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A Heterodinuclear RuIr Metal Complex for direct 

Imaging of rRNA in living cells 

Shiguo Sun, *a Jitao Wang,a Daozhou Mu,a Jingyun Wang,b Yongming 
Bao,b Bo Qiaoa and Xiaojun Peng*a

A novel dual luminescence (523 nm, 615 nm) heterodinuclear 

complex RuIr for RNA detection was developed, which was 

successfully used to image RNA in living cells. 

To detect cellular RNA and RNA-regulated processes, it is necessary 

to employ techniques that provide information regarding the 

expression and localization of RNA in living cells.1-4 Of the various 

analytical techniques, fluorescence staining using RNA-binding 

molecules offers enormous advantages in terms of simplicity, 

sensitivity, and specificity.5-9 However, in contrast to numerous 

fluorescent DNA probes, RNA probes for cell imaging are rarely 

reported.10 At present, SYTO RNA-Select, a green fluorescent 

cellular stain, is the only commercially available nucleolar stain11 

that shows significantly enhanced luminescence upon RNA 

binding.12 However, the drawbacks of this dye include single color 

emission and photobleaching, which severely handicap its 

application; moreover, the structure of this commercial dye has not 

yet been published.13 Hence, there is a high demand for novel live 

cell RNA imaging probes. 

Of the many different types of dyes and metal complexes, 

particularly iridium and ruthenium complexes, have attracted a lot of 

attention because of their desirable properties, such as high Stokes 

shifts, pronounced photostability, color-tunable luminescence, and 

long emission lifetimes.14-18 For example, the iridium complexes 

have been used as probes for live cell imaging, by virtue of their 

rapid uptake by living cells and localization property.19-21 Li and 

coworkers reported an iridium complex that rapidly (incubation time 

< 10 min) concentrated in the nuclei of living cells20, and Lo et al. 

also found that iridium dipyridoquinoxaline complexes could be 

taken up by MDCK cells and stain the nucleolus21. On the other 

hand, ruthenium complexes have been extensively studied as 

luminescent probes over the past few decades because of their rich 

photophysical properties.22-24 For example, Barton et al. reported a 

ruthenium complex conjugated to a cell-penetrating peptide to 

facilitate entry into the nucleus. 25 Thomas et al. reported a dinuclear 

ruthenium(II) polypyridyl complex that functioned as a structure-

sensitive probe for the direct imaging of DNA in cells.26 All these 

observations suggest that ruthenium complexes have the potential to 

be used as a cellular marker and probe.  

In our previous work, a flexible, saturated carbon chain was 

employed to covalently link the two ruthenium moieties together, 

resulting in a synergistic increase in properties of the two 

intramolecularly linked ruthenium activating centers.27, 28 Continuing 

our research efforts in the same direction in the current study, a 

heterodinuclear metal complex [Ru(bpy)3-(CH2)10-Ir(F2ppy)2]
3+ (ppy 

= 1-phenyl-pyridine; bpy = 2, 2ˊ-bipyridine), designated hereafter as 

RuIr (Fig. 1), was designed and synthesized; it contains an iridium(I) 

moiety covalently linked to a ruthenium(II) moiety through a 10-

carbon chain. The iridium(I) moiety was chosen because it could 

both function as the donor for energy transfer and be used to 

promote the cellular uptake of probes, whereas the ruthenium(II) 
moiety is the acceptor of energy transfer, such that the two moieties 

together provide a ratiometric response. For comparison purposes, 

the corresponding dimetallic complexes [Ru(bpy)3-(CH2)10-

Ru(bpy)3]
4+ and [Ir(F2ppy)2-(CH2)10-Ir(F2ppy)2]

2+ (ppy = 1-phenyl-

pyridine; bpy = 2, 2ˊ-bipyridine), designated as RuRu and IrIr, 

respectively (Fig. S1), were synthesized as control. Our results 

demonstrate that RuIr exhibits dual luminescence (523 nm and 615 

nm), and can be successfully taken up by live MCF-7, HeLa, and 

LO2 cells. RuIr can interact with RNA, which triggers a significant 

luminescence enhancement from iridium(I) moiety, resulting in a 

rapid enhancement of emission intensity from the nucleoli of living 

cells, whereas the ruthenium(II) moiety serves as an acceptor for the 

energy transfer, resulting in a ratiometric luminescence response. 

