IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Exploitation and Application of a Highly Sensitive Ru(ll) Complex-
Based Phosphorescent Chemodosimeter for Hg?* in Aqueous

Solutions and Living Cells

Jiaxi Ru,” Xiaolian Tang,*’T’§ Zhenghua §]u,T Guolin Zhang,Jr Wei Dou,’ Xjangquan Mi,*

Chunming Wang,” and Weisheng Liu*"

"Key Laboratory of Nonferrous Metal Chemistry and Resources Utilization of Gansu Province and State Key Laboratory of Applied
Organic Chemistry, College of Chemistry and Chemical Engineering and #School of Life Sciences, Lanzhou University, Lanzhou,

730000, China

© Supporting Information

ABSTRACT: A novel Ru(II) complex-based phosphorescent
probe Rubpy-1 was designed and synthesized conveniently by
incorporating of chemodosimeter into the luminophor, which
exhibits good water solubility, longer excitation wavelength,
and rapid turn-on phosphorescent response only toward Hg**
in aqueous system under physiological pH. The spectral
response mechanism and Hg*'-promoted structure change of
the chemodosimeter were analyzed in detail by theoretical
calculations and electrospray ionization mass spectrometry.
When time-resolved photoluminescence techniques were used,
the Rubpy-1 could eliminate effectively the signal interference
from the short-lived background fluorescence in complicated
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media, accompanied by the significant improvement of the signal-to-noise ratio and the accuracy of the detection. Furthermore,
Rubpy-1 showed low cytotoxicity and excellent membrane permeability toward living cells, which was successfully applied to
monitor intracellular Hg*" effectively by confocal luminescence imaging.
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1. INTRODUCTION

Functional phosphorescent complexes as versatile materials for
applications in chemosensors and bioimaging have gained wide
attention during recent years due to their abundant photo-
physical, photochemical, and electrochemical properties.'
Many transition metal ions, including Pt(II), Re(I), Ir(IIL),
Ru(Il), and Au(I) have been used to construct excellent
phosphorescent luminophores, which exhibit high lumines-
cence efficiency, significant Stokes shifts, tunable excitation, and
emission wavelength over whole visible range, and lon
lifetimes compared with pure organic luminophores.””"
Among these phosphorescence complexes, Ru(II) complexes
with polypyridyl ligands are enjoying an increasing interest in
the fields of luminescent bioprobes, dye-sensitized solar cells,
molecular catalysts, and so on."””" In particular, many Ru(II)
complexes have been used as DNA structural probes, which
feature unique visible emission change and good biological
compatibility.'>*~** However, only a few complexes were
investizgated for detecting bioactive molecules, cation, and
anion.”*~>° Moreover, it is worth noting that most chemo-
sensors based on Ru(1I) complexes were used only as special
luminophores, and the advantage of phosphorescence com-
plexes with long lifetime was rarely presented and applied to
improve signal-to-noise ratio of the detection. Therefore, the
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vast potential of Ru(Il) complex as sensor needs to be
developed and researched further.

To exploit and develop the great potential of phosphor-
escence complexes, time-resolved photoluminescent technique
(TRPT) is considered to be one of most valuable tools, which
can provide the spectral and temporal evolution of the emission
of a sample following its illumination by a short pulse of light,
and is widely used as luminescence probes, biolabels, and
clinical diagnostics.”*">® By using the method, these long-
lifetime luminescent compounds can effectively eliminate the
undesirable short-lived autofluorescence and/or scattered light
in environmental and biological samples by exerting an
appropriate time delay between pulsed excitation and
acquisition of signals.”*™>*> Some luminescence lanthanide
complexes with millisecond lifetimes have been developed as
time-resolved photoluminescent probes and exhibited potential
applications.***> However, most of them could only be excited
by high-energy UV light (<370 nm) and were significantly
affected by solvents, which limit their further utilization to some
extent.**>® Compared with lanthanide complexes, Ru(II)
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Scheme 1. Synthetic Routes of Chemodosimeter Rubpy-1 and Its Cyclized Product Rubpy-2“
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“Reagents and conditions: (i) CHCL,, reflux, 6 h; (ii) acetone, 328 K, S h; (jii) CH,Cl,/ methanol (1:1 v/v), reflux, N,, 24 h.

polypyridyl complexes not only possess excellent high stability
and solubility in water but also have relatively long lifetime in
microsecond level and can be excitated by visible light. Hence,
Ru(Il) complexes are very interesting candidates for TRPT
research.

On the other hand, the signal transduction for detecting toxic
metal ions is a significant issue in fields as diverse as chemistry,
biology, and environmental and material sciences. ™% Among
the toxic trace metal ions, Hg2+ is considered to be one of the
most hazardous environmental pollutants, which is widespread
and occurs through a variety of natural and anthropogenic
sources. Exposure to Hg2+ contamination even in quite low
concentration also could increase deleterious effects for human
beings in the cardiovascular, gastrointestinal, and neurological
systems.**™*® At present, most of the reported Hg**-selective
probes are based on organic fluorescent luminophores, many of
which are more or less influenced by some external factors,
such as excitation power efficiency, the detector sensitivity, and
sample environment (pH, polarity, temperature, redox
potential, and so forth).**=** Thus, it is worth looking
forward to the development and application of novel Ru(II)
complex-based phosphorescent sensors for recognization of
Hg*" in time-resolved photoluminescent analysis and bioimag-
ing studies.

