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Abstract. Intracellular oxygen concentration is of primary importance
in determining numerous physiological and pathological processes in
biological systems. In this paper, we describe the application of
the oxygen sensing indicator, ruthenium dibipyridine
4-(19-pyrenyl)-2,28-bipyridine chloride @Ru(bpy-pyr)(bpy)2#, for
molecular oxygen measurement in J774 murine macrophages.
Ru(bpy-pyr)(bpy)2 exhibits strong visible absorption, efficient fluores-
cence, long excited state lifetime, large Stokes shift, and high photo-
and chemical stability. The fluorescence of Ru(bpy-pyr)(bpy)2 is effi-
ciently quenched by molecular oxygen. It is 13 fold higher in a nitro-
genated solution than in an oxygenated one. The dye passively per-
meates into cells and maintains its oxygen sensitivity for at least 5 h
when the cells are stored in a phosphate buffered saline solution at
pH 7.4. The oxygen sensitivity, photostability, and chemical stability
of the indicator and the effect of hypoxia and hyperoxia on the intra-
cellular oxygen level in single macrophages are discussed. © 2002
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1483082]
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1 Introduction
In spite of the significance of intracellular oxygen levels in
numerous cellular processes, there are surprisingly few ana-
lytical methods to measure intracellular oxygen levels. The
role of oxygen in cellular processes is mostly assessed by
indirect data derived from measurements of the concentration
of extracellular oxygen.1,2 This approach is ambiguous, as
there is a difference between the intracellular and extracellular
oxygen concentration.3,4 Clark electrodes have been widely
used to measure extracellular oxygen level in cell culture
media.1,5 However, when applied in intracellular studies, the
electrodes may injure the cell due to the penetration. A Clark
microelectrode can only measure the oxygen level in one cell
at a time and is not suitable in applications that require fast
cell screening. Furthermore, the technique often gives mis-
leading data due to the abundance of interfering species in
cytoplasm. Additionally, the consumption of oxygen by Clark
electrodes can alter the oxygen level near the surface of the
electrode and cause an error in the oxygen measurement.

Fluorescence microscopy and spectroscopy are widely
used techniques for cellular analysis. In 1970, Vaughan and
Webber observed that oxygen concentrations in the physi-
ological range quench the fluorescence of pyrenebutyric acid
in solution.6 The observation led to the use of pyrenebutyric
acid for intracellular oxygen measurements in isolated rat
liver cells.7–9 The technique offered several advantages: First,
the dye detected the intracellular oxygen concentration di-
rectly without consuming oxygen. Second, electromagnetic
interference or changes due to stirring or fluid currents did not
affect the accuracy of the technique. Third, loading of the
indicator into cells was less invasive than the penetration of

electrodes. Furthermore, chemical information was obtained
from a large number of cells simultaneously and in real time.
However, the lack of a suitable indicator limited the quantita-
tive power of the technique. The excitation and emission of
pyrene and its derivatives are in the ultraviolet~UV!, overlap-
ping with cellular autofluorescence. This resulted in high
background that complicated the data interpretation. Addition-
ally, these dyes show poor photostability and poor chemical
stability in the cellular environment.

Wilson et al. introduced phosphorescence quenching as an
alternative to fluorescence quenching of pyrene for intracellu-
lar and tissue measurements of molecular oxygen.9–11 The
method dramatically extends the oxygen sensitivity range
down to nanomolar scale, a parameter that no other tech-
niques have achieved. The technique was applied to study
oxygen distribution in perfused tissue,12 oxygen consumption
by suspensions of mitochondria,13 and cellular energetics in
cardiac myocytes.14 However, the long lifetime of the phos-
phorescent probes allows interactions between the probes and
the environment. Most of the few available phosphorescent
probes arepH and temperature sensitive, which limits the
accuracy of the technique. In addition, due to the inefficient
intersystem crossing rate, quantum yield of the indicators is
low which requires a highly sensitive detection system.

