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ABSTRACT: Dual emission was applied to a molecular probe
for the ratiometric sensing of oxygen concentration in a living
system. We prepared ruthenium complexes possessing a
coumarin unit (Ru−Cou), in which the 3MLCT phosphor-
escence of the ruthenium complex was efficiently quenched by
molecular oxygen, whereas the coumarin unit emitted constant
fluorescence independent of the oxygen concentration. The
oxygen status could be determined precisely from the ratio of
phosphorescence to fluorescence. We achieved the molecular
imaging of cellular oxygen levels using Ru−Cou possessing an
alkyl chain, which provided appropriate lipophilicity to
increase cellular uptake.

Molecular oxygen is imperative for maintaining the vital activity
in almost all living cells.1 Cells produce the energy needed for
various cellular functions by consumption of oxygen. Intra-
cellular oxygen status reflects both cellular activities and
pathological conditions,2−7 and thus technologies to track
oxygen levels in cells are desired. Especially, molecular probes
that respond to oxygen, such as luminescent molecules8−14 and
polymers15,16 and radioisotope-labeled compounds,17,18 have
attracted much attention because of their biological usability.
We and others have developed various phosphorescent metal

complexes as molecular probes that track oxygen fluctuations in
cells and tissues.19−26 Energy transfer between the triplet
excited state of the probe and the triplet ground state of oxygen
generally causes phosphorescence quenching. Strong phosphor-
escence can be observed under hypoxic conditions selectively,
and the addition of oxygen decreases the phosphorescence. By
contrast, removal of oxygen leads to recovery of the
phosphorescence emission. Thus, the phosphorescence probes
show reversible emission that responds to changes in oxygen
levels. Recently, several reports showed that ratiometric
imaging27,28 and lifetime measurement29−32 using a phosphor-
escence probe were useful for monitoring oxygen status. Very
recently, Tobita and co-workers reported on a ratiometric
sensor that consisted of a phosphorescent iridium complex.33

However, their application to biological imaging was limited
because the probes had some drawbacks such as low water
solubility and cellular permeability.
These research contexts have prompted us to prepare a

water-soluble phosphorescent probe using ruthenium com-
plexes26 to monitor oxygen levels in living cells. We also
employed a ratiometric imaging method because it permits

precise analysis without the need for specialized instrumenta-
tion. Herein, we prepared phosphorescent ruthenium com-
plexes possessing a fluorescent coumarin molecule at ligand
(Ru−Cou) as molecular probes for sensing oxygen levels in
living cells. To achieve a high cellular uptake, a hydrophobic
alkyl chain was introduced into the ruthenium complex to form
Ru−Cou 1 (Figure 1) in accordance with our previous
reports.26 Ru−Cou provided precise information about the
oxygen levels on the basis of the ratio of phosphorescence to
fluorescence intensity. We discuss the synthesis of Ru−Cou and
the characterization of their emission properties in living cells.
Initially, we prepared a ruthenium complex possessing a

coumarin unit (Scheme S1). Coupling of 1,10-phenanthroline-
5-amine with a coumarin derivative possessing a formyl group34

gave 2. Alkylation and subsequent complexation with Ru(bpy)2
formed Ru−Cou 1. A control ruthenium complex without an
alkyl group (Ru−Cou 2) was synthesized in a similar manner
using phenanthroline derivative 2.
We measured the changes in the emission spectrum of Ru−

Cou 1 in aqueous solution using excitation at 405 nm. As
shown in Figure 2A, under anoxic conditions (0% O2), we
observed two emissions at 467 and 611 nm, which were
attributed to the fluorescence of the coumarin unit (467 nm)
and the 3MLCT phosphorescence of the ruthenium complex
(611 nm).35−37 Increasing the oxygen concentration led to a
decrease in phosphorescence intensity at 611 nm due to the
quenching effect of oxygen, whereas the fluorescence intensity
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at 467 nm was almost constant even under varying oxygen
concentrations. The quenched phosphorescence emission of
Ru−Cou 1 under aerobic conditions was recovered to the
intrinsic level after purge of oxygen via argon gas blowing
(Figure S1). These results demonstrate that the phosphor-
escence emission of Ru−Cou 1 was regulated reversibly

according to changes in the oxygen concentration, while its
fluorescence was oxygen-independent. The quantum yield (Φp)
of phosphorescent emission of Ru−Cou 1 under hypoxic
conditions was estimated to be 0.111.38

The responses of phosphorescence to oxygen obeyed the
Stern−Volmer relationship. As shown in Figure 2B, the oxygen

Figure 1. Chemical structures of ruthenium complexes and a coumarin derivative used in this study.