As one of the promising sensing strategies, chemodosimeter
has attracted increasing attention because of irreversible
chemical reaction between dosimeter molecule and target
species, which could cause specific spectral response in the
emission or absorption spectra. Thus, this kind of sensor has
inherent advantages in accuracy and selectivity of detection
compared with those based on coordination effect.*>** Taking
the above needs into consideration and following our interest in
improving detection accuracy and sensitivity of probes, the
incorporation of chemodosimeter into phosphorescent Ru(II)
complex as a powerful tool should be introduced. Utilizing
Hg**-promoted desulfation and intramolecular cyclic guanyla-
tion of thiourea reaction,”®™>* we report herein design and
synthesis of a new phosphorescent chemodosimeter, [Ru-
(bpy),(L)]-(PF¢), (Rubpy-1) (L = 1-(2-((1,10-phenanthrolin-
4-yl)amino)ethyl)-3-phenylthiourea, bpy 2,2'-bipyridine,
Scheme 1), which exhibits excellent phosphorescence enhance-
ment response only to Hg*" in water or buffer solutions. The
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mechanism of phosphoresce change has been analyzed in detail
by theoretical calculations, and the application of Rubpy-1 with
long emission lifetime in time-resolved luminescence assay has
been well-demonstrated. Finally, Rubpy-1 showed low
cytotoxicity and excellent membrane permeability toward living
cells, which could be successfully applied to monitor intra-
cellular Hg** effectively by confocal luminescence imaging.

2. EXPERIMENTAL SECTION

2.1. Materials. All the materials for synthesis were purchased from
commercial suppliers and used without further purification. All of the
solvents used were of analytical reagent grade, and deionized water was
used. All metal salts used were soluble perchlorates or nitrates.
(Caution! Perchlorate salts are potentially explosive. All compounds
containing perchlorates should be handled with great care and in small
amounts.) N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid
(HEPES) buffer solutions (10 mM, pH = 7.2) were prepared in
water. All measurements were carried out in water or HEPES buffer
solutions.

2.2. Instruments. 'H NMR and "*C NMR spectra were recorded
on JNM-ECS-400 MHz or Varian INOVA 600 spectrometer and
referenced to the solvent signals. High-resolution mass spectra
(HRMS) were obtained on a Bruker microTOF-Q II mass
spectrometer. UV—vis absorption spectra were recorded on Shimadzu
UV-2550 spectrophotometer. Phosphorescence spectra were measured
using a Hitachi F-7000 spectrophotometer. The lifetimes were
determined by FLS920 of Edinburgh Instruments. Luminescence
quantum yields at room temperature were measured by the optically
dilute method with an aerated aqueous solution of [Ru(bpy);]Cl,
(®ep = 0.028) as the standard solution.>® All pH measurements were
made with a pH-10C digital pH meter.

2.3. Synthesis of L. To a stirred ethylenediamine (50 mL) was
added dropwise the solution of 4-chloro-1,10-phenanthroline (2.65 g,
12.0 mmol) in 10 mL of CHCI, at 0 °C. The reaction mixture was
refluxed for 6 h and then cooled to room temperature. The solvent was
removed under reduced pressure, and the crude product was added
into ice water (30 mL). The pH value was adjusted to 10—12 by using
2 M NaOH solution. The resulting aqueous phase was extracted with
CHCI,; (100 mL X 3). Then, the solvent was removed under vacuum
to quantitatively obtain red oil product, N’-(1,10-phenanthrolin-4-
yl)ethane-1,2-diamine, which was used directly without further
purification. Then, phenyl isothiocyanate (1.70 g, 12.6 mmol) was
added dropwise to the solution of above product in 30 mL of acetone,
which was stirred at 328 K for S h. After the reaction cooled,
precipitates produced in the reaction were filtered, washed with
ethanol, and then dried under vacuum. The goal product L was