Ruthenium diimine complexes represent an important class
of fluorescence-based oxygen indicators. The photophysics
and photochemistry of these complexes have been extensively
studied by Demas et al.15–19 They show great photostability
and high fluorescence quantum yield~0.1–0.6!. Unlike pyrene
and its derivatives the excitation wavelength of these com-
plexes is in the visible range of the electromagnetic spectrum
~450–460 nm!. The emission maximum of these complexes is

Address all correspondence to Zeev Rosenweig. Tel: 504-280-6848; Fax: 504-
280-6860; E-mail: zrosen@uro.edu 1083-3668/2002/$15.00 © 2002 SPIE

Journal of Biomedical Optics 7(3), 404–409 (July 2002)

404 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 19 Apr 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



at 610 nm. This large Stokes shift increases the signal to noise
ratio of the fluorescence measurements in biological samples
because no cellular autofluorescence is observed at this wave-
length. Additionally, the background scattering is lower than
the background scattering observed when pyrene is used for
oxygen measurements. This is because the scattering intensity
decreases with the fourth power of the excitation wavelength.
Ruthenium diimine complexes are particularly suitable for
oxygen measurements because of their long excited state life-
time in the microseconds time scale. Molecular oxygen effec-
tively quenches the fluorescence intensity and decreases the
excited state lifetime of these complexes. In the last decade,
tris ~1,10 phenanthroline! ruthenium ~II ! chloride
@Ru(phen)3# and tris~4,7 diphenyl, 1,10 phenanthroline! ru-
thenium~II ! chloride@Ru(dpp)3# have been applied success-
fully in fiber optic sensors for oxygen and glucose20–23 in the
gas phase~oxygen! and in solution~dissolved oxygen and
glucose!. Recently, we utilized tris~1,10-phenanthroline! ru-
thenium chloride@Ru(phen)3#, a commonly used oxygen in-
dicator for gas and aqueous samples, to monitor the effect of
external hypoxia on J774 murine macrophages.23,24 The mea-
surements were limited in sensitivity due to the chemical in-
stability of Ru(phen)3 . A constant negative signal drift was
observed and explained by the degradation ofRu(phen)3 by
cellular enzymes. A more chemically stable visible indicator
for intracellular oxygen measurement is desired.

In 1997, Schmehl et al. reported the synthesis of a new
ruthenium metal complex, ruthenium dibipyridine
4-(19-pyrenyl)-2,28-bipyridine chloride $@(bpy)2Ru(bpy-
pyr)#Cl2%.25 The complex is a ruthenium~II ! diimine ~donor!-
pyrene~acceptor! complex linked by a single C–C bond. It
was synthesized to understand the photophysical behavior of
@(bpy)2Ru(L)#21 complexes. The complex displays strong
emission via metal to ligand charge transfer with an excited
state lifetime of 1.3ms. It exhibits high molar absorption co-

efficient of 23104 M21 cm21 at 456 nm and an emission
quantum yield of 0.5 at 632 nm. In this paper, we study the
oxygen sensing properties of$@(bpy)2Ru(bpy-pyr)#%Cl2 in
aqueous solutions and living cells. The application of this new
indicator for intracellular oxygen measurements in J774 mu-
rine macrophages under the condition of hypoxia and hyper-
oxia is discussed.

2 Experiment
2.1 Digital Fluorescence Imaging Microscopy
The experimental setup used for fluorescence measurements
of macrophages loaded with the indicator is shown in Figure
1. The system consisted of an inverted fluorescence micro-
scope~Olympus LX-70! equipped with three detection ports.
A 100 W mercury lamp was used for excitation. The fluores-
cence was collected by a203microscopeobjective with a
numerical aperture~NA! of 0.50. A filter cube containing 480
nm narrow band excitation filter, 500 nm dichroic mirror, and
515 nm long pass emission filter was used to ensure spectral
purity. A high performance charge-coupled device~CCD!
camera~Rupert Scientific, model 256HB! with a 5123512
pixel array was used for digital fluorescence imaging of the
samples. The Rupert Scientific software Winview 3.2 was
used for image analysis.

