
R
C

K
H
a

b

c

a

A
R
R
A
A

K
F
B
C
R
G

1

t
o
c
i
a
d
s
l
e
h
s
o
t
a
o

t

j

h
0

Sensors and Actuators B 237 (2016) 256–261

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo u r nal homep age: www.elsev ier .com/ locate /snb

egenerative  fluorescence  “turn-on”  probe  for  biothiols  through
u(II)/Cu(I)  redox  conversion

yung-Sik  Leea, Jongmin  Parka, Hee-Jun  Parka,  Young  Keun  Chunga, Seung  Bum  Parka,
ae-Jo  Kimb,∗,  Ik-Soo  Shinc,∗,  Jong-In  Honga,∗

Department of Chemistry, College of Natural Sciences, Seoul National University, Seoul 151-747, Republic of Korea
Department of Chemistry, Hankuk University of Foreign Studies, Yongin 449-791, Republic of Korea
Department of Chemistry, Soongsil University, Seoul 156-743, Republic of Korea

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 26 January 2016
eceived in revised form 14 June 2016
ccepted 15 June 2016
vailable online 16 June 2016

a  b  s  t  r  a  c  t

We  present  a regenerative  molecular  sensor  for biothiols  where  a non-fluorescent  copper(II)  coumarin
complex  (CuIIL)  probe  turns  to a  strongly  fluorescent  Cu(I)  complex  by  thiol-containing  amino  acids  (Cys,
Hcy, GSH).  During  the recognition  process,  Cu(II)  ion  of  CuIIL undergoes  chemical  reduction  followed  by
substitution  of the  coordinating  ligands  with  the  biothiols.  Interestingly,  the strongly  fluorescent  Cu(I)
complex,  which  quantifies  the amount  of the  target  biothiol,  was  oxidized  back  to  its  original  CuIIL  by
eywords:
luorescent probe
iothiols
opper(II)-coumarin complex
edox reaction

chemical  (or  electrochemical)  oxidation,  and  could  be repeatedly  reused  as  a  thiol  probe  for  several
turn-overs.  CuIIL  was  successfully  applied  in  fluorescent  imaging  of  the  cellular  GSH.

© 2016  Elsevier  B.V.  All  rights  reserved.
lutathione (GSH)

. Introduction

Biothiols such as cysteine (Cys), homocysteine (Hcy), and glu-
athione (GSH) are known to play an important role in a myriad
f vital cellular processes, including redox homeostasis [1,2] and
ellular growth [3,4]. Alterations in the cellular levels of bioth-
ols are linked to various chronic diseases such as arthritis, cancer,
nd HIV/AIDS [5,6]. Considerable attention has been paid to the
etection of biothiols using analytical techniques such as mass
pectrometry [7], gas chromatography [8], and high-performance
iquid chromatography [9] coupled with spectrophotometric or
lectrochemical methods [10,11]. Recently, fluorescent probes
ave been used for detecting biothiols due to their simplicity, high
electivity, and good sensitivity [12,13]. Most of fluorescent meth-
ds, however, are based on irreversible chemical reactions between
he probe and the thiol providing only a single-use assay: Michael
ddition [14–17], cyclization with aldehyde [18,19], or a cleavage

f sulfur-containing bond by the thiol [20].

Herein, we report a unique molecular probe for biothiol detec-
ion, wherein the probe undergoes a series of chemical reactions

∗ Corresponding authors.
E-mail addresses: haejkim@hufs.ac.kr (H.-J. Kim), extant@ssu.ac.kr (I.-S. Shin),

ihong@snu.ac.kr (J.-I. Hong).

ttp://dx.doi.org/10.1016/j.snb.2016.06.089
925-4005/© 2016 Elsevier B.V. All rights reserved.
during target recognition (Scheme 1). A synthetic probe, copper(II)
coumarin complex (CuIIL), obtained by combining an equimolar
mixture of CuCl2 and the ligand (L), selectively binds to biothiols,
generating strong fluorescence which is caused by the chemical
reduction of reduction of Cu(II) into Cu(I) during the binding event.
Interestingly, Cu(I) ion can be oxidized to Cu(II) ion by the addi-
tion of N-ethylmaleimide (NEM), which completely quenches the
fluorescence again, and this fluorescence “off/on” cycle is observed
repeatedly for several turn-overs without a significant decrease in
the fluorescence intensity.