DOI: 10.1021/am508484q
ACS Appl. Mater. Interfaces 2015, 7, 4247—4256


http://dx.doi.org/10.1021/am508484q

ACS Applied Materials & Interfaces

Research Article

obtained directly as a pale yellow solid. Yield: 3.02 g, 67%. 'H NMR
(400 MHz, deuterated dimethyl sulfoxide (DMSO-dg)): & 9.85 (s,
1H), 9.00 (dd, J = 4.3, 1.8 Hz, 1H), 8.55 (d, ] = 5.5 Hz, 1H), 8.39 (dd,
] =82, 1.7 Hz, 1H), 8.19(d, ] = 9.2 Hz, 1H), 8.16 (s, 1H), 7.77 (d,] =
9.2 Hz, 1H), 7.69 (dd, J = 8.1, 4.3 Hz, 1H), 7.41 (s, 1H), 7.37 (dd, ] =
8.6, 1.7 Hz, 2H), 7.35—7.27 (m, 2H), 7.12 (m, 1H), 6.91 (d, ] = 5.5
Hz, 1H), 3.87 (d, ] = 5.8 Hz, 2H), 3.55 (d, J = 5.0 Hz, 2H). *C NMR
(100 MHz, DMSO-d): & 180.55, 149.35, 144.97, 141.66, 140.54,
133.22, 130.65, 130.16, 128.76, 124.38, 123.31, 122.13, 121.89, 98.29,
42.73, 42.36. Electrospray ionization mass spectrometry (ESI-MS) m/
z: caled for C,HgNS 373.1361 and [M + H] * 374.1439; found:
3741443 [M + H] *.

2.4. Synthesis of Rubpy-1. A mixture of cis-[Ru(bpy),CL,]-2H,0
(187 mg, 0.36 mmol) and L (135 mg, 0.36 mmol) in SO mL of
CH,Cl,/methanol (1:1 v/v) was refluxed under an inert atmosphere
of argon in the dark for 24 h. The mixture was evaporated to dryness,
and the solid was dissolved in CH,Cl, and purified by column
chromatography on silica gel. The product was eluted with CH,Cl,/
methanol (4:1 v/v). After the solvent was reduced to ca.5 mL by
rotary evaporation, a saturated aqueous solution of NH,PF, was
added. The precipitate was filtered affording Rubpy-1 as an orange
solid. Yield: 200 mg (52%). '"H NMR (400 MHz, DMSO-dy): & 8.84
(d, ] = 8.4 Hz, 2H), 8.81 (d, ] = 8.2 Hz, 2H), 8.65 (d, ] = 7.6 Hz, 1H),
8.55 (d, J = 9.1 Hz, 1H), 8.42 (s, 1H), 8.25—8.12 (m, 3H), 8.08 (t, ] =
7.8 Hz, 2H), 8.03 (d, ] = 5.1 Hz, 2H), 7.83 (dd, J = 10.1, 5.3 Hz, 2H),
7.77 (dd, J = 8.2, 5.2 Hz, 1H), 7.67 (d, ] = 5.6 Hz, 1H), 7.62 (d, ] = 5.1
Hz, 1H), 7.59—7.49 (m, 2H), 7.41—7.34 (m, 2H), 7.32 (d, ] = 6.4 Hz,
1H), 7.28 (m, 4H), 7.17—7.08 (m, 1H), 7.05 (d, J = 6.6 Hz, 1H), 3.77
(m, 2H), 3.57 (m, 2H). *C NMR (150 MHz, DMSO-d,): 6 180.51,
157.24, 156.84, 156.77, 156.58, 151.71, 151.57, 151.32, 151.18, 151.08,
150.97, 149.97, 147.00, 146.39, 138.61, 137.40, 137.35, 137.22, 136.31,
130.05, 128.77, 127.59, 125.87, 124.78, 124.57, 124.30, 124.20, 123.44,
12228, 119.69, 104.33, 42.04, 41.82. ESLMS m/z: caled for
CyHyNoSRuP,F, 1077.1063 and [C, HyNySRu]?* 393.5890;
found: 393.5865 [M—2PF4]*".

2.5. Synthesis of Rubpy-2. Complex Rubpy-1 (75 mg, 0.07
mmol) and Hg(ClO,),-3H,0 (36 mg, 0.08 mmol) were stirred in 20
mL of acetonitrile/H,O (4:1 v/v) for 2 h at room temperature. The
solid formed was removed by filtration. The solution was concentrated
by evaporation. The product was purified by silica gel column
chromatography with CH,Cl,/MeOH (4:1 v/v) to give Rubpy-2 as an
orange solid. Yield: 60 mg (82%). '"H NMR (400 MHz, DMSO-d,): &
9.01-8.72 (m, 6H), 8.53 (m, 1H), 8.34 (m, 2H), 8.28—8.02 (m, 6H),
7.98—7.71 (m, 4H), 7.68—7.20 (m, 9H), 6.97 (m, 1H), 4.61—4.14 (m,
2H), 4.14—3.75 (m, 2H). *C NMR (150 MHz, DMSO-d,): § 157.25,
156.84, 156.78, 156.60, 155.79, 151.74, 151.59, 151.31, 151.09, 150.97,
150.11, 148.62, 147.03, 146.86, 146.38, 140.17, 138.04, 137.42, 137.24,
136.34, 130.07, 128.64, 127.98, 127.61, 125.89, 124.85, 124.31, 122.07,
121.03, 119.62, 117.88, 104.18, 54.88, 43.18. ESLMS m/z: calcd for
C4H33NgRuP,F ), 1043.1186 and [C,;H;;NgRu]** 376.5951; found:
376.5979 [M—2PF,%".

