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Abstract. Oxygen plays a very important role in living cells. The in-
tracellular level of oxygen is under tight control, as even a small de-
viation from normal oxygen level affects major cellular metabolic pro-
cesses and is likely to result in cellular damage or cell death. This
paper describes the use of the oxygen sensitive fluorescent dye tris
(1,10-phenanthroline) ruthenium chloride @Ru(phen)3# as an intracel-
lular oxygen probe. Ru(phen)3 exhibits high photostability, a relatively
high excitation coefficient at 450 nm (18 000 M−1 cm−1), high emis-
sion quantum yield (;0.5), and a large Stoke shift (peak emission at
604 nm). It is effectively quenched by molecular oxygen due to its
long excited state lifetime of around 1 ms. The luminescence of
Ru(phen)3 decreases with increasing oxygen concentrations and the
oxygen levels are determined using the Stern–Volmer equation. In our
studies, J774 Murine Macrophages are loaded with Ru(phen)3, which
passively permeates into the cells. Fluorescence spectroscopy and
digital fluorescence imaging microscopy are used to observe the cells
and monitor their response to changing oxygen levels. The lumines-
cence intensity of the cells decreases when exposed to hypoxia and
recovers once normal oxygen conditions are restored. The analytical
properties of the probe and its application in monitoring the cellular
response to hypoxia are described. © 2001 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.1344190]
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1 Introduction
Oxygen is one of the key metabolites in aerobic systems. The
rate of oxygen uptake is a good indicator of metabolic activity
of cells. The oxygen concentration inside cells is of primary
importance in determining numerous physiological and patho-
logical processes in biological systems. Intracellular level of
oxygen is under tight control, as even a small deviation from
normal oxygen levels would cause major cellular damage or
even cell death. The determination of oxygen in tumor cells
for instance may lead to the treatment and prediction of the
response of the tumor to therapy.1 The level of intracellular
analytes including molecular oxygen can be significantly al-
tered when cells are exposed to hypoxia since the condition of
hypoxia induces the production of intracellular reactive oxy-
gen species~ROS!.2,3

ROS are extremely reactive and display a short half life
and low steady state concentration. Examples of ROS are su-
peroxide radical(O22), hydrogen peroxide(H2O2), singlet
oxygen (1O2), hydroxyl radical ~OH!, and nitrogen oxide
radical ~NO!.4 ROS attack most cellular components includ-
ing lipids, carbohydrates, DNA, and proteins. When produced
in excess ROS damage these components. Normally, the cells
enzymatic systems and chemical scavengers remove the ROS
formed in the cells. ROS therefore only becomes dangerous

when the aforementioned systems are overwhelmed by pro-
duction of excessive ROS. It has been suggested that multiple
exposure of cells to ROS may alter gene expression to pro-
duce a cancerous tumor.5 The level of molecular oxygen is
directly proportional to the level of ROS in the cells. The
probability for cellular damage or cell death increases with
increasing levels of ROS and molecular oxygen.6 It is there-
fore expected that exposure of cells to hypoxia would alter the
intracellular oxygen balance and lead to an increase in intra-
cellular oxygen tension. It should be noted that production of
ROS does not always damage cells, since it is part of the
cell’s defense mechanism against pathogens. However, an ex-
cessive production of ROS is believed to be the cause of
many diseases.7

The area of cellular analysis using fluorescence micros-
copy has grown in the last decade resulting in the develop-
ment of a large number of cell permeable fluorescent probes.8

Recent strides in the development of highly sensitive and rela-
tively inexpensive charge couple device~CCD! cameras9–11

have led to a dramatic improvement in the accuracy, reliabil-
ity, and sensitivity of fluorescence microscopy measurements.
The employment of laser scanning confocal microscopy has
increased the spatial resolution of these measurements down
to the diffraction limit (l/2).12 With these improvements,
digital fluorescence imaging microscopy has become a
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method of choice in cellular analysis. This paper describes a
digital fluorescence imaging microscopy technique to monitor
the response of murine macrophages to hypoxia, particularly
the level of molecular oxygen in the cells. The number of
analytical methods to measure oxygen levels in cells is sur-
prisingly limited. Lau et al. used a Clark oxygen microelec-
trode to measure intracellular levels of molecular oxygen in
neuron cells.13 Clark electrodes have also been used to mea-
sure extracellular levels of molecular oxygen in cell culture
media.14 However, microelectrodes often fail in biological
systems due to interfering electroactive species. Furthermore,
the technique is not suitable in applications where a large
number of cells need to be analyzed in real time. In our study,
the oxygen sensitive luminescent indicator tris~1,10 phenan-
throline! ruthenium~II! chloride @Ru~phen!3# is used for the
first time, to measure in real time the level of molecular oxy-
gen in cells. The luminescence properties ofRu~phen!3 have
been studied extensively by Demas et al.15–18 The dye dis-
plays strong emission via metal-to-ligand charge transfer with
a decay time of about 1ms. It exhibits high molar absorption
coefficient of1.803104 M21 cm21 at 450 nm and high emis-
sion quantum emission yield~;0.5! at 604 nm,19 which pre-
sents a large Stokes shift. Additionally,Ru~phen!3 shows high
photostability, high chemical stability, and water solubility,
all of which lend to the usefulness of this dye in fluorescence
quenching-based oxygen level measurements.Ru~phen!3 has
been used extensively as a luminescent oxygen indicator in
fiber optic oxygen sensors and oxygen sensing films.20–24

