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ABSTRACT: A coumarin-derived complex, Hg,L,, was re-
ported as a highly sensitive and selective probe for the detection

of mercapto biomolecules in aqueous solution. The addition of

Cys to a 99% aqueous solution of Hg,L, resulted in rapid and
remarkable fluorescence OFF—ON (emission at 525 nm) due
to the ligand-exchange reaction of Cys with L coordinated to
Hg*". The increased fluorescence can be completely quenched
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by Hg** and recovered again by the subsequent addition of Cys. Such a fluorescence OFF—ON circle can be repeated at least 10
times by the alterative addition of Cys and Hg2+ to the solution of Hg,L,, indicating that it can be used as a convertible and reversible
probe for the detection of Cys. The interconversion of Hg,L, and L via the decomplexation/complexation by the modulation of
Cys/Hg"" was definitely verified from their crystal structures. Other competitive amino acids without a thiol group cannot induce
any fluorescence changes, implying that Hg,L, can selectively determine mercapto biomolecules. Using confocal fluorescence
imaging, L/Hg,L, as a pair of reversible probes can be further applied to track and monitor the self-detoxification process of Hg**

ions in SYSS cells.

1. INTRODUCTION

Mercapto biomolecules, such as cysteine (Cys), homocysteine
(Hcy), and glutathione (GSH), play a crucial role in maintaining
biological systems.' > Cys deficiency is involved in many syn-
dromes includinﬁ neurotoxicity, edema, liver damage, and hair
depigmentation.” An elevated level of Hcy in plasma is a risk
factor for neural tube defects, osteoporosis, and Alzheimer’s and
cardiovascular diseases.” GSH, as the most abundant intracellular
nonprotein thiol, plays a pivotal role in maintaining the reductive
environment in cells and acts as the redox regulator.” Because
of its important role in biological systems, much attention has
been paid to the detection of mercapto biomolecules. Many
analytical techniques, including UV—vis detection assays, mass
spectrometry (MS),* gas chromatography,” high-performance
liquid chromatography,® and electrochemical methods,” have
been available techniques, fluorescent probes have been widely
used to sense mercapto biomolecules because of their simplicity,
high selectivity, and sensitivity. Currently, a number of thiol-
reactive fluorescent probes have been reported.8 However,
most of these probes are generally irreversible and thus remain
in living cells, which will cause some negative impacts on cells,
such as restricting further intracellular imaging of the desired
analytes, preventing an understanding of the detailed interac-
tion process in cells, and imparting possible damage to cells.”
This requires a reversible fluorescent probe that can control
the toxic/detox process to avoid toxic cellular uptake. As a result,
it is highly desirable to develop reversible fluorescent probes
for the sensitive and selective determination of mercapto
biomolecules.

v ACS Publications ©2011 American chemical Society

Fluorescein/rhodamine-based fluorescent probes have been
receiving considerable attention because of their self-modulation
of OFF—ON fluorescence, good water solubility, and longer
emission wavelength (over 500 nm)." In view of their attractive
advantages, there is still a high demand to develop new fluoro-
phores with such properties. As we notice, coumarin derivatives
as important fluorescent dyes are commonly considered to give
rise to strong emission only in organic solvents."" In aqueous
solution, the emission quantum yield is drastically decreased as a
result of solvation. In addition, the poor solubility and relatively
shorter emission wavelength (often below S00 nm) of conven-
tional coumarin dyes also restrict their practical applications,
especially in biological systems.' In this work, we developed a
new coumarin-based imine, L, bearing an aminothiourea unit
with an extensively green emission (Figure 1). Compared with
conventional coumarin dyes, both 7-diethylamino and imine
units in L extended the conjugation structure of the fluorophore.
The aminothiourea unit was incorporated into L to increase its
water compatibility and emitting ability in the hydrophilic
environment. As expected, L gives rise to an extensive emission
at 525 nm in aqueous solution with a quantum yield of 0.50. The
emission can be completely quenched (over 98%) by 1 equiv of
Hg*" and recovered again (over 95%) with the addition of Cys.
Both L and its complex with Hg>" exhibit good stabilities under a
wide pH span from 6 to 10, covering physiological conditions.
These properties of L including high water solubility, longer
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Figure 1. Synthetic pathway of ligand L and complex Hg,L,.

Hg,L,

emission wavelength (525 nm), and fluorescence OFF—ON to
the guests are comparable with those of fluorescein/rhodamine-
based fluorescent probes."