2.6. Theoretical Calculations. The calculation was performed
using the Gaussian 09 suite of programs.>* The ground-state structure
of complexes were optimized using density functional theory (DFT)
with Becke’s three parameter hybrid functional with the Lee—Yang—
Parr correlation functional (B3LYP)®* and 6-31+G(d)/LanL2DZ basis
set. The LanL2DZ basis set was used to treat the ruthenium atom,56
whereas the 6-31+G(d) basis set was used to treat all other atoms.*”
The excited-state related calculations were carried out with the time-
dependent density functional theory (TD-DFT) with the optimized
structure of the ground state.>® Seventy singlet absorptions of Rubpy-1
and Rubpy-2 were obtained. The polarized continuum model method
(CPCM) with water as solvent was used to calculate all the electronic
structures in solution.® There are no imaginary frequencies in
frequency analysis of all calculated structures; therefore, each
calculated structure expresses an energy minimum. To understand
the nature of the excited state, the orbital analyses of the complexes
were also performed,® and the contours of the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) were plotted.
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2.7. Time-Resolved Luminescence Detection. Time-resolved
emission spectra (TRES) were obtained through a time-correlated
single photon counting (TCSPC) technique by using a FLS920
instruments (Edinburgh, UK.) under excitation of 450 nm. The
luminescence signal from 525 to 800 nm was collected and recorded
with a R928-P at a step size of 5 nm. Rhodamine B as typical
fluorescent interference with short emission lifetime of 1.74 ns was
added into the HEPES buffer (10 mM, pH 7.2) solutions containing
Rubpy-1.%" Delayed photoluminescence spectra of the mixture of
Rubpy-1 (10 uM) and Rhodamine B (10 #M) acquired after 100 ns
can eliminate completely fluorescence of Rhodamine B.

2.8. Cell Culture and Cytotoxicity Tests. SMMC-7721 cells
were maintained in RPMI-1640 medium supplemented with 10% heat-
inactivated fetal calf serum, 100 units per milliliter of penicillin, and
100 pg mL™' streptomycin at 37 °C under humidified atmosphere
containing 5% CO,. Cells (5 X 10° L™") were plated on 18 mm glass
coverslips, allowed to adhere for 24 h, treated with Rubpy-1 (20 M),
and then incubated for 30 min. Subsequently, the cells were treated
with 100 uM Hg(ClO,),. Cells were incubated for 30 min and rinsed
with phosphate-buffered saline (PBS) three times to remove free
compound and ions before analysis. SMMC-7721 cells only incubated
with 20 uM Rubpy-1 for 30 min acted as a control. Confocal
luminescence images of SMMC-7721 cells were carried out on an
Olympus FV1000 laser scanning confocal microscope with a 100X oil-
immersion objective lens. The cytotoxic activity experiment of
complex against SMMC-7721 cells was tested according to standard
3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bromide (MTT)
assay procedures.®”

3. RESULTS AND DISCUSSION

3.1. Phosphorescent Response toward Hg?'. The
absorption and luminescence spectra of Rubpy-1 in the
absence and presence of Hg’* are shown in Figure S1
(Supporting Information), and the corresponding data are
listed in Table 1. At ambient temperature, chemodosimeter

Table 1. Photophysical Properties of Rubpy-1 in the Absence
and Presence of Hg”" in HEPES Buffer (10 mM, pH 7.2)
Solutions

€450 nm brightnessb
compound (M~ 'em™) Ay, (nm) @7 (%) (M 'em™) 7€ (ns)
Rubpy-1 7600 616 0.4 30.4 215
Rubpy- 8700 611 22 1914 785
1+Hg**

“Relative phosphorescence quantum yield with respect to [Ru(bpy);]-
Cl, (® = 0.028 in air-equilibrated water) standard. bBrightness

€450 nm X q)p' CT = ZA;'T,'Z/Z.A,'T,' (l = 1—2)

Rubpy-1 (10 uM) exhibited a weak and broad emission band
centered at 616 nm with luminescence quantum yield ca. 0.004
in HEPES buffer (10 mM, pH 7.2) solutions. The UV—vis
absorption spectrum of Rubpy-1 displayed intense absorption
bands in the ultraviolet region of 260—360 nm with extinction
coefficients (¢) of ~4 X 10* L-mol™"-cm™, which could be
assigned to spin-allowed intraligand (7 — #*) transitions of
2,2"-bipyridine (bpy) ligands and 1,10-phenanthroline ligand.
Meanwhile, there was a low-energy broad absorption band at
360—560 nm with extinction coefficients (¢) of ~1 X 10* L-
mol™"-cm™, predominantly attributed to an overlap of the spin-
allowed metal-to-ligand charge-transfer transition (‘MLCT,
dz(Ru) — #*(bpy and L)), ligand-to-ligand charge-transfer
transition ("LLCT, z(L) — #*(bpy)), and intraligand charge-
transfer transition ('ILCT, #(L) — #*(L)), as confirmed by
TD-DFT calculations (vide infra).
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Upon the addition of Hg*" ions, the low-energy absorption
bands of Rubpy-1 centered at 450 nm and high-energy
absorption bands centered at 270, 284, and 310 nm increased
progressively with a concomitant decrease of absorption from
330 to 410 nm (Figure 1). Two well-defined isosbestic points