 
Fig. 1 The chemical structure of RuIr. 

The absorption and emission spectra of RuIr, RuRu, and IrIr at 

room temperature are shown in Fig. 2. A solution of RuRu in 

acetonitrile shows two typical absorption bands, one in the visible 

Page 1 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2014, 00, 1-3 This journal is ©  The Royal Society of Chemistry 2014 

region with a maximum wavelength at 457 nm because of RuRu 

metal-to-ligand charge transfer (MLCT) and the other at 275-300 nm, 

assignable to π–π* transition.29-31 In contrast, a solution of IrIr 

shows absorption bands at 250-350 nm, which is attributable to 

F2ppy-centered π–π* transition.19, 32, 33 RuIr, on the other hand, 

exhibits absorption properties of both the activating centers, and its 

absorption intensity is nearly half that of RuRu and IrIr. Upon 

excitation at 458 nm, the dinuclear ruthenium complex RuRu 

exhibits a strong emission band at 615 nm, whereas the dinuclear 

iridium complex IrIr shows a strong emission at 523 nm upon 

excitation at 350 nm (Fig. 2). RuIr, on the other hand, exhibits dual 

emissions at both 523 nm and 615 nm with excitation at 405 nm, 

owing to the presence of both the iridium and ruthenium activating 

centers. The emission intensity at 615 nm is nearly half that of the 

bimetallic ruthenium complex RuRu, while the emission intensity at 

523 nm is much weaker than that of IrIr, mostly because the 

photons emitted by the iridium fluorophore could be absorbed by the 

ruthenium fluorophore.34, 35 

250 300 350 400 450 500 550
0.0

0.5

1.0

1.5

2.0

 

 

A
b

so
rp

ti
o
n

Wavelength (nm)

 RuRu

 IrIr

 RuIr

450 500 550 600 650 700

20

40

60

80

100

 

 

 RuRu

 IrIr

 RuIr

In
te

n
si

ty
 (

a
.u

.)

Wavelength (nm)
 

Fig. 2 UV-Vis absorption (left) and fluorescence emission (right) spectra of the 

complexes RuIr, IrIr and RuRu in CH3CN, at a concentration of 2 × 10−6 M. 

A luminescence decay experiment performed at room temperature 

determined the fluorescence lifetime of RuIr to be 375.2 ns (Fig. 

S2). This long fluorescence lifetime offer advantages over SYTO 

RNA-Select (fluorescence lifetime = 1.9 ns) (Fig. S3). Fig. S4 shows 

that RuIr displayed excellent photostability in solution after 25 min 

irradiation under a 500 W iodine-tungsten lamp. This is in contrast to 

SYTO RNA-Select, which demonstrates significant fading after 5 

minutes exposure time. These outstanding properties make RuIr 

suitable for microscopy imaging of living cells in long-duration 

studies.  

We next assessed the response of these three complexes to RNA, 

and found it to be dissimilar. In the presence of 80-fold excess RNA, 

RuRu shows only a slight increase in luminescence intensity (Fig. 

