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The first example of cyclometalated platinum(Il)-containing rhodamine probe (1) with two-photon
induced luminescent properties was synthesized and investigated for mercury detection. A highly selec-
tive color change of 1, from light yellow to pink, is observed only in the presence of Hg** due to the
formation of 1,3,4-oxadiazole ring in 2. This selectivity of Hg?* with color changes can be observed easily

by the naked-eye. Meanwhile, a remarkable turn-on and selective 20-fold fluorescent enhancement of
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1 upon binding with Hg?* over the other tested metal ions was observed. The water-soluble probe 1
was successfully applied in the visualizing of the site of Hg2* accumulation as well as estimating of trace
amounts of mercury ions in live HeLa cells by two-photon microscopy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, optical imaging with two-photon microscopy
(TPM) has become an important tool applied in the biological field
[1-7]. Excitation with two near-infrared (NIR) photons have several
advantages: (i) increased penetration depth (>500 mm) (ii) lower
tissue autofluorescence and self-absorption (iii) reduced photo-
damage and photobleaching, which ensure the long term imaging
[3,4]. Consequently, there has been increasing interest in the devel-
opment of two-photon probes that can detect biological event
inside the live cell and tissue without photo damage.

Mercury is a highly poisonous element, which damages DNA,
impairs mitosis, and disrupts the central nervous and endocrine
systems [8,9]. In this regard, many fluorescent probes for mercury
ions have been extensively explored [10-18]. Compared to tradi-
tional one-photon sensing, two-photon excited fluorescence (TPEF)
microscopy using two near-infrared photons for excitation offers
many advantages in the biology community [19].

Recently, platinum(Il) complexes system received considerable
attention in the property of nonlinear absorption and two-photon
induced luminescence [20-23]. Although some cyctometalated
platinum(II) complex showing two-photon imaging in live cells
have been reported for the potential advantages including the long
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resident lifetime in biology system, the high two-photon induced
luminescent intensity and the low cytotoxicity [24-26], the use of
organic-metal platinum(Il) complex in the field of TP probes studies
has been largely neglected.

In the design of the target molecule, the well-known spiro-
lactam ring-opening process of Rhodamine derivatives was
introduced to ensure a turn-on fluorescence increase with an
obvious color change from colorless to pink, thus enabling detec-
tion simply with the naked eye. The CNN-Pt(Il)-alkynyl moiety
will increase the nonlinear absorption property of this system,
which is expected to be helpful to estimate trace amounts
of mercury ions in live cells by two-photon microscopy. Even
though various rhodamine derivatives have been reported as
fluorescent chemosensors or chemodosimeters [10-18], studies
on the organic-metal rhodamine system are scarce [11]. And
no TP probe studies for this class of compounds have been
explored.

In this study, we report a new water-soluble CNN-Pt(II)-alkynyl
complex-containing rhodamine probe (1) for Hg2* detection
using the typically mercury-promoted desulfurization reaction and
spirolactam ring opening approach (Scheme 1) [14-18]. Among the
various metal ions, the chemosensor 1 displayed highly selective
color changes and fluorescent increase upon the addition of Hg2*.
As expected, CNN-Pt(Il)-alkynyl moiety served successfully as a
source of the two-photon absorption. As far as we are aware of,
1 is the first Hg2* sensor based on CNN-Pt(Il)-alkynyl complex-
containing rhodamine derivative that can detect Hg?* in live cells
by TPM.
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Scheme 1. The synthesis route of compound 1.

2. Experimental
2.1. Apparatus

NMR was recorded at OXFORD NMR (300 MHz, Oxford Instru-
ment, UK) and mass spectra were recorded at Matrix-assisted laser
desorption ionization mass spectrometer (MALDT-TOF, Applied
Biosystems Inc., USA). UV-vis absorption spectra were recorded
in S-3100 spectrophotometer (Scinco, Seoul, Korea). Fluorescence
spectra were recorded in RF-5301PC spectrophotometer (Shi-
madzu Scientific Instruments Inc. Tokyo, Japan). Two-photon
fluorescence microscopy images of 1-labeled cells and tissues
were obtained with spectral confocal and multiphoton microscopes
(Leica TCS SP2) with a x100 (NA =1.30 OIL) objective lens, respec-
tively.