450 /
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[Hg"]/ [Rubpy-1]
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Wavelength (nm)

5;')0 750
Figure 1. (a) UV-—vis absorption changes and (b) luminescence
spectral changes of Rubpy-1 upon addition of Hg*" in HEPES buffer
(10 mM, pH 7.2) solutions at room temperature. (a, inset):
Absorbance changes of Ay m/Assonm @S a function of the
concentration rate of [Hg?*]/[Rubpy-1]. (b, inset): Luminescence

changes vs the concentration rate of [Hg?*]/[Rubpy-1] at 611 nm.
[Rubpy-1] = 10 uM, 4, = 467 nm.

occur at 331 and 408 nm, indicating that a new species is
produced. The variation of absorption intensity ratio at 450 and
360 nm (A0 am/As60 nm) increased continuously until equal
amounts of Hg”* were used. When more Hg®" was added, the
absorption stopped growing further, which showed 1:1
stoichiometry between metal ion and Rubpy-1 (Figure 1a,
inset). Also, the luminescence intensity of Rubpy-1 at
maximum emission increased linearly with the amount of
Hg’" in the range of 0—10 uM, consistent with the
stoichiometry obtained from the UV—vis absorption spectra.
About 9-fold enhancement with slight blue-shift was observed
finally, and the quantum yield achieved 0.022, which showed a
turn-on phosphorescent response toward Hg?* and larger
Stokes shift (~150 nm) (Figure 1b). In addition, the
phosphorescent responses of Rubpy-1 for Hg** were similar
in water, HEPES, and PBS buffer solutions, which showed
wider applicability in different solution systems (Figure S2,
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Supporting Information). From the linear equation of spectra
titration at 611 nm, the detection limit of Rubpy-1 for Hg**
was calculated to be 8 nM (1.6 ppb) at the signal-to-noise ratio
(S/N) = 3 (Figure S3, Supporting Information), below the
limited level of Hg** ion in drinking water regulated by the U.S.
Environmental Protection Agency (2.0 ppb).®> Furthermore,
the spectral response could not be found for other metal ions.

The optical sensing properties of chemodosimeter are mainly
dominated the specificity of chemical reaction between
dosimeter molecule and target species. The selectivity of
Rubpy-1 toward common metal ions, including Li*, Na¥, K,
Mg2+, Ca2+, Al3+, F63+, C02+, Niz+, Cu2+, Cr3+, Pb2+, Cd2+, Ag+,
Mn*, Zn*', and Hg®, was systematically investigated in
HEPES buffer (10 mM, pH 7.2, 50 mM NaCl) solutions.
Variations of luminescence spectra of Rubpy-1 (10 uM) were
recorded within S min after the addition of 10 equiv of various
metal ions. As shown in Figure 2a, significant enhancement of
luminescence intensity at 611 nm was observed only for Hg*",
while the addition of other metal ions could not cause any
obvious luminescent change. Moreover, the cation-competitive
experiments were done to deeply examine the selectivity and
anti-interference of Rubpy-1. As shown in Figure 2b, it clearly
showed that the luminescence emission of Rubpy-1 in the

o
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Figure 2. (a) Luminescence spectra of Rubpy-1 upon the addition of
various metal ions (Li*, Na*, K*, Mg**, Ca**, AI**, Fe**, Co*, Ni*,
Cu*, Cr**, Pb**, Cd*, Ag", Mn®*, Zn**, and Hg’*) within S min in
HEPES buffer (10 mM, pH 7.2, 50 mM NaCl) solutions. (b) Relative
luminescence intensities of Rubpy-1 at 611 nm in HEPES buffer
solutions. Black bars represent addition of various metal ions to the
solution of Rubpy-1. Gray bars represent addition of Hg** and various
metal ions to the solution of Rubpy-1. [Rubpy-1] = 10 uM, [M™] =
100 puM, Ao = 467 nm.
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presence of Hg*" was still outstanding, and the selective sensing
behavior for Hg** was hardly interfered by commonly
coexistent metal ions. Furthermore, the selectivity of Rubpy-1
to common anions was also investigated in HEPES buffer (10
mM, pH 7.2) solutions (Figure S4, Supporting Information).
The results exhibited that there was no obvious change in
luminescence intensity in the presence of various anions,
including F~, CI7, Br~, I, NO;, NOj3, HSO3, SO; ™, $*7, PO},
P,0%7, and CH,COO™ (as their sodium salts), which further
confirmed that Rubpy-1 possessed high selectivity toward Hg*"
and was hardly affected by common anions. In addition, as
chemodosimeter, there was also no obvious change for the
emission of Rubpy-1 when the excess amount of EDTA*™ was
added into Rubpy-1 or the mixture of Rubpy-1 and Hg*" in
HEPES buffer solution, indicating that Rubpy-1 reacts with
Hg*" irreversibly (Figure SS, Supporting Information). Thus,
Rubpy-1 showed excellent selectivity and accuracy for Hg*"
through phosphorescent enhancement response in aqueous
media and complex environment.