With excellent properties of L in hand, herein, we further
developed the complex [Hg,L,]*"Cl, ™ (abbreviated as Hg,L, in
the text, vide infra) as a convertible fluorescent probe, which
exhibited high sensitivity and selectivity to mercapto biomole-
cules via a reversible decomplexation (Figure 1). Interconversion
of Hg,L, and L can repeatedly occur and is thus applied for the
reversible fluorescent determination of mercapto biomolecules,
such as Cys, Hcy, and GSH. Confocal fluorescence imaging
reveals that L/Hg,L, can be applied to monitor the intracellular
self-detoxification of foreign Hg>" ions in SYSS cells.

2. EXPERIMENTAL SECTION

Instruments. 'H and "*C NMR spectra were recorded on an Advance
Bruker instrument (400 MHz). UV—vis absorption and fluorescence
spectra were recorded on a Hitachi U-3010 spectrometer and a Hitachi
F-4500 fluorescence spectrometer, respectively. X-ray analysis was measured
on a Rigaku R-Axis Rapid IP diffractometer. Mass spectra were recorded on
a Finigan 4021C MS-spectrometer. High-resolution MS (HRMS) was
recorded on a Bruker Daltonics Inc. APEX II FT-ICR mass spectrometer.
Elemental analysis was measured on a FLASH EA1112 instrument.

Synthesis. 7-(N,N-Diethylamino)coumarin and 7-(N,N-diethyla-
mino)coumarin-3-aldehyde were synthesized according to published
procedures."

(E)-2-[[7-(Diethylamino)-2-oxo-2H-chromen-3-ylJmethylene]hydra-
zinecarbothioamide (Ligand L). To 7-(N,N-diethylamino)coumarin-3-
aldehyde (250 mg, 1 mmol) dissolved in 20 mL of ethanol was added
dropwise thiosemicarbazone (140 mg, 1.25 mmol) in 10 mL of ethanol.
After the reaction refluxed for S h, orange crystals precipitated out. The
needle crystals were collected and washed with ethanol (259 mg, yield
75%). "H NMR (400 MHz, DMSO-ds, 0): 11.53 (s, 1H, NH), 8.65
(s, 1H, CH=N), 8.24 (s, 1H, ArH), 8.06 (s, 1H, NH), 8.01 (s, 1H, NH),
742 (d,J=8.8 Hz, 1H,ArH), 6.78 (d, ] = 7.2 Hz, 1H, ArH), 6.57 (d, ] = 6.8
Hz, 1H, ArH), 3.48 (t,] = 6.8 Hz, 4H, CH,), 1.15 (t, ] = 6.8 Hz, 6H, CH,).
13C NMR (100 MHz, DMSO-ds, 8): 177.6, 160.7, 156.4, 1512, 138.9,
136.5, 130.3, 112.7, 109.8, 108.2, 96.5, 44.3, 12.4. ESLMS ([L + H]",
m/z): 319.1 (caled 319.1). ESI-HRMS ([L + H]*, m/z): 319.1219 (calcd
319.1223). Anal. Caled for CysH,gN,0,S: C, 56.58; H, 5.70; N, 17.60.
Found: C, 56.58; H, 5.71; N, 17.72.

Mercury Complex HgalLy. To a solution of L (320 mg, 1 mmol)
dissolved in S mL of N,N-dimethylformamide (DMF)/EtOH (1:1,v/v)
was added dropwise within 20 min 10 mL of HgCl, (400 mg, 1.5 mmol)
in ethanol. An orange solid immediately precipitated out. After the

solution was kept at 50 °C for another 10 h, the crude product was
collected and washed with a small amount of ethanol (504 mg, yield
70%). "H NMR (400 MHz, DMSO-dq, 0): 12.55 (s, 1H, NH), 9.31 (s,
1H, NH), 9.12 (s, 1H, NH), 8.65 (s, 1H, CH=N), 8.22 (s, 1H, ArH),
741 (d, J=8.9 Hz, 1H, ArH), 6.80 (d, ] = 7.6 Hz, 1H, ArH), 6.58 (d,] =
8.0 Hz, 1H, ArH), 3.48 (t,] = 6.8 Hz, 4H, CH,), 1.15 (t, ] = 6.8 Hz, 6H,
CH,). '*C NMR (100 MHz, DMSO-dg, 6): 166.5, 160.6, 157.1, 152.1,
1447, 1409, 131.0, 110.7, 110.3, 108.0, 96.6, 44.5, 12.5. ESLMS
([Hg,L, + H], m/z): 1182.7 (caled 1180.9). Anal. Calcd for
Ci0H36CLHE,N50,S,: C, 30.54; H, 3.08; N, 9.50. Found: C, 30.45;
H, 3.10; N, 9.54.

