotoxicity to
cultured cells and should be safe when used for

S 2
bioimaging of Cu*.

e, SIS 'i

of Cou-P

2+

Based on the favorable features
including visible emission, high selectivity for Cu
and low toxicity, the potential utility of Cou-P to
visualize Cu® in living cells was investigated. As shown
in Fig.6, MCF-7 cells incubated with Cou-P (10
pmol L") alone for 30 min at 37 “C exhibited no
observable fluorescence. However, when cells were

further incubated with Cu®* (200 pmol - L™) for 300 min

Band path: 420~520 nm, A.=405 nm

Fig.6  Confocal fluorescence images of intracellular Cu* in MCF-7 cells with Cou-P-staining: (a) Bright-field transmission

images; (b)MCF-7 cells incubated with Cou-P (10 pwmol-L™) at 37 °C for 30 min; (c)Stained cells further exposed to

200 pmol - L™ Cu(NO3), solution at 37 °C for 300 min
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at 37 °C, remarkable intracellular fluorescence could
be observed. These results indicate that probe Cou-P
is permeable to cell membrane and suitable for

imaging Cu™ in living cells.
3 Conclusions

In summary, we successfully developed a new
reaction fluorescent probe for detecting Cu®*. Probe
Cou-P exhibits a fluorescence “turn-on” recognition
process for Cu**. The recognition mechanism of probe
Cou-P for Cu®* was investigated by UV-Vis, fluores-
cence and ESI-MS spectrometry. In application, Cou-
P shows low cytotoxicity and good membrane permea-
bility. More importantly, Cou-P was successfully used

for the detection of Cu** in living cells, indicating its

great potential for Cu®* detection in biological science.
Supporting information is available at http://www.wjhxxb.cn
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