2. Experimental

2.1. Materials and instruments

Unless otherwise noted, materials were obtained from com-
mercial suppliers and were used without further purification.
Chromatography was carried out on silica gel 60 (230–400 mesh
ASTM; Merck). Thin layer chromatography (TLC) was carried out
using Merck 60 F254 alumina plates with a thickness of 0.25 mm.

1H NMR  and 13C NMR  spectra were recorded using Bruker 300 or
Varian 200. Mass spectra were obtained using a JMS-HX 110A/110A
Tandem Mass Spectrometer (JEOL). UV absorption spectra were
obtained on Agilent 8453 Double Beam UV/VIS Spectrometer. Flu-
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Scheme 1. A proposed mechanism for r

rescence emission spectra were obtained using JASCO FP-6500
pectrofluorometer.

.2. Synthetic procedure

.2.1. Synthesis of ligand
To a solution of coumarin aldehyde [21] (200 mg,  1.05 mmol)

n EtOAc (10 mL)  was added 2-picolylamine (120 mg,  1.1 mmol).
esulting clear yellow solution was further stirred at room temp.

or 1 h to afford yellow precipitates, which were filtered off, washed
ith cold EtOAc, and dried in air to obtain the imine intermediate.

he yellow solid was further reduced by sodium triacethoxy-
orohydride without further purification. To a solution of the

ntermediate (200 mg,  0.71 mmol) in CH2Cl2 (10 mL)  was added
aHB(OAc)3, (190 mg,  0.89 mmol). Resulting clear yellow solution
as further stirred at room temp. for 12 h, which was purified by

olumn chromatography using dichloromethane/MeOH (10:1 v/v,
f = 0.40) as an eluent. Evaporation and drying in vacuum afforded
he desired product in 85% yield over 2 steps. 1H NMR (DMSO-d6,
00 MHz): �/ppm 9.08 (s, 1H), 7.90 (d, J = 9.02 Hz, 1H), 7.77 (s, 1H),
.42 (d, 3J = 6.85 Hz, 2H), 7.28 (s, 1H), 6.71 (d, J = 7.98 Hz, 1H), 6.15
d, J = 8.99 Hz, 1H), 4.07 (s, 2H), 3.89 (s, 2H). 13C NMR  (DMSO-d6,
5 MHz): �/ppm 163.26, 160.84, 158.54, 153.44, 149.38, 145.53,
37.19, 128.61, 122.81, 122.72, 113.87, 110.96, 110.74, 110.40,
3.35, 42.90. HRMS (FAB+, m-NBA): m/z obs’d 283.1088 ([M + H]+,
83.1083 cal’d for C16H14N2O3)

.2.2. Synthesis of CuIIL (probe 1)
To a solution of free ligand (38 mg,  0.10 mmol) in 1 mL  CH3CN

as added CuCl2 (0.10 mmol) in 1 mL  MeOH. Resulting blue solu-
ion was further stirred for 1 h at room temp. to afford a light blue
recipitates, which were filtered off, washed with CH3CN (2 × 1 mL)
nd dried in vacuum. Yield 70% (Scheme 2). MS  (ESI, positive): m/z
bs’d 344.02 (cal’d 344.02 for [M−Cl]+).
Single crystals of CuIIL suitable for the X-ray crystallogra-
hy were obtained by slow evaporation of diethylether into a
eOH/water solution of CuIIL at room temperature. Diffraction

ata were collected on a Bruker SMART X-ray diffractometer at
rative fluorescence sensing of biothiols.

room temperature using graphite-monochromated Mo-K� radia-
tion (� = 0.71073 Å). The structures were solved by direct methods
(SHELXS-97), and refined against all F2 data (SHELX-97). All non-
hydrogen atoms were refined with anisotropic thermal parameters
and the hydrogen atoms were treated as idealized contributions.
Crystallographic data in CIF format for CuIIL is contained in CCDC
No. 1013353.

2.3. Preparation for fluorescence study

A stock solution (10 mM)  of CuIIL in DMSO was prepared and
used by dilution in aqueous DMSO solution for in vitro and in vivo
fluorescence experiments. In a typical experiment, test solutions
were prepared by placing 2 �L of the probe stock solution into
a test tube, adding an appropriate amount of each amino acid,
and diluting the solution to 2 mL  with buffer (0.10 M HEPES, pH
7.4). Normally, excitation was  at 325 nm.  Both the excitation and
emission slit widths were 3 nm × 3 nm.  Fluorescence spectra were
monitored after addition of amino acids.