2.2. Materials

All reagents and solvents for synthesis were commercial and
used without further purification. All the reactions have been per-
formed under high pure nitrogen or argon atmosphere. Synthesized
products have been purified by column chromatography on silica
gel (100-200 mesh). Compounds 6-phenyl-2,2’-bipyridine, CNN-
Pt-Cl (6) and Rodamine 6G hydrazide (4) were synthesized by an
improved method according to the literature [27,14]. Synthesis of
other compounds is described below (Scheme 1).

2.3. Synthesis of compound 1

Compound 5: 4-Ethynylbenzenamine (2.0g, 17.1 mmol) and
triethylamine (10 ml, 71.6 mmol) in 30 ml CHCl3 were placed in
a flask under an atmosphere of N,. A solution of thiophosgene
(3mL, 38.6 mmol) in 20ml CHCl3 was added dropwise at room
temperature for 1h. The mixture was heated under reflux for 2 h,
and then cooled to room temperature. The above mixture was
quenched by addition of 20mL cool water and extracted with
300mL (3 x 100 mL) CHCI3. The organic layers were washed with
H,0 (3 x 50mL), dried (Na;S0O4) and concentrated to dryness to
give a yellow residue. This was purified by chromatography on sil-
ica gel using a hexane/dichloromethane mixture (5:1) as eluent. A
pale yellow solid (5) was then obtained. Yield: 2.1 g (77%). TH NMR
(CDCl3,300MHz) § (ppm): 3.16 (s, 1H), 7.17 (d, 2H, J=8.7Hz), 7.46
(d, 2H, J=8.7 Hz).

Compound 3: CNN-Pt-Cl (2) (460 mg, 1 mmol), 1-ethynyl-4-
isothiocyanatobenzene (5) (480 mg, 3 mmol), Et3N (10 mL) and Cul
(25mg) in degassed CH,Cl, was stirred under a nitrogen atmo-
sphere at room temperature overnight. The reaction mixture was
then evaporated to dryness under reduced pressure. The crude

product was purified by chromatography on silica gel using a
hexane/dichloromethane mixture (2:1) as eluent. A dark red crys-
tal (3) was then obtained by further purified by recrystallization
from dichloromethane/diethyl ether. Yield: 430 mg (74%). 'H NMR
(d5-DMSO0, 300 MHz) 8 (ppm): 7.06 (t, 1H, J=7.3Hz), 7.12 (t, 1H,
J=7.3Hz),7.35(d, 2H,J=8.6 Hz), 7.42 (d, 2H,J=8.6 Hz), 7.64 (d, 1H,
J=7.3Hz),7.71(d, 1H,J=7.3Hz), 7.85 (t, 1H, J=6.0Hz), 8.01 (d, 1H,
J=79Hz),8.13 (t, 1H,J=7.9Hz), 8.23 (d, 1H, J=7.9Hz), 8.34 (t, 1H,
J=8.0Hz), 8.51 (d, 1H, J=8.0Hz), 9.02 (d, 1H, J=6.0Hz). MS (FAB):
m/z=585.1 [M+H]*, calc. for C;5sH;5N3PtS=584.06.