Crystal Structure. Crystal data and details of the data collection are
provided in Table 1. Diffraction data for L and Hg,L, were collected on a
Bruker SMART D8 goniometer with an APEX CCD detector, using Mo
Ka radiation A = 0.710 73 A (graphite monochromator). The structures
were solved by direct methods (SHELXTL) and refined on F* by full-
matrix least-squares techniques.'* Hydrogen atoms were included by
using a riding model. CCDC 783478 (L) and CCDC 783479 (Hg,L,)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Spectral Measurement. L (319 mg, 1 mmol) and Hg,L, (590 mg,
0.5 mmol) were dissolved in 1 mL of dimethyl sulfoxide (DMSO) or
DMF and then diluted in a buffer solution (10 mM Tris-HCL, pH=7.6) to
10 1M as the stock solution. The stock solutions of Cys, Hey, GSH, and
other competitive amino acids (1 mM) were prepared in a Tris buffer
(10 mM Tris-HCI, pH = 7.6). These solutions were all kept at about 4 °C
for further determination.

Fluorescence quantum yields were determined by comparing the
emission integral area of the sample with that of a fluorescence standard
by the following equation:

AU ﬂU2
Oy =P — || —
o= on(32) (25)

where Ay and Ag are the integrated areas under the corrected fluores-
cence spectrum for the sample and reference, respectively, ny and ny are
the refractive indices of the sample and reference, respectively. The
fluorescence quantum yield of the standard compound of fluorescein in
0.1 N NaOH aqueous solutions is 0.85."

Cell Culture. HEK293 and SYSS cell lines were prepared from a
continuous culture in MEM, mixed with 10% (v/v) fetal bovine serum
and 1% penicillin/streptomycin, at 37 °C in 5% CO, humidified air.
Following cell adhesion (24 h), the cell culture medium was removed.
After the cell was digested with trypsin, 1.0 mL of the cell suspension was
transferred and incubated in cell walls of the microplate at 37 °C in 5%
CO, humidified air for 24 h. The cell layer was washed twice with
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Table 1. Crystal Data and Structure Refinement for Ligand L and Complex Hg,L,

compound

empirical formula
fw

temperature (K)
wavelength (A)
cryst syst

space group

unit cell dimens

volume (A%)

Z, caled density (Mg/m?)
abs coeff (mm ")

F(000)

0 range (deg)

limiting indices

reflns collected/unique
completeness to theta
abs corrn

max and min transmn
refinement method
data/restraints/param
GOF on F*

final R indices [I > 20(I)]
Rindices (all data)
largest diff peak/hole

L

Ci9H30N40,4S;

474.65

296(2)

0.710 69

triclinic

P1

a=7.1206(14) A, o = 107.73(3)°,
b=12.751(3) A, 8 =99.35(3)°,
c=14.523(3) A,
y =99.80(3)°

1204.9(4)

2, 1.308

0.339

504

2.65—25.00

—8<h<8 -15<k<15-17<1<17

7847/4244 [R(int) = 0.0291]

25.00 (99.9%)

semiempirical from equivalents

0.9605 and 0.8906

full-matrix least squares on F>

4244/70/301

1.108

R1 =0.0614, wR2 = 0.1238

R1 =0.0912, wR2 = 0.1338

0.304/—0.186

(e/A%)

ngLz

C30HasClLHEN0,4S,

1179.79

296(2)

0.71073

triclinic

P1

a=282194(16) A, o = 97.93(3)°, b = 9.3156(19) A,
B =10524(3)°, c = 13.358(3) A, y = 94.29(3)°,
970.8(3) A®

970.8(3)

1,2.018

8.326

564

2.22-27.48
—10<h=<10,-12<k<12 -17<1<17
8055/4440 [R(int) = 0.0593]
27.48 (99.6%)

semiempirical from equivalents
0.7883 and 0.2121

full-matrix least squares on F*
4440/0/226

0.989

R1 =0.0624, wR2 = 0.1529
R1 = 0.0905, wR2 = 0.1656
1.236/—1.498

phosphate-buffered saline (PBS), and then 1.0 mL of PBS was added in
each well for fluorescence imaging.