For chemodosimeter, signal response time depends on the
rate of reaction between dosimeter molecule and target species.
Thus, the reaction kinetics for the time-dependent dosimetric
response was evaluated between Rubpy-1 and Hg*". As shown
in Figure 3, the luminescence of Rubpy-1 always remained

5000 ,
= : [Hg*']/ [Rubpy-1]
2 4000 ; 2.0
2 i ! 1.0
7 ;
§ 0.75
E 3000
(<]
2
* 0.50
8 20004
(7]
] |
£ |
' 0.25
-_E~. 1000 - |
| t 0
T ; T T T T
0 5 10 15 20
Time (min)

Figure 3. Luminescence response changes of Rubpy-1 at 611 nm over
time with the addition of (0, 0.25, 0.50, 0.75, 1.0, 2.0 equiv) Hg>* ions
in HEPES buffer (10 mM, pH 7.2) solutions. [Rubpy-1] = 10 uM, A,
= 467 nm.

untouched in the absence of Hg** over time, but the time
needed for emission intensity of Rubpy-1 (10 uM) to gradually
reach stable state at 611 nm was obviously shortened with the
increasing of the ratio of [Hg**]/[Rubpy-1] in HEPES buffer
(10 mM, pH 7.2) solutions. When concentration ratio of
[Hg’*]/[Rubpy-1] is more than 1, the progress curve of the
kinetic analysis clearly demonstrated that the emission intensity
of Rubpy-1 quickly increased in the first 2 min and reached
relative maximum within 5 min. The other metal ions, for
example, thiophilic Ag* or Cu®*, could not cause the obvious
change of the luminescence emission of Rubpy-1 even at higher
concentration as time went on (Figure S6, Supporting
Information), which makes Rubpy-1 a practical tool for rapid
Hg*" detection.

In addition, the luminescence intensity changes of chemo-
dosimeter Rubpy-1 as a function of pH in the presence and
absence of Hg’* system were also investigated (Figure S7,
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Figure 4. Theoretical UV—vis absorption spectra of Rubpy-1 (a) and
Rubpy-2 (b). Blue vertical lines correspond to calculated electronic
transisitons whereby the height refers to the oscillator strength of the
respective transition. The first 70 singlet transitions were calculated.
(c) The comparison of calculated UV—vis absorption spectra between
Rubpy-1 and Rubpy-2.

Supporting Information). For Rubpy-1, it showed no dramatic
spectral change in wide pH range of 1—9 and enhanced the
luminescence emission at higher pH. In the presence of Hg™,
the chemodosimeter Rubpy-1 exhibited a failing response at
lower pH due to the protonation of 1,10-phenanthroline, but it
was highly sensitive and stable for metal ion within the pH
range of 4—10, within which most biological samples (5.25—
8.93) can be tested. As a result, Rubpy-1 could be applied in
living cells without interference from pH effects.

3.2. Sensing Mechanism of Chemodosimeter. To gain
insight into the sensing mechanism, ESI mass spectral changes
of Rubpy-1 in the absence and presence of Hg*" ions were
employed to provide direct evidence of the chemical reaction
between chemodosimeter and Hg*". The Rubpy-1 displayed a
characteristic peak of [Rubpy-1—-2PF¢]** at m/z 393.5865.
However, after the addition of an excess amount of Hg** ions,
the peak totally disappeared, and a new peak at m/z 376.5979
was found at the same time, which can be assigned to the
desulfurized and cyclized product [Rubpy-2—2PF,]** (Figures
S8—S19, Supporting Information). The 'H NMR titration
study of Rubpy-1 showed that two —CH,— at § =~ 3.75 ppm
moved to upfield and were split with the addition of Hg™,
although there is significant overlap in the aromatic region of
the '"H NMR spectra (Figure S20, Supporting Information). In
addition, Job’s plot analysis of the emission for the mixed
solution of Rubpy-1 and Hg** exhibited a maximum at ~0.5
mole fraction, assuming 1:1 stoichiometry between the

DOI: 10.1021/am508484q
ACS Appl. Mater. Interfaces 2015, 7, 4247—4256


http://dx.doi.org/10.1021/am508484q

ACS Applied Materials & Interfaces

Research Article

Figure S. HOMO and LUMO distributions of complexes Rubpy-1
and Rubpy-2 based on their optimized geometry structure of triplet
state. Hydrogen atoms are omitted for clarity.

chemodosimeter and metal ion (Figure S21, Supporting
Information). These results also indicated that the flexible
ligand was changed and that five-membered ring structure was
formed in the presence of Hg*" ions.