Compound 1: Et3N (1 mL) was added to a solution of Rodamine
6G hydrazide (4) (86 mg, 0.20mmol) and CNN-Pt=Ph-NCS (3)
(116 mg, 0.20 mmol) in 20 mL DMF/CH3CN (v/v=1/1). The reaction
mixture was stirred at 90°C for 24 h. After the solvent was evapo-
rated underreduced pressure, 20 ml water was added and extracted
with 120 mL (3 x 40 ml) CHCI3. The organic layers were washed
with H,0 (3 x 20mL), dried (Na,;SOg4) and concentrated to dryness
to give a red residue. This was purified by chromatography on sil-
ica gel using a dichloromethane/ EtOAc mixture (5:1) as eluent. A
purple solid (1) was then obtained. Yield: 30 mg (15%). The struc-
ture of 1 was confirmed by 'H NMR, 13C NMR, and MS analysis. 'H
NMR (CDCl3, 300 MHz) § (ppm): 1.33 (t, 6H, J=7.1 Hz); 1.86 (s, 6H),
3.18-3.23 (m, 4H), 3.58 (broad, 2H), 6.26 (s, 2H), 6.40 (s, 2H), 6.88
(s,1H),6.94(d, 2H,J=8.5Hz),6.98-7.03 (m, 1H), 7.08-7.14 (m, 1H),
7.24(s,1H),7.32(d, 2H,J=8.5Hz), 740 (t, 2H,J=6.0 Hz), 7.48 (d, 1H,
J=7.7Hz),7.54(s, 1H), 7.60-7.69 (m, 3H), 7.75-7.88 (m, 4H), 8.06 (d,
1H,J=6.7 Hz), 8.95 (d, 1H,J = 5.3 Hz). 13C NMR (75 MHz, d5-DMS0) §
(ppm): 14.7,17.5,37.9,95.9,104.3,105.4,118.6,119.7,119.8,123 .4,
124.1, 124.6, 125.5, 125.9, 128.9, 129.1, 129.5, 130.8, 131.0, 131.1,
134.1, 136.1, 138.1, 140.6, 142.9, 147.6, 148.1, 148.2, 151.3, 151.9,
152.1, 154.8, 158.0, 164.6. MS (FAB): m/z=1013.31 [M+H]*, calc.
for C51H43N70,PtS=1012.2847; m/z=1438.36 [M + CNN-Pt]*, calc.
for Cg7Hs54NgO,Pt,S=1438.34.

2.4. Measurement of two-photon cross section

The two-photon cross section (§) was determined by using
femto second (fs) fluorescence measurement technique as
described [28]. Upon addition of Hg2* to 1 dissolved in 20 mM
HEPES buffer (pH 7.0) at concentrations of 5.0 x 10-6 M and then
the two-photon induced fluorescence intensity was measured at
740-940nm by using fluorescein (8.0 x 10~>M, pH 11) as the
reference, whose two-photon property has been well character-
ized in the literature [29]. The intensities of the two-photon
induced fluorescence spectra of the reference and sample emit-
ted at the same excitation wavelength were determined. The two
photon absorption (TPA) cross section was calculated by using
8=0r(Ss@rprcr)[(Sr Pspscs ): where the subscripts s and r stand for
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the sample and reference molecules. The intensity of the signal col-
lected by a CCD detector was denoted as S. @ is the fluorescence
quantum yield. ¢ is the overall fluorescence collection efficiency of
the experimental apparatus. The number density of the molecules
in solution was denoted as c. §; is the TPA cross section of the
reference molecule.

2.5. Cell culture and imaging

HeLa human cervical carcinoma cells (ATCC, Manassas, VA, USA)
were cultured in DMEM (WelGene Inc, Seoul, Korea) supplemented
with 10% FBS (WelGene), penicillin (100 units/ml), and strepto-
mycin (100 ug/ml). All the cells were maintained in a humidified
atmosphere of 5/95 (v/v) of CO,/air at 37 °C. Two days before imag-
ing, the cells were passed and plated on glass-bottomed dishes
(MatTek). For labeling, the growth medium was removed and
replaced with DMEM without FBS. The cells were incubated with
2 nM 1 for 20 minat 37 °Cand were washed three times with DMEM
without FBS. Then 20 M HgCl, was added to the cells and imaged.

2.6. Two-photon fluorescence microscopy

Two-photon fluorescence microscopy images of probe-labeled
cells were obtained with spectral confocal and multiphoton
microscopes (Leica TCS SP2) with a 100 (NA=1.30 OIL) objec-
tive lens. The two-photon fluorescence microscopy images were
obtained with a DM IRE2 Microscope (Leica) by exciting the probes
with a mode-locked titanium-sapphire laser source (Coherent
Chameleon, 90 MHz, 200fs) set at wavelength 780 nm and output
power 1230 mW, which corresponded to approximately 10 mW
average power in the focal plane. To obtain images at 480-640 nm
range, internal PMTs were used to collect the signals in an 8 bit
unsigned 1024 x 1024 pixels at 400 Hz scan speed.