3a and S5), suggesting a low binding affinity toward RNA, while the 

luminescence of IrIr is quenched by RNA (Fig. 3b and S6). The 

RuIr complex, on the other hand, exhibits significant spectral 

changes when RNA is introduced into the sample (Fig. 3c). In the 

absence of RNA, the emission intensity of the iridium center is much 

lower than that of the ruthenium center. With the addition of RNA, 

however, the emission from the ruthenium center is quenched, while 

that from the iridium center is increased. The IIr/IRu ratio is increased 

over 6.3 fold upon addition of 80-fold excess RNA, providing a 

good ratiometric response (Fig. S7). A linear calibration curve 

between the IIr/IRu ratio and RNA amount was established over the 

RNA concentration range 1.2×10−5–1.4×10−4 mol/L (Fig. S8). The 

regression equation was (Imin−I)/(Imin−Imax) = 

4.39963+0.91437×log[RNA], with a linear coefficient R = 0.99144, 

where “I” refers to IIr/IRu; the RNA detection limit attained was 

1.5×10−5 mol/L. In control experiments using DNA, not much 

difference was observed in emission spectra in the presence or 

absence of DNA, suggesting a low binding affinity of RuIr toward 

DNA (Fig. S9). When treated with excess RNA, DNA, 

chymotrypsin, lysozyme, BSA, HSA, and protease, RuIr displays a 

much higher affinity for RNA compared to the other 

biomacromolecules, as shown in Fig. S10, which suggests that the 

complex RuIr can be employed as a probe for RNA.  
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Fig. 3 Emission spectra of a) RuRu, b) IrIr, and c) RuIr, at 2.0 μM concentration in 

phosphate-buffered saline (PBS; pH 7.5, 20 mM) at 298 K, in the presence or 

absence of 80-fold excess RNA. 

The yeast RNA used in experiment is total RNA, which consists 

of rRNA, mRNA and small RNAs (like tRNA and miRNA). Among 

them, mRNA is comprising only about 1-5% of the total RNA36, and 

it is very sensitive to degradation after extraction37,38. Considering 

that the main composition of yeast RNA is ribosomal RNA, in 

control experiment, tRNA, one kind of small RNAs from baker’s 

yeast, was measured to test the selectivity of RuIr according to the 

literature39. As shown in Fig. S11, not much emission response of 

RuIr to a 80-fold excess tRNA can be observed, indicated that rRNA, 

accounting for about 80% of total RNA, induced the fluorescence 

changes of RuIr. The exclusive commercial available RNA selective 

probe named SYTO RNA-Select was also taken as a control here. As 

shown in Fig. S12, treatment of SYTO RNA-Select with yeast RNA 

and tRNA induced similar enhancement on luminescence intensity at 

560 nm, indicated that SYTO RNA-Select is actually lack of 

selectivity to various RNA.  

Considering that Uracil is a RNA-specific nitrogen base40, the 

interactions of RuIr with four different base sequences, poly(dA-dT), 

poly(dG-dC), poly(dA-dU), and poly(dU), were further examined by 

luminescence measurement, to determine the key factors involved in 

the interaction process of RuIr upon RNA binding. As shown in Fig. 

S13, the addition of these base sequences induced little changes in 

RuIr luminescence, suggesting that the luminescence change is not 

associated with the uracil-containing RNA backbone. Therefore, 

these observations suggest that the change in emission intensities of 

RuIr might be attributed to the possible secondary and tertiary 

structures of RNA. It is known that the stabilization of the secondary 

and tertiary structures of RNA will be affected by temperature of the 

surrounding environment41,42, we then performed the luminescence 

detection of RuIr with RNA under different temperature. As shown 

in Fig. 4, along with the increasing of the temperature, the emission 

of ruthenium moiety was decreased while that of iridium moiety was 

increased. When the temperature was reached 95 °C, the emission of 

the iridium moiety at 523 nm was decreased as time going on, 

because the RNA would gradually lose their native 2D and 3D 

structures.  
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Fig. 4 The luminescent spectra of RuIr (0.33 µM) with the presence of 60 eq RNA 

in phosphate buffered saline (PBS) (pH=7.5, 20 mM) under different temperature. 

To further figure out the interaction between RuIr and the 

secondary and tertiary structures of RNA, the role of ionic 

concentration on the luminescence titrations were done in phosphate 

buffered saline (PBS) (pH=7.5, 20 mM), the results are shown in Fig. 

S14 and S15. In the case of RuIr alone, the emission of iridium 

moiety was increased while that of ruthenium moiety was decreased 

along with the increasing concentration of KI (0-140 equiv) and 

NaCl (0-100 equiv). With the presence of 60 equiv RNA, the same 

trend can be followed on that of iridium moiety; however, not much 

difference can be observed on the emission of ruthenium moiety. 