Figure 2. (A) Emission spectra of Ru−Cou 1 (20 μM) in Dulbecco’s phosphate buffered saline (DPBS) under different oxygen concentrations (0%
O2: red line, 2% O2: orange line, 20% O2: green line, 50% O2: blue line, 100% O2: purple line). The spectra were measured with excitation at 405
nm. (B) Stern−Volmer plot of relative ratio of phosphorescence to fluorescence (R0/R) in the presence of oxygen as a quencher. The relative ratio
derived from emission intensity of Ru−Cou 1 (20 μM) was plotted against oxygen concentration [O2]. (C) Time dependence of the fluorescence
intensity (470 nm) of Cou−OH (black, 10 μM) and Ru−Cou 1 (red, 10 μM). Both samples were excited at 375 nm.

Figure 3. Emission images of A549 cells as incubated with Ru−Cou 1. After the cells were incubated with Ru−Cou 1 (100 μM) for 4 h at 37 °C, the
emission was monitored by microscope. The oxygen concentration was set at 0% (left images) and then increased to 20% (middle images).
Subsequently, the concentration was decreased to 0% (right images). The oxygen concentration change was conducted by replacement of PBS,
which were kept under the designated oxygen concentrations. (A) Excitation at 458 nm and emission at 580−700 nm (I600 nm), (B) excitation at 405
nm and emission at 411−480 nm (I470 nm), and (C) ratiometric images (I600 nm/I470 nm).
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concentration was proportional to the ratiometric relationship
(R0/R, R0: ratio of phosphorescence intensity at 611 nm/
fluorescence intensity at 467 nm under anoxic conditions (0%
O2 concentration), R: ratio in the presence of the indicated
concentration of oxygen), indicating that the change in
phosphorescence was based on collisional quenching by
oxygen. The Stern−Volmer coefficient (Ksv) of Ru−Cou 1
was estimated at 7531 M−1, as assessed using the equation R0/R
= 1 + Ksv[O2].
The control compound of coumarin (Cou−OH) showed

strong fluorescence upon excitation at 405 nm, while the
emission of the coumarin unit in Ru−Cou 1 decreased
significantly (Figure S2), indicating that the energy transfer
or electron transfer process occurred between the coumarin
unit and the ruthenium complex in Ru−Cou 1 to quench the
fluorescence emission of coumarin unit. Thus, we next
measured the emission lifetimes of Cou−OH and Ru−Cou 1
to examine the relaxation mechanism of the excited Ru−Cou 1
(Figure 2C). The fluorescence decay profile of Ru−Cou 1
monitored at 470 nm could be fitted by two exponential
functions with lifetimes of 0.98 (26%) and 2.84 ns (73%). On
the other hand, the fluorescence lifetime of Cou−OH was
lengthened (3.05 ns). This result supports the presence of the
energy transfer process in Ru−Cou 1. In order to evaluate the
occurrence of the electron transfer process, we also measured
the fluorescence spectra of Cou−OH in the presence of several
ruthenium complexes such as Ru−NH2, Ru−NHAc, and Ru−
H, which have different redox potentials due to their
substituents on the phenanthroline ligand (Figure 1). While
the absorption spectra of these complexes were almost
identical, the fluorescence of Cou−OH in the presence of
Ru−NH2 was brighter than that in the presence of Ru−NHAc
and Ru−H (Figure S3). It is most likely that the fluorescence
emission of Cou−OH was quenched by electron-accepting
ruthenium complexes, indicating occurrence of the electron
transfer process. Thus, both energy transfer and the electron

transfer process seem to contribute to quenching of
fluorescence of the coumarin unit in Ru−Cou 1.
In light of the optical properties of Ru−Cou 1, we tried to