Confocal Imaging. HEK293 and SYSS$ cells were incubated with
ligand L or complex Hg,L, (10 #M) for several minutes at room
temperature. After the cell layer was carefully washed twice with PBS, the
fluorescence emission was imaged using a Nikon confocal microscope.
The excitation wavelength of the laser was 408 nm, and the emission was
recorded at 515 nm. The same procedures were repeated when SYSS
cells were continuously treated with 100—300 uM HgCl, or Cys. EZ-CI1
3.20 free viewer was used as a platform for data analysis.

3. RESULTS AND DISCUSSION

Synthesis and Crystal Structure. Ligand L is a coumarin-
based Schiff base synthesized from condensation of 7-(N, N-
diethylamino ) coumarin-3-aldehyde and aminothiourea (Figure 1).
Complex Hg,L, was obtained from the coordination reaction of
ligand L and HgCl, in an ethanol/DMF solvent mixture. X-ray
block crystals were grown from the vapor diffusion of ether into
an ethanol/DMF solution (10% DMF). ORTEP diagrams of L
and Hg,L, are depicted in Figure 2, and the crystallographic data
and selected geometric parameters are also given in Tables 1 and
2. L exists as an S-trans-type Schiff base chain with a thiocarbonyl
group extended out of the coumarin ring (Figure 2a). From the
dihedral angles of L, all atoms of aminothiourea in L were located
almost in the same plane. It is also found that the dihedral angle
between the coumarin-ring and aminothiourea planes is 179.9°,
indicating that the whole molecule in L except for the

diethylamino group has an excellent coplanar configuration.
Thus, its emission ability is extensively increased. However,
when bound with Hg**, L and Hg*" can form a 2 + 2 complex
with a chlorine-bridged structure. From Figure 2b, Hg,L, is a
dimer structure in which ligand L serves as a monodentate to
form Hg—S bonding. The coordination of Hg>* is completed by
a sulfur atom, a terminated chlorine atom, and two bridging
chlorine atoms. Two mercury atoms and two chlorine atoms
form a parallelogram configuration, and two Hg—S bonds are
almost vertical to this parallelogram (the dihedral angels are
99.3° and 105.2°, respectively). The distance of two mercury
atoms is 3.773(13) A, and the bond length of Hg—S is 2.411(3) A.
In addition, some slight conformational changes of ligand L are
observed when bound with Hg2+ (Table 2), indicating that the
bound L still keeps a similar coplanar structure. As a result,
complex Hg,L, is composed of three paralleling planes (two L
planes and a Hg—Cl—Hg—ClI plane), and the distance of each
plane is 2.411(3) A. Three planes are linked by two Hg—S bonds,
which are vertical to these planes. The formed structure can be
explained by the soft and hard acids and bases.'® According to the
Irving—Williams rule, the sulfur and chlorine atoms belong to the
soft base, while the oxygen and nitrogen atoms in L are the hard
base. Thus, Hg2+, as a soft acid, can be superior to bind with sulfur
and chlorine atoms to form a more stable dimer structure in
Figure 2b.

Absorption and Fluorescence Behaviors. Generally, imine-
derived molecules are difficult to directly design as probes
because of their instability upon irradiation and/or in acidic/
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Figure 2. ORTEP diagrams of (a) ligand L and (b) complex Hg,L, with displacement atomic ellipsoids drawn at the 30% probability level. Hydrogen

atoms are omitted for clarity.

Table 2. Selected Interatomic Distances [A] and Bond Angles [deg]

L Hg,L,
Hgl—Cl1 2.385(3)
Hgl—S1 2.411(3)
Hgl—CI2 2.562(3)
Hgl—Cl2#1 2.843(3)
Hgl—Hgl#1 3.773(13)
Cl2—Hgl#1 2.843(3)
S1—-C1S§ 1.691(3) 1.731(9)
01-C13 1.376(3) 1.364(11)
01-C7 1.383(3) 1.381(11)
02—-C13 1.198(3) 1.233(12)
N2—-Cl14 1.271(4) 1.275(13)
N2—N3 1.370(3) 1.392(11)
N3-Cl1S 1.342(4) 1.310(12)
N4—C15 1.320(4) 1.295(11)
Cl1-CI2 1.366(4) 1.350(13)
C12—-Cl14 1.446(4) 1.443(13)
C12—-C13 1.455(4) 1.458(13)
Cl1—Hgl—CI2 112.80(9)
S1—Hgl—CI2 104.80(9)
Cl1—Hgl—Cl2#1 95.50(10)
S1—Hgl—Cl2# 98.53(10)