These results provide some further evidence that the luminescence 

change was due to the specific interactions of RuIr with the 

secondary and tertiary structures of RNA. 
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Fig. 5 The cell toxicity of RuRu, RuIr, IrIr. 

As shown in Fig. 5, after incubation with RuIr for 3 h and 6 h at 

concentration of 20 μM, the cellular survival rate was estimated to 

be about 88% and 80%, respectively, suggesting low cytotoxicity of 

RuIr at the imaging concentration. Therefore, for validation of the 

use of RuIr in in vivo cell imaging, three cell types, including two 

cancer cell lines (MCF-7 and HeLa) and one normal cell line (LO2), 

were employed for bioimaging. Excitation wavelengths of 405 nm 

and 458 nm were used, and the emissions measured at 510-560 nm 

and 590-640 nm, so that the green and red emissions could be 

examined separately. In live MCF-7 cells, the dye was distributed 

throughout the cell (20 μM, 2 h), and the luminescence was localized 

within certain cellular regions, notably the nucleoli and cytoplasm of 

the cells (Fig. 6a). The luminescence intensity in the nucleoli was 

found to be about 2.2 times higher than that of the cytoplasm (Fig. 

6c). Similar trends were also observed in the normal cell line LO2 

and the cancer cell line HeLa (Fig. S16). 

 
Fig. 6 a) Cellular uptake of RuIr (20 μM) when incubated with live MCF-7 cells for 

2 h at 37 °C. From left to right: green channel (510–560 nm), red channel (590–

640 nm), and overlay images. b) Magnified view of confocal luminescence 

images of live MCF-7 cells incubated with 20 μM RuIr for 2 h. c) Luminescence 

intensity profile along the line shown in panel b. Scale bar : 20 μm. 

In contrast to RuIr, no staining of live MCF-7 cells was observed 

with RuRu under the same conditions (20 μM, 2 h), probably due to 

the hydrophilicity and positive charge (+4) of RuRu (Fig. S17a). 

Figure S17b shows that although IrIr (20 μM, 2 h) can easily diffuse 

across the cell membrane, no staining of the nucleoli was observed 

during subsequent imaging; this is in agreement with its 

aforementioned binding performance with RNA in vitro. 

Treatment with deoxyribonuclease (DNase) and ribonuclease 

(RNase), which would selectively hydrolyze only DNA and RNA, 

respectively, in the cell, was conducted to further confirm the 

staining of RNA by RuIr (Fig. S18). MCF-7 cells were fixed in 

methanol for these experiments. In the DNase-treated cells, nucleolar 

staining by the complex RuIr remains mostly unaltered, whereas the 

luminescence intensity in nucleoplasm is dramatically diminished. 

On the other hand, RNase treatment dramatically diminishes RuIr 

luminescence (Fig. S18c), further demonstrating that the emissions 

observed in the microscopy studies with RuIr result from the 

interactions of the complex with RNA. 

The nucleolar localization of RuIr was further confirmed by 

colocalization experiments. Upon treatment of fixed and 

permeabilized MCF-7 cells with RuIr and the commercially 

available nucleolar stain SYTO RNA-Select, bright yellow spots, 

denoting colocalization, were observed in the nucleoli in the overlay 

image (Fig. S19a). Figure S19b shows the result of experiments 

examining the colocalization of RuIr and the DNA stain Hochest 

33258. The red luminescence corresponding to the nucleoli and 

cytoplasm further demonstrates the RNA-staining ability of RuIr. 

Conclusions 

In conclusion, a luminescent heterodinuclear complex, RuIr, 

exhibiting dual-emissive properties (523 nm and 615 nm) was 

developed, and a linear calibration curve between the IIr/IRu ratio and 

RNA amount was established. Cell imaging validates the use of 

RuIr as a cellular marker and an RNA probe. 
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A novel dual luminescence RuIr for RNA detection was developed, which was successfully used to 

image RNA in living cells. 
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