apply Ru−Cou 1 to the cellular imaging of a human lung
adenocarcinoma cell line, A549. A549 cells grown in DMEM
culture medium were incubated with Ru−Cou 1 for 4 h at 37
°C under hypoxic or aerobic conditions. The cells were then
washed and subjected to microscopy (Figure 3). Upon
excitation at 405 nm, blue fluorescence (detection at 411−
480 nm) was observed from both hypoxic and aerobic cells.
The intensity of the fluorescence from cells was similar in both
conditions. Thus, Ru−Cou 1 emitted fluorescence in an
oxygen-independent manner, which was consistent with the
results of the in vitro experiments. It is striking that bright
phosphorescence (detection at 580−700 nm) was observed
from the cytoplasm of cells incubated under hypoxic conditions
(0% O2), whereas considerably weaker phosphorescence
emission was observed from similarly cultured cells under
aerobic conditions (20% O2). We also confirmed that the
phosphorescence from cells recovered as the concentration of
oxygen decreased and that the emission changed immediately
as a function of the oxygen conditions. These results strongly
indicate that the phosphorescence emission reflected the real-
time change in the intracellular oxygen concentration. In a
control experiment, cells were cultured in the presence of Ru−
Cou 2 under hypoxic or aerobic conditions (Figure S4).
However, we observed negligible emission of Ru−Cou 2 from
the cells. The evidence that the partition coefficients (log Po/
w) between 1-octanol and water of Ru−Cou 1 and Ru−Cou 2
were estimated to be 0.42 and −0.19 indicates that lipophilicity
of probes is critical for their cellular uptake and emission in the
cells, which is consistent with the previous reports about
ruthenium complexes.26,39

In order to assess whether Ru−Cou 1 could respond
dynamically to changes in cellular respiration, A549 cells were
loaded with Ru−Cou 1 and stimulated by eminent mitochon-

Figure 4. Ratiometric imaging of oxygenation and deoxygenation of A549 cells, which was induced by mitochondrial uncoupler (valinomycin, 1 μM)
and inhibitor (antimycin A, 10 μM) stimulation. The cells were loaded Ru−Cou 1 (50 μM) and then stimulated. (A) Ratiometric images of the cells
before stimulation (left), after stimulation by valinomycin (middle), and subsequent stimulation by antimycin A (right). (B) Ratio between
phosphorescence intensity at 600 nm (I600) and fluorescence intensity at 470 nm (I470) before and after stimulation. (C) Profiles of phosphorescence
intensity at 600 nm for the basal condition, stimulation by valinomycin and subsequent stimulation by antimycin A.
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drial uncouplers and inhibitors.15 After measurement of the
basal emission intensity from cells for 10 min, the cells was
stimulated by these reagents. Upon cell stimulation by the
addition of valinomycin, evident enhancement of emission at
600 nm was observed in the cells (Figure 4C). Stimulation by
valinomycin increased oxygen consumption because it un-
couples the respiratory chain and oxidative phosphorylation in
the mitochondria to increase the rate of respiration. This
pharmacological effect induces a deeper deoxygenation of the
cells. The subsequent administration of antimycin A, which
inhibits complex III of the electron transport chain and blocks
cellular respiration, resulted in a decrease in the emission
intensity because of an increase in oxygen concentration up to
the air-saturated level. Then, Ru−Cou 1 allowed us to monitor
oxygen fluctuation by ratiometric imaging. As shown in Figure
4A and 4B, the relative oxygenation and respiratory responses
of A549 cells to stimulation were monitored. We confirmed
that the signal (R: I600/I470) obtained from ratiometric imaging
increased when the cells were stimulated by valinomycin and
decreased when the cells were later treated with antimycin A.
Thus, our study shows that ratiometric imaging using Ru−Cou
1 can clearly monitor oxygenation and deoxygenation in living
cells.
In conclusion, we synthesized ruthenium complexes

possessing a coumarin unit (Ru−Cou) and characterized their
phosphorescence and fluorescence emission properties. The
phosphorescence of Ru−Cous was suppressed significantly by
the quenching function of molecular oxygen, while their
fluorescence was unperturbed by changes in oxygen concen-
tration. The introduction of an alkyl chain into Ru−Cou to
form Ru−Cou 1 improved its cellular uptake and allowed us to
visualize oxygen levels in living A549 cells. We observed
oxygen-dependent phosphorescence of the ruthenium complex
with concomitant oxygen-independent fluorescence emission of
the coumarin unit in the cells. We successfully applied Ru−Cou
1 to the visualization of oxygenation and deoxygenation, which
were induced by stimulation with valinomycin and antimycin A,
respectively, in the cells. Thus, we could monitor the oxygen
fluctuation by ratiometric imaging. Further improvement of the
probes for optical in vivo imaging of oxygen levels is in
progress.
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