For better understanding the photophysical property and
optical response mechanism further, TD-DFT calculations were
performed to estimate the corresponding transition energies of
Rubpy-1 and Rubpy-2. The ground-state geometries of two
complexes were first optimized by DFT calculation (Figure S22
and Tables S1 and S2, Supporting Information). And then,
their UV—vis absorption spectra were calculated with TD-DFT
based on respective ground-state geometries. As shown in
Figure 4a,b, calculated spectral curves of Rubpy-1 and Rubpy-2
look broadly similar in whole absorption wavelength range, and
singlet transitions reveal that the excitations of both complexes
are mainly assigned to an overlap of 'LLCT/'MLCT/'ILCT in
the visible region (Table S3—S8, Supporting Information),
supported by UV—vis spectral profiles at ~360—560 nm.
However, the energy levels and strengths of the stronger
electronic transisitons of Rubpy-2 are sometimes different from
those of Rubpy-1 according to theoretical calculations, which
show a similar trend in good agreement with the experimental
absorption changes both in the visible region and in the
ultraviolet region (Figure 4c).

On the basis of the optimized geometry structures of triplet
state, the lowest-lying triplet transitions of Rubpy-1 and
Rubpy-2 corresponding to their respective phosphorescence
emissions in the visible region also were analyzed and
compared. The distributions of the molecular orbitals and the
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Figure 7. (a) Phosphorescence decay curves of the mixture of Rubpy-
1 and RB in the absence and presence of Hg*" at 625 nm. (b) The
change trend of the intensity ratio of two decay curves over time. (c)
Photoluminescence spectra of Rubpy-1 with optimal S/N ratio for
detecting Hg** acquired after 1200 ns delay. [Rubpy-1] = [RB] = 10
UM.

calculated data are showed in Figure 5 and Tables S9—S14
(Supporting Information). For Rubpy-1, the contribution to
the lowest-lying triplet—triplet transition mainly originates from
HOMO — LUMO (91.6%), in which HOMO is mainly
localized on the Ru(II) center (47.16%) and 1,10-phenanthro-
line (30.67%), while LUMO is primarily localized on two bpy
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Figure 6. (a) Time-resolved emission spectra of the mixture of Rubpy-1 and Rhodamine B (RB) in the absence and presence of 5 equiv of Hg*".
Photoluminescence spectra of the mixture acquired after 0 ns delay (b) and 100 ns delay (c). [Rubpy-1] = [RB] = 10 uM.
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Figure 8. Confocal luminescence images of SMMC-7721 cells. (a) SMMC-7721 cells were incubated with Rubpy-1 (20 uM) for 30 min at 37 °C.
(b) SMMC-7721 cells were incubated with Rubpy-1 (20 uM) for 30 min and then further incubated with Hg** (100 yM) for 30 min. (c)
Luminescence intensity profile (across the lines) of cells incubated with Rubpy-1 and Hg*".

ligands (91.89%). Thus, the phosphorescence emission of
Rubpy-1 could be assigned to an overlap of *MLCT (z*(bpy)
— dn(Ru)) and LLCT (#*(bpy) — =(L)) that is weak
emission. For cyclized product Rubpy-2, the contribution to
the lowest-lying triplet—triplet transition still comes mainly
from HOMO — LUMO (78.5%), and the distribution of
LUMO is similar to that of Rubpy-1 (92.54%). However, the
distribution of HOMO is mainly on the Ru(Il) center
(70.88%), significantly different from that of Rubpy-1, which
may help to more efliciently increase the transition probability
of excited electrons through *MLCT (7*(bpy) — dz(Ru)) and
result in the phosphorescent enhancement of Rubpy-2. In
addition, despite the discrepancy between the calculated
emission wavelength and the experimental result, the TD-
DFT calculations clearly predicted the trend of blue shift of
Rubpy-2 in phosphorescent emission compared with that of
Rubpy-1, consistent with slight changes of luminescence
spectra.

3.3. Application in Time-Resolved Luminescence
Assay. Because of long enough phosphorescence lifetime of
Ru(II) complex, Rubpy-1 could exhibit promising application
in time-resolved luminescence detection, which can remove
effectively the interference from undesirable scattered light
and/or shorter-lived background fluorescence. To demonstrate
the merits of phosphorescent chemodosimeter, the TRES
experiments of Rubpy-1 before and after addition of Hg*" were
carried out in HEPES buffer (10 mM, pH 7.2) solutions
containing Rhodamine B as a typical background interference,
which is a common fluorescent dye with short emission lifetime
of 1.74 ns, and its emission band completely overlaps with the
phosphorescence emission of Ru(II) complexes in the steady-
state photoluminescence spectra.

As shown in Figure 6a, under the excitation at 450 nm, TRES
experiments visually showed that phosphorescent lifetime of
Rubpy-1 underwent a relative quick decay process in the
absence of th over the range of emission wavelengths, but
slow decay when Hg?" was added. Such difference is caused by
the formation of cyclized product Rubpy-2 with different
photophysical property. When emission spectra of the mixture
of Rubpy-1 and Rhodamine B were recorded without decay,
the maximum emission at 583 nm was dominated by the strong
emission of Rhodamine B, and the phosphorescence emission
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of Rubpy-1 could not be distinguished and identified, whether
or not Hg*" ions were added (Figure 6b). However, TRES of
Rubpy-1 after 100 ns delay completely and effectively removed
the Rhodamine B fluorescence contribution, only affording
turn-on phosphorescent change of Rubpy-1 after addition of
Hg*" (Figure 6¢). Thus, these results successfully highlight the
advantage of long-lifetime phosphorescent signal in eliminating
the interference from short-lived background fluorescence.