2.4. Fluorescence cell imaging of HeLa cells

For the detection of biothiols in live cells, HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 units/mL penicillin, 100 g/mL streptomycin, and
10% heat-inactivated fetal bovine serum. The cells were seeded on
a Ø 35 mm glass-bottomed dish at a density of 1 × 105 cells in a
culture medium overnight for live-cell imaging by confocal laser
scanning microscopy (CLSM). The HeLa cells were treated with
10 �M of CuIIL in 2 mL  of serum free medium for 0.5 h and washed
with 3 times with pre-warmed 1 × PBS before imaging by CLSM.

2.5. Electrochemistry
Electrochemical studies were performed using a CH Instruments
650B Electrochemical Analyzer (CH Instruments, Inc., Texas, USA).
All electrochemical studies were referenced with respect to an
Ag/AgCl (sat’d with KCl) reference electrode. A glassy carbon disk
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Scheme 2. The synthetic scheme of Probe 1 (CuIIL).
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Fig. 2. (a) Changes in fluorescence spectra obtained for the solution of probe 1
(10 �M)  in 10 mM HEPES (pH 7.4) at 25 ◦C upon the addition of GSH. Excitation
wavelength was set at 325 nm. The dashed arrow indicates an increase in GSH con-
centration. [GSH] = 0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.5, 4.3, 4.6, 5.0, 5.3, 6.0, 6.7,
9.1, 13.4, and 20 equiv. Inset: Linear relationship between fluorescence intensity
and  GSH concentration (R2 = 0.997). (b) Competitive binding assays performed by
the addition of 20 equiv of Cys to 10 �M of probe 1 in the presence of 20 equiv
of  amino acids. No significant change is observed in the emission intensity upon
ig. 1. Crystal structure of CuIIL. The solvent molecules (2 H2O) are omitted for
larity.

GCE, diameter: 3 mm)  working electrode was used for electro-
hemical studies. It was polished with 0.05 �m alumina (Buehler,
llinois, USA) on a felt pad and sonicated in absolute ethanol and
eionized water mixed solution (1:1 v/v) for 5 min. Then it was
insed with ethanol and deionized water subsequently. The elec-
rode was dried by N2 blowing for 2 min. All the electrochemical
amples were purged with Ar gas for 15 min  and were measured
nder Ar atmosphere. Differential pulse voltammetry (DPV) was
erformed in DMSO (or mixed DMSO/H2O, 19:1 v/v) solutions with
.1 M tetrabutylammonium perchlorate (TBAP) as a supporting
lectrolyte.

. Results and discussion

.1. X-ray structure of probe

In our approach, Cu(II) ion in the synthetic probe (1, CuIIL) serves
s a fluorescent quencher for the coumarin unit [22–24]. At the
eginning, we assumed that Cu(II) ion would interact not only with
itrogens of the 2-picolylamine unit, but also with the hydroxyl
xygen of the 7-hydroxycoumarin moiety since the oxygen atom
ight also donate its lone-pair of electrons along with the two

itrogen atoms in the coumarin moiety to Cu(II). It was expected
hat Cu(II) might withdraw electron density from the oxygen atom
n the complex, thereby quenching fluorescence from the coumarin
nit. However, the crystal structure of CuIIL revealed that the OH
roup in CuIIL did not coordinate with Cu(II) (Fig. 1). CuIIL was
rystallized as a dimer by slow evaporation of diethyl ether into

 methanol/water solution of CuIIL. The strong reduction in fluo-
escence of CuIIL was likely due to the paramagnetic character of
u(II) alone [25–28]: Fluorescence quenching takes places through
hotoinduced electron transfer from the coumarin singlet excited
tate to the bound Cu(II) ion.