3. Results and discussion
3.1. UV-vis titration studies

The absorption spectrum of 1 shows the typical
Pt(CNN)C=C-CgH4 moiety absorption bands in the region of
250-380nm which was responsible for its pale yellow color,
indicating that the rhodamine part exists as the spirolactam form.
Upon addition of increasing amounts of Hg2* ions to a solution
of 1 (1 x 10~> M) in spectroscopic grade CH3;CN and HEPES buffer
(20mM, pH 7.0, v/v 50/50), a new absorption band centered
at 535nm appeared with increasing intensity and reached its
maximum upon addition of 1 equivalent Hg2* ions, which induced
a clear color change from pale yellow to pink (Fig. 1).

3.2. Fluorescent studies

To further explore the utility of 1as anion-selective fluorescence
sensor for Hg2* ion, the fluorogenic behavior of 1 was investi-
gated under the same conditions. Upon addition of the Hg?* ions,
a significant increase of the fluorescence intensity (with 23-fold)
at 545nm was observed (Fig. 2). The fluorescence intensity of 1
solution was linearly proportional to the amount of Hg2* added
in wM level with detection limit of 4.87 x 10~7 M in CH3CN and
HEPES buffer. By plotting the changes in 1 in the emission intensity
at 545 nm as a function of Hg2* concentration, a sigmoidal curve
were obtained and is shown in the inset of Fig. 2. To corroborate
1:1ratio between 1and Hg2*, Job’s plot analyses were also executed
and confirmed the 1:1 stoichiometry (Fig. S1). Both UV-vis and flu-
orescence data showed significant OFF-ON signals, which showed
that the addition of the Hg2* ion could induce desulfurization reac-
tion (Scheme 2), and spirolactam ring opening of the spirolactam of
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Fig. 1. The UV absorption changes of 1 (10 M) upon additions of Hg?* in
CH3CN/HEPES buffer (20 mM, pH 7.0, v/v 50/50). Inset: Color changes of 1 (10 wM)
upon additions of Hg?* (10 wM) in CH3CN and HEPES buffer (20 mM, pH 7.0, v/v
50/50).
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Fig. 2. Fluorescence spectra (excitation at 490nm) of 1 (2 wM) in CH3CN/HEPES
buffer (20 mM, pH 7.0, v/v 50/50) in the presence of Hg?*, Inset: Fluorescence inten-
sity changes (at 545nm) vs equivalents of Hg?* (up); Fluorescence images of 1
(10 M) before and after additions of Hg?* (10 M) in CH3 CN/HEPES buffer (20 mM,
pH 7.0, v/v 50/50) excited at 365 nm (down).

Scheme 2. Hg?*-promoted desulfurization and ring opening of 1.



J.F. Zhang et al. / Talanta 83 (2010) 658-662 661

0.8+
-1+ Hg"
1+ Hg®" + other metal ions

0.6+
)
5]
2 )
@
2
O 0.4+
2 Free L Na K’ Rb"
< cs’ Ag+ Mg2+ Ca2+ 3+ 2+

In" Cu
s cd®" po?re?!
0.24
0.0 — -
400 450 500 550 600

Wavelength / nm

Fig. 3. The UV absorption spectra of 1 (10 wM) in CH3CN and HEPES buffer (20 mM,
pH 7.0, v/v 50/50) upon addition of various metal cation perchlorates (each concen-
tration was 50 wM).

rhodamine could take place rapidly at room temperature. The for-
mation of 2 has been confirmed by the m/z=980.34 peak observed
in ESI MS analysis (Fig. S6).