L Hg,L,
Cl2—Hgl—Cl2#1 91.62(8)
Cl1—Hgl—Hgl#1 109.59(9)
S1—Hgl—Hgl#1 106.57(8)
Cl2—Hgl—Hgl#1 48.88(7)
Cl2#1—Hgl—Hgl#1 42.75(5)
Hgl—Cl2—Hgl#1 88.38(8)
C13—-01-C7 122.8(2) 122.7(8)
C14—N2—N3 116.3(2) 115.3(8)
C15—N3—N2 119.6(2) 118.6(8)
C6—Cs—Cl10 117.7(3) 118.0(9)
C7—C6—CS 121.5(3) 119.7(9)
Cl11-C12—Cl14 123.5(3) 124.9(9)
Cl11-C12—-C13 119.8(3) 119.4(9)
Cl14—-C12—C13 116.7(3) 115.7(8)
02—-C13-01 1162(3) 117.4(9)
02-C13-Cl12 126.7(3) 125.0(9)
01-C13—C12 117.1(3) 117.5(8)
N2—C14—C12 121.1(3) 121.2(8)
N4—C15—N3 117.8(3) 120.9(9)
N4—C15-S1 122.9(2) 118.6(7)
N3—C15-S1 119.4(2) 120.6(7)

basic solution. In a summary of previous literatures, most
unstable imine intermediates were reduced to the corresponding
amines for fluorescent sensing.17 In this work, we found that
coumarin-derived imine and its complex, L/Hg,L,, were stable
enough even within a wide pH range (6—10). Because of the
structural differences of L and Hg,L,, their photophysical
properties are thus remarkably varied (Table 3). Ligand L
displays a characteristic absorption band peaked at 452 nm (& =
53 x 10* M ' em™") in a 99% aqueous solution. Upon the
addition of Hg™", a distinct decrease in the absorbance at 452 nm
and three obvious isosbestic points at 333, 375, and 497 nm were
observed, as shown in Figure 3a. Corresponding to its absorption
spectra, L gave an intensive emission band at 525 nm and its
fluorescence was completely quenched (over 98%) immediately
upon the addition of 1 equiv of Hg** (Figure 3b). The quantum
yields of free ligand L and Hg**-bound forms were determined to
be 0.50 and 0.031, respectively.'> From Job’s plot (inset of
Figure 3b) and electrospray ionization (ESI; Figure S2 in the
Supporting Information) analyses, the stoichiometric ratio of L
with Hg”" appeared to be 2:2, which was consistent with its
crystal structure.

6546

Table 3. Photophysical Properties of L and Hg,L, in DMSO/
H,O0 (1:99, v/v)

absorption  emission € Stokes shift quantum
compound  Apey (hm)  Apee (hm) (M 'em™')  (nm)  yield (D)
L 452 525 53x10* 73 0.50
Hg,L, 450 521 3.0 x 10* 71 0.031

It is generally believed that, in most fluorescent molecules, the
introduction of an extended conjugation structure to the rigid
aryl ring will result in a red shift of the emission wavelength, as
well as a drastic decrease of the fluorescent quantum yield
because of its weaker coplanar effect.'® However, in our sensor
L, the extended conjugation structure (aminothiourea group)
well sites the same plane with the coumarin ring (Figure 2a).
Thus, both the emission wavelength and quantum yield of L are
obviouslgr increased. The fluorescence quenching of L bound
with Hg”" may arise from the heavy-metal effect. In addition, the
decreased coplanar effect of Hg,L, will also lead to fluorescence
quenching.

dx.doi.org/10.1021/ic200181p |Inorg. Chem. 2011, 50, 6543-6551
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Figure 3. (a) UV—vis absorption titration spectra of L (10 uM) in DMSO/H,O (1:99, v/v) upon the addition of Hg>" (1,2, 3,4, 5, 6,8, 10,12, 15, and
20 uM, respectively). (b) Fluorescence titration spectra of L (10 #M) in DMSO/H,O (1:99, v/v) upon the addition of Hg2+ (0,1,2,3,4,5,6,7,8,and
10 uM, respectively). Excitation wavelength: 450 nm. Inset: Job’s plot analysis of L with Hg**.
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Figure 4. (a) Absorption spectra of Hg,L, (5 M) in DMSO/H,0 (1:99, v/v) upon the gradual addition of Cys (0, S, 10, 15, 20, 25, 30, 35, 40, 45, and
50 uM, respectively). (b) Fluorescence spectra of Hg, L, (S #M) in DMSO/H, 0 (1:99,v/v) upon the gradual addition of Cys (0, 1, 2.5, 5, 7.5, 10, 15, 20,
25, and 30 uM, respectively). Excitation wavelength: 450 nm. Inset: Fluorescence intensity of Hg,L, (S #M) at 520 nm versus the concentration of

Cys added.