2.2 Spectrofluorometry Experiments
Excitation and emission spectra, as well as the spectral re-
sponse of@(bpy)2Ru(bpy-pyr)#Cl2 in solution to different
oxygen levels were conducted using a PTI model QM-1 spec-
trofluorometer ~PTI, London, Ontario, Canada!, equipped
with a 75 W continuous Xe arc lamp as a light source.

Fig. 1 Digital fluorescence imaging microscopy system. The experimental setup consists of an inverted fluorescence microscope equipped with a
203objective (NA50.5), a high performance charge-coupled device camera (Roper Scientific, 16-bit resolution, 5123512 chip size) and a
microcomputer for image analysis.
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2.3 Photostability Study of Ruthenium Diimine
Complexes
Solutions of 20mm of ruthenium diimine complexes in phos-
phate buffered saline~PBS! solution atpH 7.4 were continu-
ously exposed to a 765 W xenon lamp in a Sunbox~Suntest
CPS1, Atlas electric devices Co.! for 30 min. The fluores-
cence intensities of the indicators were acquired every 5 min
using a spectrofluorometer.

2.4 Cell Culture
Cultures of J774 murine macrophages were maintained ac-
cording to a protocol described by Gordon et al.25 The cells
were cultured in a Dulbecco’s modified Eagle’s medium
supplemented with 4 mM L-Glutamine, 1.5 g/L sodium bicar-
bonate, 4.5 g/L glucose, 1.0 mM sodium pyruvate, and 10%
fetal bovine serum. The cells were grown at 37 °C under 5%
CO2 . The medium was replaced three times a week. To pre-
pare subcultures, the cells were scraped in new medium and
split into new plates.

2.5 Cell Culture on the Surface of a Chambered
Coverglass
The macrophages were detached from the surface of a tissue
culture plate by scraping. The cells were mixed with the
growth medium by a glass pipette. The cell suspension~50
mL, ;13106 cells/mL! was then placed into a chambered
coverglass. 950mL fresh medium was added to the chamber.
The cells were incubated to attach and grow on to the cover-
glass at 37 °C under 5%CO2 . Typically, an 80% confluence
was achieved in 3 days.

2.6 Loading the Oxygen Indicator into Macrophages
A solution of 150mL of 120 mM @(bpy)2Ru(bpy-pyr)#Cl2 in
a phosphate buffered saline solution atpH 7.4 was added into
the cell culture on a chambered coverglass. The medium and

the dye solutions were mixed using a glass pipette. The cells
were incubated at room temperature for 1 h to allow the per-
meation of the dye to take place. The excess dye was washed
off with a PBS solution atpH 7.4.

2.7 Materials
@(bpy)2Ru(bpy-pyr)#Cl2 was a gift from Dr. Russell H.
Schmehll of Tulane University. Tris~1,10-phenanthroline! ru-
thenium chloride@Ru(phen)3#, was purchased from Aldrich
Chemical Company. Glucose, glucose oxidase from Aspergil-
lus niger with enzymatic activity of 10 000 units/mL, Dulbec-
co’s modified Eagle’s medium and bovine serum albumin
were purchased from Sigma. J774 murine macrophages were
purchased from American Type Culture Collection. Lab-Tek
II chambered coverglass was purchased from Fisher Scien-
tific. Aqueous solutions were prepared with 18 MV deionized
water from a purification system~Barnstead Thermolyne Nan-
opure!. PBS solution atpH 7.4 was prepared from PBS tab-
lets ~Amresco!. All reagents were used as received without
further purification.