In addition, more meaningfully, the S/N ratio of Rubpy-1 for
detecting Hg?* ions could be further improved by finding
optimal time window. As shown in Figure 7a, the attenuation
rate of Rubpy-1 in the presence of Hg** is much slower than
that in the absence of Hg*" at 625 nm, which led to increasing
the difference between two attenuation curves. Thus, the
changes of the intensity ratio on two curves over time could be
used as an index to appraise the S/N ratio of the detection for
analyte. Figure 7b obviously exhibits that time-dependent
intensity ratio with the maximum difference corresponding to
optimal time window appears in the range from 0.7 to 1.7 s,
during which Ru(II) complex not only remains phosphorescent
signal to avoid fluorescent interference but also improves the S/
N ratio of the detection of Hg'. When time-resolved
acquisition of the spectrum was delayed until 1.2 us, the
optimal S/N ratio of Rubpy-1 for detecting Hg*" achieved 25
(Figure 7c), much better than that of steady-state spectroscopy
methods.

3.4. Application in Intracellular Hg?* Imaging.
Considering excellent sensing performance of chemodosimeter
Rubpy-1 to Hg*" in aqueous solutions, the ability of Rubpy-1
to detect Hg*" within living cells was further tested by confocal
luminescence imaging. As shown in Figure 8a, the human
hepatoma cells (SMMC-7721) incubated with Rubpy-1 (20
uM) alone for 30 min at 37 °C kept good shape and appeared
viable, which exhibited very weak and red emission from the
cytoplasm through comparing with bright-field images of cells.
However, the cells treated with Rubpy-1 were further incubated
with Hg** (100 M) for another 30 min at 37 °C; all cells
displayed remarkable red luminescence, much stronger than
luminescence of Rubpy-1-stained cells (Figure 8b). In addition,
by collecting a series of images of SMMC-7721 cells at different
layers from the bottom of the cells in accordance with the Z-
axis step to the top of cells in Figure S23 (Supporting
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Information), the luminescence signals were localized in the
whole cell, not only in the cytoplasm, which was further
confirmed by the overlap Z-scan confocal image and
quantization analysis of luminescence intensity (Figure Sc,
Figure S24, Supporting Information). Moreover, to determine
the location of organelle in living cells, 4',6-diamidino-2-
phenylindole (DAPI) costained experiments were performed to
identify nucleus. As shown in Figure S25 (Supporting
Information), nucleus showed blue fluorescence whether in
the absence or presence of Hg** after further costained with
DAPI for 30 min, which is easily discriminated from the
cytoplasm by different colors. Therefore, these results
demonstrated that Rubpy-1 had good cell membrane
permeability and good counterstain compatibility with the
DNA staining dye DAPI to detect the Hg** in the entire cell
through the luminescence enhancement.

Furthermore, the cytotoxicity of Rubpy-1 toward SMMC-
7721 cells was measured using an MTT assay. As shown in
Figure 9, chemodosimeter Rubpy-1 with water solubility had
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Figure 9. SMMC-7721 cell viability values estimated by MTT
proliferation test vs incubation concentrations of Rubpy-1. Cells were
cultured in the presence of 0—100 uM complex at 37 °C for 24 h.

no significant cytotoxicity to cells. Even though the
concentration of complex Rubpy-1 was as high as 100 uM,
the cell viability still remained above 95% after incubation with
Rubpy-1 for 24 h. Therefore, the new phosphorescent
chemodosimeter could be an excellent platform and have a
great potentiality to apply for detecting and studying the
uptake, bioaccumulation, and bioavailability of Hg** in living
cells or organisms.

4. CONCLUSION

In conclusion, we have employed chemodosimeter approach to
design and develop a new phosphorescent probe Rubpy-1
based on Ru(1I) complex. The chemodosimeter exhibited good
water solubility, longer excitation wavelength, and turn-on
phosphorescent response only toward Hg** in aqueous system,
which utilizes irreversible Hg**-promoted desulfurization and
cyclization reaction of the thiourea unit. Despite working as a
reaction probe, Rubpy-1 not only showed phosphorescent
response quickly enough, but also had high sensitivity (less than
2.0 ppb) and stability within the pH range of 4—10. When a
time-resolved photoluminescence technique was used, phos-
phorescent Rubpy-1 could eliminate effectively the signal
interference from the short-lived fluorescent background in
complicated media, accompanied by significant improvement of
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the signal-to-noise ratio and the accuracy of the detection for
Hg*". Furthermore, Rubpy-1 with low cytotoxicity has been
successfully used for bioimaging by using confocal laser
scanning microscope, which may be favorable for biological
applications to monitor and research effectively the bioaccu-
mulation and bioavailability of Hg>" in living cells.
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