The addition of mercapto biomolecules such as Cys, Hcy, or
GSH to the aqueous solution of Hg,L, resulted in obvious
spectral changes. UV —vis absorption and fluorescence spectra of
Hg,L, in aqueous solution gradually returned to those charac-
teristic of free L when titrated with Cys (Figure 4). An obvious
fluorescence increase (about 30-fold) was observed, and the
fluorescence quantum yield could be revived to 0.49, indicating
that Hg,L, could be applied as a fluorescent OFF—ON probe
for Cys in aqueous solution. The absorption and fluorescence
spectra of L/Hg,L, clearly illustrate that the addition of Cys
results in a complete release of L from Hg,L,, and the fluores-
cence is thus recovered, which is also confirmed from the crystal
structures.

Interestin§ly, the alternate addition of a constant amount of
Cys and Hg"" to the aqueous solution of Hg,L, gives rise to a
switchable change in the fluorescence intensity at 525 nm.
Such a reversible interconversion of Hg,L,/L can be repeated
more than 10 times by the modulation of Cys/Hg** added,
indicating that Hg,L, can be developed as a reversible fluores-
cence OFF—ON probe for Cys. Their corresponding fluores-
cence and visual color changes were also shown in Figure S.
Reversible interconversions between Hg,L, and L upon mod-
ulation of Cys/Hg”" are illustrated in Figure 6.
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Figure S. Fluorescent intensity of Hg,L, (S uM) in DMSO/H,0
(1:99, v/v, 10 mM Tris-HCL, pH = 7.4) upon the alternate addition of
Cys/HgCl, with several concentrations (0:0, 10:0, 10:15, 20:15, 20:30,
40:30, 40:60, 60:60, 60:90, and 100:90 uM, respectively). Excitation at
420 nm. Inset: Their corresponding fluorescence profiles.

"H NMR and ESI-MS Studies. The conversion of Hg,L,/L
was also verified from "H NMR titration spectra (Figure S1 in the
Supporting Information). The proton chemical shifts of the
coumarin ring in L were distinctly shifted downfield upon the

dx.doi.org/10.1021/ic200181p |Inorg. Chem. 2011, 50, 6543-6551
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Figure 7. Fluorescent intensity of Hg,L, (S #M) at 525 nm in DMSO/H,O0 (1:99, v/v) (a) with the addition of Cys, Hcy, and GSH (10 #M each) and
(b) with the addition of (1) none, (2) 10 uM Cys, (3) other amino acids including glycine, alanine, valine, leucine, isoleucine, methionine, proline,
tyrosine, lysine, histidine, serine, and tryptophan (each 10 #M), and (4) 10 uM Cys in the presence of other amino acids.

addition of 2 equiv of HgCl, and returned to the original values
with the subsequent addition of 2.5 equiv of Cys. This reversible
interaction was further evidenced by ESI-MS detection of a
mixed solution. The peak at m/z 1182.7 corresponding to
[Hg,L, + H]" (caled m/z 1180.9) was found after 1 equiv of
HgCl, was added to the aqueous solution of L (Figure S2 in the
Supporting Information), and the peak at /2 443.0 corresponding
to [2Cys + ngJ'—H]+ (caled m/z 442.9) was observed upon the
addition of 2 equiv of Cys (Figure S3 in the Supporting
Information). Thus, "H NMR and ESI-MS results firmly support
the conclusion that the interconversion of Hg,L,/L can be
modulated by the decomplexation/complexation interaction
upon the addition of Cys/Hg>".