3 Results and Discussion
3.1 Spectral Properties of Ru(bpy-pyr)(bpy)2

The chemical structure ofRu(bpy-pyr)(bpy)2 is shown in
Figure 2~a!. The excitation and emission spectra of a solution
of 80 mM @(bpy)2Ru(bpy-pyr)#Cl2 in a PBS buffer atpH 7.4
are shown in Figure 2~b!. A concentration dependence of the
fluorescence intensity ofRu(bpy-pyr)(bpy)2 at 632 nm(l
5460 nm) in aqueous solution is shown in Figure 3. The
fluorescence intensity of the dye increases with increasing dye
concentration. This is explained by self-fluorescence quench-
ing of the dye that occurs at concentrations greater than 80
mM.

Fig. 2 (a) Structure of Ru(bpy-pyr)(bpy)2 . bpy52,28-bipyridine, bpy-pyr54-(19-pyrenyl)-2,28-bipyridine; (b) Fluorescence excitation spectrum
(detected at 632 nm) and emission spectra (excited at 460 nm) of 80 mM Ru(bpy-pyr)(bpy)2 in a PBS buffer at pH 7.4.
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3.2 Oxygen Sensing Properties of Ru(bpy-pyr)(bpy)2
in Aqueous Solutions
Figure 4 shows the fluorescence spectra ofRu(bpy-pyr)-
(bpy)2 in nitrogen-, air-, and oxygen-saturated solutions. Due
to dynamic quenching by molecular oxygen, the fluorescence
intensity ofRu(bpy-pyr)(bpy)2 in a nitrogen saturated solu-
tion, I (N2), is higher than the fluorescence intensity in an air
saturated one,I (air), which is also higher than the fluores-
cence intensity in an oxygen saturated solution,I (O2). The
response factor between nitrogen and oxygen,I (N2)/I (O2),
is 13. The response is reversible. The dependence of the fluo-
rescence intensity ofRu(bpy-pyr)(bpy)2 on the concentration
of dissolved molecular oxygen is described by the Stern–
Volmer equation

I 0 /I c511KSV@O2#,

whereI 0 is the fluorescence intensity ofRu(bpy-pyr)(bpy)2
in a nitrogenated solution,I C is the fluorescence intensity of
Ru(bpy-pyr)(bpy)2 in a given dissolved oxygen concentra-
tion, andKSV is the Stern–Volmer quenching constant. Oxy-
gen quenches the fluorescence intensity ofRu(bpy-pyr)-
(bpy)2 . In principle, higher quenching constants result in
higher accuracy at low levels of oxygen. This is due to the
larger signal change per oxygen concentration interval. How-
ever, high quenching constants result in a more limited linear
dynamic range. We found thatKSV for Ru(bpy-pyr)(bpy)2 is
13 333%63% M21. The linear dynamic range is between
0.1 and 12 ppm molecular oxygen with a correlation coeffi-
cient of 0.996. It is commonly assumed that oxygen diffuse
freely through cell membranes and therefore the intracellular
oxygen tension would be very close in value to the extracel-
lular oxygen tension. Under aerated conditions the level of
intracellular oxygen tension is around 8 ppm well within the
range of our oxygen indicator. The standard deviation be-
tween ten consecutive fluorescence measurements in air-

saturated solutions is;3%. The standard deviation increases
up to 10% at high oxygen levels where the signal is lower.

3.3 Photostability of Ru(bpy-pyr)(bpy)2 in Aqueous
Solution
The photostability of the new indicator is determined by com-
paring its photobleaching rate with that of the highly photo-
stable complex tris~1,10 phenanthroline! ruthenium chloride,
Ru(phen)3 . The two dyes are exposed to a 765 W xenon
lamp light continuously for 1 h. Both dyes have a 50% drop
of their fluorescence intensity in 30 min continuous exposure
to light ~data not shown!. The photobleaching rates are com-
parable.