3.3. Interference from other metal ions

Beside the high sensitivity, another important feature of 1 is its
high selectivity toward Hg?* over other competitive species. The
absorption and fluorescence properties of 1 towards other metal
ions, including Li*, Na* (100 equiv.), K* (100 equ.), Rb*, Cs*, Ag",
Mg?2*, Ca?*, Sr2*, Cd%*, Pb2*, Fe2*, Cu?*, Zn2*, Fe3*, AI3*, and In3*
were also measured (Figs. 3 and 4). The miscellaneous competitive
cations did not lead to significant absorption in the visible region
and fluorescence changes. Moreover, in the presence of miscel-
laneous competitive cations, the HgZ* ion still lead to the similar
absorption and fluorescence changes. In addition, the increases of
absorbance and fluorescence intensity resulting from the addition
of the Hg2* ion were not influenced by the subsequent addition
of miscellaneous cations. These results implied that the selectiv-
ity of 1 toward Hg?* was remarkable and made 1 as a selective
chromogenic and fluorescent sensor for HgZ* ions.
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Fig.4. Fluorescence spectraof1(10 wM)in CH3CN and HEPES buffer (20 mM, pH 7.0,
v/v 50/50) upon addition of various metal cation perchlorates (each concentration
was 50 wM) with an excitation wavelength of 490 nm.
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Fig. 5. Two-photon action spectrum of 1 (2.0 uM) in the presence of 2 uM Hg?*
(20 mM HEPES, pH 7.2) and 3 (10 wM) in each acetonitrile and dichloromethane.
Error bars from replicate experiments (n=>5).

3.4. Two-photon excitation spectra

Fig. 5 shows the TP excitation spectra of 3 (10 wM) in acetoni-
trile and dichloromethane and of 1 (2.0 M) in the presence of Hg2*
(2 wM) in the HEPES buffer. The TPA cross section of 3 was 25 GM at
780 nm in both acetonitrile and dichloromethane, which is larger
than those of the recently reported cycloplatinated complexes
(~20GM, 1 x 10-3 M in DMF) as well as the previous reported plat-
inum(Il) acetylide complexes (5-10 GM) [24,30]. Moreover, TPA
cross section of 1 after addition of Hg2* in the HEPES was 55 GM at
780 nm. Further, the TP fluorescence intensity of 1 in HEPES buffer
increased by ~20-fold after addition of Hg2* ions (Fig. 6). The results
point out that 1 could be useful as a TP probe for Hg2* is aqueous
medium.

3.5. Two-photon cell imaging

The TP excited fluorescence (TPEF) intensity at a given position
on the 1-labeled HeLa cells treated with Hg2* and maintained nearly
the same after continuous irradiation of the fs-pulses for 2000s,
indicating its high photostability (Fig. S2). To confirm the utility of
this probe, we tested the capability of 1 to detect the Hg?* in live
cells (Fig. 7). The TPM image of HeLa cells labeled with 1 (2 wM) for
20 min at 37°C showed weak fluorescence (Fig. 7a), presumably
due to the efficient fluorescence quenching by photoinduced elec-
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Fig. 6. Two-photon emission spectra of 1 in the presence of 10 uM Hg?* (20 mM
HEPES, pH 7.0, v/v 50/50) with an excitation wavelength of 780 nm.
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Intansity
E——

Fig. 7. (a-c) TPM image of HeLa cells labeled with 1 (2 wM) before (a) and after (b) addition of Hg* (20 uM) for 30 min. (c) Bright-field image of cells. The TPEF was collected

at 480-640 nm upon excitation at 780 nm with fs pulse. Scale bars, 30 pm.

tron transfer (PET) [31,32]. The TPEF increased significantly when
the cells were treated with 20 WM of Hg2* for 30 min (Fig. 4b). The
TPEF increased sensitively according to gradual addition of Hg2* for
30 min (Fig S10). The bright field image shows that the cells remain
intact during the imaging (Fig. 4c). Hence, 1 is highly useful TPEF
sensor for detecting Hg2* in live cells.

4. Conclusions

A new cyclometalated platinum(Il)-rhodamine derivative has
been synthesized as a turn-on fluorescence probe for the detection
of Hg2?* in aqueous solution. This is the first organic cyclomet-
alated platinum(Il)-containing rhodamine sensor with excitation
in the visible region and 20-fold turn-on fluorescence emission
and features excellent selectivity for Hg2* over other metal ions.
Moreover, two-photon microscopy experiments indicate that 1
can be used for bioimaging of Hg2*. Furthermore, cyclometalated
platinum(II) moiety successfully increased the TP absorption prop-
erties of 1. We anticipate that this probe will be of great benefit to
biomedical researchers for studying the effects of Hg2* in biological
systems.
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