Quantitative Determination of Cys. Both L and Hg,L, exhibit
excellent water solubility and biocompatibility, as well as good
stability under a wide pH span from 6 to 10 covering physiological
conditions (Figure S4 in the Supporting Information). These
features of L and Hg,L, facilitate their practical applications for
the determination of Cys. Hg,L, displays a high sensitivity to Cys
(the reaction can be completed within several seconds), which can
be used to create a calibration curve for a quick quantitative
measurement of Cys. Therefore, Cys was added at different
concentrations from 0 to 30 uM, and the fluorescence intensity
of Hg,L, (5.0 uM) at 525 nm was recorded to generate a
calibration curve. A good linearity (R = 0.995) was found between
the fluorescence intensity of the solution and the Cys concentra-
tion (inset of Figure 4b). This linear fitting analysis reveals that
Hg,L, is suitable for determining Cys from 0.5 to 30 #uM. When
constant amounts of Cys (10 uM) and HgCl, (10 uM) were
alternatively added to an aqueous solution of Hg,L,, the fluores-
cence intensity at 525 nm varied with alternating increases and
decreases to over 95%. Such reversible interconversions between

Figure 8. Confocal images of HEK 293 cell lines. Upper panel: (a)
Bright-field image; (b) fluorescence imaging after incubation with L
[10 uM, H,O/DMEF (7:3,v/v), SO mM Tris-HCl, pH = 7.4] for 15 min;
(c) overlay of the bright-field and fluorescent images. Lower panel:
Fluorescence imaging of (d) HEK 293 cells after incubation with L
(10 uM), (e) HEK 293 cells in part d after treatment with HgCl,
(100 M) for 12 min, and (f) HEK 293 cells in part e after incubation
with Cys (200 M) for 12 min.

Hg,L, and L can be repeated in at least five cycles by modulation
of the Cys and Hg”" added. Their corresponding fluorescence
changes are also given in Figure S.

High Selectivity to Mercapto Biomolecules. With the excep-
tion of Cys, other mercapto biomolecules such as Hecy and GSH
also induced similar variations in the absorption and fluorescence
spectra of Hg,L,. Among these, Cys led to the largest fluorescence
increase, whereas Hey and GSH gave relatively smaller increases in
fluorescence (Figure 7a). For practical applications, an important
consideration is its selective detection in the presence of other
amino acids without thiol groups, such as glycine, alanine, valine,
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leucine, isoleucine, methionine, proline, tyrosine, lysine, histidine,
serine, and tryptophan. As shown in Figure 7b, the addition of
other competitive amino acids to the solution of Hg,L, did not
result in any notable fluorescent increases. However, when Cys
was added to the aqueous solution of Hg,L, containing other
competitive amino acids, an obvious increase in fluorescence was
observed. This result indicates that Hg,L, can detect Cys with a
high selectivity over other coexisting amino acids.

Cell Culture. The foreign uptake of mercapto biomolecules in
HEK293 cells (human embryotic kidney cell, without thiols) and
intracellular mercapto biomolecules in SYSS cells (human neu-
roblastoma SH cell) was examined using confocal fluorescence
imaging. As shown in Figure 8, HEK293 cell lines after incuba-
tion with L (10 #«M) for 15 min were conveniently imaged using a
confocal fluorescence microscope. The matched fluorescence
and bright-field images elicited the intracellular uptake of L by
HEK293 cells (Figure 8a—c). The HEK 293 cells incubated with
L (10 uM; Figure 8d) were treated with HgCl, (100 uM) for

Figure 9. Confocal images of SYSS cell lines. Bright-field image (a) and
fluorescence images after incubation with Hg,L, [10 uM, H,O/DMF
(7:3,v/v), S0 mM Tris-HCl, pH = 7.4] for 1 min (b), 3 min (c), 6 min
(d), 9 min (e), and 15 min (f).

12 min. Their fluorescence images became dim (Figure 8e),
implying that the intracellular uptake of Hg*" ions complexed
with L yielded nonfluorescent Hg,L,. Upon further incubation
of these cells with foreign uptake of Cys (200 M) for 12 min,
green fluorescence imaging was recovered (Figure 8f). The
recurrent imaging indicated that the uptake of Cys resulted in
the decomplexation of intracellular Hg,L, to fluorescent L.
Through reversible fluorescence imaging, intracellular intercon-
version of Hg,L,/L was explicitly illustrated. Therefore, the
ON—OFF—ON fluorescence imaging of L was accomplished
in HEK293 cell lines by the intracellular complexation/decom-
plexation interaction modulated by Hg**/Cys.