3.4 Stability of Loaded Cells with Respect to Dye
Leakage and Photostability
Ru(bpy-pyr)(bpy)2 permeates passively into the cells when
the cells are incubated with a 50mM dye solution for 1 h at
room temperature. Transmission and fluorescence images of
cells loaded with the dye are shown in Figure 5. The signal to
background ratio in the fluorescence image is 37. The cellular
structure remains intact for at least 5 h after the permeation of
the dye. Monitoring the fluorescence intensity of the cells for
1 h shows an unnoticeable leakage of the indicator.

Excitation light at 480 nm is used to excite the dye loaded
cells to minimize the photobleaching rate ofRu(bpy-pyr)-
(bpy)2 and the effect of cellular autofluorescence on the sig-
nal to noise ratio. Additionally, a neutral density filter of 1.0 is
applied to ensure the photostability of the indicator. To moni-
tor the photobleaching rate of dye loaded cells under these
conditions; a chambered coverglass of the loaded cells is
placed on the microscope stage and illuminated continuously.
The fluorescence intensity of the cells decreases by 5% in 30
min of illumination. During our kinetic measurements, the
cells are exposed to the excitation light for 3 s in each mea-
surement. Each experiment lasts less than 30 min and images

Fig. 3 Fluorescence intensity of Ru(bpy-pyr)(bpy)2 in solution as a
function of its concentration. Self-quenching occurs at concentrations
greater than 80 mM.

Fig. 4 Response of free Ru(bpy-pyr)(bpy)2 to different oxygen levels
in aqueous solutions.
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are taken in 2–4 min intervals. It is fair to conclude that under
our experimental conditions, the loaded cells remain photo-
stable throughout the experiment.

3.5 Oxygen Sensing in Living Macrophages
The intracellular oxygen sensing properties ofRu(bpy-pyr)-
(bpy)2 were assessed by exposing the dye-loaded cells to
oxygen, air and nitrogen saturated PBS at 7.4. The fluores-
cence intensity of the cells was acquired and plotted in Figure
6. The fluorescence intensity of the cells increases fourfold
when the oxygenated solution is replaced with a nitrogenated
one. Replacing the oxygenated or nitrogenated solutions with
an air-saturated solution restores the signal to it original level.
The response is reversible. It should be noted that such harsh
treatments lead to cell death as verified by Trypan Blue stain-
ing. Under these stressful conditions, high level of reactive
oxygen species may be present in cells. In spite of these con-
ditionsRu(bpy-pyr)(bpy)2 maintains its oxygen sensitivity. It
should also be noted that other commonly used ruthenium
diimine complexes like tris 1,10 phenanthroline ruthenium
chloride @Ru(phen)3# partially lose their oxygen sensing
properties in the cellular environment under these conditions.
It is possible that the addition of a large organic ligand pre-
vents the degradation of the complex due to steric hindrances
and/or stabilizing interactions with hydrophobic cellular com-
ponents. The significance of these interactions is not clear at
this time and further studies are needed to fully understand the
structure/stability relationships of ruthenium diimine com-
plexes in the cellular environment.

3.6 Response of Single Macrophages to Hypoxia
induced by Glucose Oxidase
To test the sensitivity ofRu(bpy-pyr)(bpy)2 under less de-
structive conditions, we applied the indicator to monitor the
kinetic response of individual macrophages to hypoxia in-
duced by enzymatic oxidation of glucose. Glucose oxidase
catalyzes the oxidation of glucose as follows:

Glucose1O2 ——→
glucose oxidase

gluconic acid1H2O2.