.2. PL, UV, NMR  study

While CuIIL exhibits very low photoluminescence (PL) intensity,

 large enhancement in the fluorescence emission was  observed by
he addition of biothiols. As shown in Fig. 2a, the emission inten-
ity at 450 nm increased more than 100-fold compared to CuIIL
tself, and was saturated at 30 equiv of GSH. The peak intensi-
the additon of amino acids (blank bars), while the addition of Cys causes a notable
increase in the emission intensity (diagonal-line bars).

ties exhibited a linear correlation with GSH concentrations up to
5 equiv of GSH (R2 = 0.997,  y = 64.9 x + 49.0, LOD = 15 �M).  Competi-
tive binding experiments were performed in HEPES buffer (10 mM,
pH 7.4) to determine the selectivity of CuIIL towards Cys among var-
ious natural amino acids. As displayed in Fig. 2b, only Cys showed
a dramatic increase (F/F0 = 106) [29] in the fluorescence intensity
compared to other amino acids. Amino acids possessing acidic or
basic side chains induced no significant changes in the fluorescence
intensity except for His which showed ∼60% increase in the emis-
sion intensity compared to that upon the addition of Cys. (Fig. S3).
The competitive experiments revealed that the fluorescence inten-
sity of CuIIL was restored to levels similar to that of CuIIL-Cys adduct
when Cys was  added to the mixtures of CuIIL and other amino

acids. Other biothiols such as Hcy and GSH also exhibited simi-
lar enhancements in the fluorescence intensity with F/Fo = 102 and
94, respectively (Fig. S3). The fluorescence experiments indicated
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Fig. 3. (a) Electrochemical regeneration of sensing ability (bulk electrolysis was
performed on the mixed solution of probe 1 and NAC. Pt gauze working, Pt counter,
and  Ag/AgCl reference electrode were used in 10 mM HEPES buffer (pH 7.4)); while
UV–vis absorption at 648 nm (dashed line) indicates regenerative sensing for NAC,
the  emission intensity (solid line) indicates gradual deterioration in fluorescent
sensing upon electrochemical oxidation. (b) Changes in fluorescence spectra for the
solution of probe 1 upon the subsequent addition of NAC and NEM; i) probe 1 itself
shows no emission. ii) A great enhancement in fluorescence intensity, however, is
observed after the addition of NAC. iii) The fluorescence is quenched after the sub-
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equent addition of NEM, but iv) ∼60% recovery is achieved subsequently after the
ddition of NAC. (c) Fluorescence ‘off/on’ cycles of 1 by the subsequent addition of
AC/NEM.

hat CuIIL selectively reacted with amino acids containing a thiol
ide chain. Also, the prominent changes in the fluorescence inten-
ity could even be observed by the naked eyes. Upon the addition
f Cys, the solution mixture displayed strong fluorescence under a
ortable UV spectroscope, in contrast to the other amino acids (Fig.
4).

It was interesting to observe that the color of the solution began
o change along with fluorescence enhancement during the addi-
ion of biothiol. The CuIIL solution originally had pale green color

ue to the presence of Cu(II) ion. It, however, quickly turned col-
rless after an excessive addition of biothiols, which implied that

 conversion of Cu(II) to Cu(I) had occurred in the solution mix-
ure. Since no precipitate of copper was observed, the only possible
tors B 237 (2016) 256–261 259

explanation could be the reduction of Cu(II) to Cu(I) ion by the
thiol group. The electrospray mass spectrometric analysis con-
firmed that two biothiol molecules were definitely coordinated
to one molecular probe, and copper was still located on the final
adduct after the binding (Fig. S5). Therefore, three molecules of
biothiols were expected to participate in the entire binding event
in which one biothiol reduced Cu(II) to Cu(I), while the other two
were coordinated to Cu(I).

The 1H NMR  spectra strongly supports the conversion of Cu(II)
to Cu(I) (Fig. S6). While CuIIL exhibited no proton signals in the 1H
NMR spectrum due to the paramagnetic Cu(II), the binding adduct
displayed definite proton signals owing to the formation of diamag-
netic Cu(I).