Intracellular thiol-enriched cells such as SYSS also induced
nonfluorescent Hg,L, to give distinct fluorescence imaging like
Cys did (Figure 9). After SYSS cell lines were incubated with
Hg,L, (10 uM) for 1 min, referring to its bright-field image
(Figure 9a), only a weak fluorescence emission was imaged in
certain loci of the cell (Figure 9b). After 6 min, the intensity of
imaged fluorescence emission increased and the area expanded
(Figure 9d). After 15 min, the bright emission from the whole cell
was imaged (Figure 9f). Likewise, the initially weak fluorescence
emission originated from the decomplexation of Hg,L, in the
thiol-enriched portion of the SYSS cells. As the incubation time
increased, the concentration of intracellular L increased and
subsequently the concentrated L diffused to the whole cell,
analogous to the uptake of free L in HEK293 cells. These results
indicate that intracellular fluorescent recurrence could also be
accomplished by thiol-enriched cells instead of foreign Cys,
which provides the possibility of exploring the self-detoxification
process of Hg*" ions in living cells.

On the basis of the result of confocal fluorescence imaging
above, a pair of sensors, L/Hg,L,, was further used to illustrate
the intracellular self-detoxification process by the toxic uptake of
ngJr ions (Figure 10). The SYSS cell lines incubated with Hg,L,
(10 uM) for 10 min were treated with HgCl, (10 #M; entry 1).
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Figure 10. Confocal fluorescence imaging in the SYSS cell lines incubated with Hg,L, [10 uM, H,O/DMF (7/3, v/v), S0 mM Tris-HCL, pH = 7.4]
upon the multistep addition of HgCl, (10 uM each) with regular time intervals (entries 1—10). Upper: In situ determination of their fluorescence
imaging (fluorescence changes of region 4 were recorded for comparison). Lower: Their corresponding changes in the fluorescence intensity with time.
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With increasing incubation time, the intracellular fluorescence
intensity was enhanced because the strongly fluorescent L
(released from Hg,L,) diffused to the whole cell (entry 2). With
continued treatment of the SYSS cell lines above with HgCl, (10
uM), their fluorescence images became dim quickly (entry 3).
Surprisingly, after about 2 min, the intracellular fluorescence was
revived to its original intensity again (entry 4). We repeated such
experiments to find that the intracellular fluorescent decreases
(entries 1, 3, S, 7, and 9) and increases (entries 2, 4, 6, 8, and 10)
could be recurrent at least 10 times. For illustration of an
alternate fluorescence variation, the in situ determination of their
corresponding fluorescence in vivo in the SYSS cell lines was
also shown in Figure 10. Obviously, the reversible intracellular
fluorescence revival upon the multistep addition of HgCl, was
relevant to the increase of the intracellular active mercapto
biomolecules. As we know from cell biology, upon intracellular
uptake of some toxic species such as Hg*" ions, the cells will start
the transduction and expression of antigene, and those detox
species are biosynthesized and secreted into the cells. SYSS, as
a kind of intracellular thiol-enriched cells, can always secrete
mercapto biomolecules for Hg”" complexation when the toxic
Hg’" ions are added repeatedly. These mercapto biomolecules
can form a stable complex with Hg>" ions and excrete out of the
cells via metabolism to complete a self-detoxification process.
Therefore, L/Hg,L, can be applied to track the intracellular self-
detoxification process, which will give a simple and convenient
method to study the cell toxicity. This also provides a new way of
communicating with living systems and adjusting and controlling
the chemical species inside cells that are critical for intracellular
engineering, manipulation, and the probe.'?

4. CONCLUSIONS

In summary, a coumarin-derived imine (L) was synthesized
and its complex, Hg,L,, was developed as a reversible fluorescent
probe for selective sensing of mercapto biomolecules such as
Cys, Hcy, and GSH. Hg,L, exhibited a series of advantages as
fluorescent probes including highly sensitive detection, fluores-
cence OFF—ON, reversible interconversion, good water solubi-
lity, high quantum yield of L (0.50), longer emission wavelength
(525 nm), and a wide pH span (6—10). The interconversion
of Hg,L, and L in aqueous solution via the decomplexation/
complexation was definitely verified from crystal structures
and ESI-MS, NMR, UV—vis, and fluorescence spectra. Confocal
fluorescence imaging in the SYSS cells reveals that L/Hg,L,
can be applied to monitor the intracellular self-detoxification
process to avoid toxic intracellular uptake. This will provide a
new strategy for the design of reversible fluorescent probes
to study the self-detoxification mechanism of heavy metals in
living cells.
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