The enzymatic oxidation consumes molecular oxygen. The
rate of oxidation and the steady state level of oxygen in the
medium depend on the glucose concentration and glucose oxi-

dase activity. Figure 7 describes the response of cells to hy-
poxia caused by different concentrations of glucose/glucose
oxidase. Curve~c! describes the control experiment where
Ru(bpy-pyr)(bpy)2 loaded cells are incubated in a PBS
buffer at pH 7.4 in a glucose and glucose oxidase free solu-
tion. The curve shows that during a 10 min experiment, the
fluorescence intensity of cells keeps constant. Curves~a! and
~b! describe the fluorescence intensities of the cells when they
are incubated with a medium containing 10 mM glucose and
1.5 mM glucose, respectively, with 5 units mL glucose oxi-
dase. A 50%~a! and 40%~b! fluorescence increase is obtained
in 2 and 4 min, indicating a decrease in intracellular oxygen
levels to 4 and 3.2 ppm, respectively. The errors between data
points obtained from two different batches of cells are;3%
in the control experiment. The variation between the fluores-
cence intensities of loaded cells increases to about 6% with
decreasing intracellular oxygen levels. This may be attributed
to an increase in the percentage of dead cells. Once the
glucose/glucose oxidase solution is replaced with a PBS solu-
tion atpH 7.4, the fluorescence intensity of the cells returns to
its original value in 2 min, indicating that a normal intracel-
lular oxygen level has been restored. Trypan Blue staining
indicates that 85% of the cells survive this treatment.

4 Summary and Conclusions
Ru(bpy-pyr)(bpy)2 is utilized as an oxygen indicator for in-
tracellular oxygen measurements. Aside from its strong vis-
ible absorption, efficient fluorescence, and relatively long-
lived excited state, the new indicator exhibits high oxygen
sensitivity, large Stoke shift, and high photo-/chemical stabil-
ity in the cellular environment. Due to the long emission
wavelength of the indicator the fluorescence signal is shifted
away from cellular autofluorescence, which causes serious
perturbation when UV sensing indicators are used.

Fig. 5 (a) A transmission image and (b) a digital fluorescence image of
Ru(bpy-pyr)(bpy)2 labeled J774 macrophages in air-saturated PBS
buffer at pH 7.4. The images are taken through a CCD with a 20
3objective (NA50.5). Exposure time is 0.5 s.

Fig. 6 Response of Ru(bpy-pyr)(bpy)2 labeled J774 macrophages to
different oxygen levels in the medium. Rapid diffusion of oxygen
causes the fluorescence intensity changes of the dye-loaded cells. The
response is reversible.
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Ru(bpy-pyr)(bpy)2 maintains its oxygen sensing properties
in living cells for at least 5 h after loading. Using high-
resolution digital fluorescence imaging microscopy we were
able to quantitatively monitor the kinetic response of mac-
rophages loaded withRu(bpy-pyr)(bpy)2 to hypoxia. We
have clearly shown that a low oxygen level is produced in
living cells when they are exposed to hypoxia.

It is still possible that undesired interactions between the
indicator and the complex cytoplasm contribute to the ob-
served fluorescence readings. It is also possible that heteroge-
neity in dye distribution affects the fluorescence intensity of
the cells and contributes to the cell-to-cell variations observed
in our cellular measurements. Nevertheless, the ability to
measure the average response of a large number of cells to
conditions of hypoxia may prove to be valuable in studies
designed to understand the effect of prolonged hypoxia on
cells and tissues. Minimization of the interaction between the
sensing indicator and cytoplasmic constituents is imperative
to further improve the accuracy of intracellular oxygen mea-
surements. Currently, we are developing a new intracellular
oxygen sensor whereRu(bpy-pyr)(bpy)2 is immobilized to
the surface of phospholipid coated polystyrene particles. The
phospholipid membrane is permeable to molecular oxygen

but protects the fluorescence indicator from the cellular envi-
ronment. These sensors will be applied in a variety of intrac-
ellular studies including intracellular oxygen measurements in
macrophages.
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Fig. 7 The response of Ru(bpy-pyr)(bpy)2 loaded macrophages to hy-
poxia induced by glucose oxidase in a glucose solution. Curves (a)
and (b) describe the fluorescence intensity of Ru(bpy-pry)(bpy)2
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5 unit/mL glucose oxidase. Curves (c) is a control experiment where
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