3.3. Reusability study as a thiol probe

The electrochemical study also supports the electrochemical
conversion of Cu(II) to Cu(I). In differential pulse voltammograms,
a solution mixture of 1 mM CuIIL and 5 mM biothiol revealed only
the characteristics of Cu(I)/Cu(II) oxidative transition at −0.15 V (vs.
Ag/AgCl), while CuIIL showed no oxidative peak (Fig. S7) [30,31].
Considering that the formal potential of thiol/disulfide conversion
is E0 ∼ −0.25 V (vs. NHE) [32–35], one can expect that the Cu(II)
ion in CuIIL could be readily reduced to Cu(I) ion by the thiol
group. That is, Cu(II) can also be regenerated from Cu(I) by electro-
chemical oxidation. We  carried out bulk electrolysis on the mixed
solution of CuIIL and excessive N-acetylcysteine (NAC), which is a
cell-permeable model compound of biothiols, in order to re-oxidize
Cu(I) of the binding adduct. After bulk electrolysis under −0.15 V,
the absorption band around 648 nm,  which presumably comes
from the Cu(II) ion, began to recover up to ∼60%, and the emission
revived with relatively poor recovery at 450 nm (Fig. S8). As shown
in Fig. 3a, upon successive application of biothiols and oxidative
potential, the fluorescence “off/on” cycle was partly repetitive over
several turn-overs, although the recovery of the emission intensity
significantly decreases over time. The absorption at 648 nm was
mainly derived from Cu(II) ion, while the fluorescence came from
the coumarin unit. We  think that the relatively poor recovery of flu-
orescence emission, compared to that of absorption, could be due
to electrochemical instability of the binding complex. Currently,
efforts are underway to obtain a better condition for electrochem-
ical reproducibility.

Compared to the application of the oxidative potential, CuIIL
exhibited regenerative fluorescence ‘off/on’ upon the successive
addition of NEM and NAC (Figs. 3b and c). NEM is known both as
a good thiol scavenger via Michael addition and as an oxidizing
agent in biological and non-biological processes. Therefore, NEM
is expected to expel biothiols from CuIL, the binding adduct while
simultaneously re-oxidizing Cu(I) in CuIL. As expected, the fluo-
rescence of CuIIL significantly increased upon the addition of 10
equiv. NAC, but the subsequent addition of 10 equiv. NEM quenched
the fluorescence completely. Unlike bulk electrolysis, these fluores-
cence ‘off/on’ cycles were repeatedly observed for more than three
turn-overs. Although the initial fluorescence recovery was ∼60%,
no significant decrease was  observed for later cycles. The 60% emis-
sion intensity recovery rate was  almost same as that of absorption,
which indicates that the transformation between Cu(II) and Cu(I)
was the major factor for fluorescent sensing of biothiols. Further-
more, we checked changes in the absorption intensities of 100 �M
CuIIL (probe 1) solution (10 mM HEPES, pH 7.4) upon the succes-
sive addition of NAC and NEM (Fig. S9). The absorption intensities

at 648 nm indicate regenerative sensing ability of probe 1. There-
fore, we  assume that the Cu(II) ion was reduced to the Cu(I) ion by a
biothiol, and two  biothiols were additionally coordinated to Cu(I),
resulting in the enhanced fluorescence emission (Scheme 1).
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ig. 4. Fluorescence microscopic images of HeLa cells incubated with 10 �M probe
cid  (LA) for 48 h, (d) pretreated with 250 �M LA for 48 h and with 1 mM NEM for 2

.4. Cell study

CuIIL was further applied for cellular imaging of GSH, the most
bundant cellular biothiol (Fig. 4) [36,37]. For the detection of cel-
ular GSH levels, HeLa cells were treated with 10 �M CuIIL for
.5 h and washed 3 times with PBS. The images of the cells were
btained using fluorescence microscopy. When the cells incubated
ith CuIIL were treated with 250 �M lipoic acid for 48 h to boost the

ellular GSH level [38,39], the fluorescence intensity significantly
ncreased compared to the control. In contrast, the fluorescence
ntensity decreased upon treatment with 1 mM NEM, a scavenger
f GSH [40], for 30 min  due to partial sequestering of GSH.

. Conclusion

In conclusion, we demonstrated a new form of fluorescent
robe for biothiols. The synthetic probe, CuIIL, exhibited a selec-
ive and significant fluorescence turn-on response toward biothiols
ver other natural amino acids in aqueous buffer (pH 7.4). This
as attributable to the reduction of Cu(II) ion of CuIIL to Cu(I) in

he binding complex. Interestingly, the redox-based mechanism
resents the possibility for regenerative sensing of biothiols [41,42]

n which the fluorescence emission could be recovered repeat-
dly by not only addition of NEM, the thiol scavenger, but also
pplication of the oxidative potential. Additionally, CuIIL was  used
uccessfully for the fluorescence imaging of the cellular GSH.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.06.089.
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