These sensors have been applied in aqueous samples25,26 and
biological fluids27,28 but not for cellular imaging of oxygen.
The employment of high performance digital fluorescence im-
aging technique enables the study of the response of a large
number of cells simultaneously to hypoxia on a cell-by-cell
basis. The hypoxia conditions are applied by suspending a cell
sample in a glucose/glucose oxidase solution. Glucose oxi-
dase catalyzes the oxidation of glucose. The reaction con-
sumes oxygen, thus inducing conditions of external hypoxia.

2 Experimental
2.1 Digital Fluorescence Imaging Microscopy
The detection system used to measure the fluorescence of the
oxygen sensitive dye,Ru~phen!3, loaded into the cells is
shown in Figure 1. The system consists of an inverted fluo-
rescence microscopy~Olympus IX70! equipped with a 100 W
mercury lamp as a light source. The fluorescence image of the
cells is collected by a 203 microscope objective with a nu-
merical aperture of 0.5. A 450 nm narrow-band excitation
filter, a 500 nm dichroic mirror, and a 590 nm long-pass emis-
sion filter are used to ensure spectral imaging purity. The
fluorescence signal is dispersed by a 150 mm three-mirror
spectrograph~Acton Research Inc., Acton, MA! equipped
with a 600 groves/mm grating blazed at an optimum wave-
length of 500 nm. The grating can be replaced with a mirror,
and the exit slit can be removed from the path of the fluores-
cence signal to allow the image of the cells to pass through
the spectrograph without being dispersed by the grating. A
high-performance CCD camera~Roper Scientific, Princeton,
NJ, model 256HB! with a 5123512 pixel array is used for
spectroscopic imaging or for digital fluorescence imaging of
the cells. An exposure time 0.5 s is used for image collection.

A PC microcomputer~Gateway 2000, Pentium 200 MHz! is
employed for data acquisition and the Rupert Scientific soft-
ware WinSpec/32 is used for image analysis.

2.2 Fluorescence Spectroscopy Measurements
Excitation and emission spectra, as well as kinetic measure-
ments are carried out using a PTI model QM-1 fluorometer
~PTI, London, Ontario, Canada! equipped with a 75 W con-
tinuous Xe arc lamp as a light source.

2.3 Cell Culture
Cultures of J774 Murine Macrophages are maintained accord-
ing to a standard protocol.29 The cells are cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 4 mM
L-glutamine, 10 mM sodium bicarbonate, 25 mM glucose, 1
mM sodium pyruvate, and 10% fetal bovine serum. The cells
are grown at 37 °C in5% CO2. The medium is replaced three
times a week. To prepare subcultures, the cells are scraped in
a new medium and split into new plates.

2.4 Loading of Cells with Ru(phen)3

The macrophages are detached from the culture plate surface
by scraping with a rubber policeman. The medium containing
cells is centrifuged at 500 g for 10 min to precipitate the cells.
Cells are collected and diluted to a concentration of about
106 cells/mL using a fresh medium. The concentration of the
cells is determined by standard hemacytometry using Trypan
Blue to assess cell viability. For the loading of the dye, 1 mL
of cells @(1 – 3)3106 cells/mL#, is incubated in the dark at
37 °C for 15 min with the appropriate volume ofRu~phen!3
solution such that the dye concentration is1024 M in the so-
lution. The cells are then washed three times with PBS buffer
(pH 7.2) to remove excess free dye from the solution and
from the surface of the cells.

Fig. 1 Digital fluorescence imaging microscopy system. The experi-
mental setup consists of an inverted fluorescence microscope with a
203 objective (NA50.5), a high-performance CCD camera (Roper
Scientific, 16-bit resolution, 5123512 chip size), and a microcom-
puter for image analysis.
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2.5 Generation of Hypoxia Conditions using the
Glucose/Glucose Oxidase System
An aliquot of glucose oxidase of 10 units/mL is added to 100
mL of a PBS buffer(pH 7.2) that contains 20 mM glucose
and 106 cell/mL Ru~phen!3 loaded cells. A 20mL sample of
this solution is placed between two microscope cover slips for
fluorescence imaging. The sample is excited at 450 nm and
the cells are imaged through a 203 objective. The first image
is taken approximately 3 min after the reaction starts when
movement of the cells stops. Subsequent images are taken
every 4 min. An exposure time of 0.5 s is used for fluores-
cence image collection.

2.6 Materials and Reagents
Glucose and glucose oxidase~from Aspergillus niger! with
enzymatic activity of 10 000 units/mL were purchased from
Sigma. Tris ~1,10-phenanthroline! ruthenium chloride
(Ru~phen!3) was purchased from Aldrich Chemical Com-
pany. Corning glass cover slips used for microscopy andpH
buffers were purchased from Fisher Scientific. Aqueous solu-
tions were prepared with 18 MV de-ionized water purification
system~Barnstead Thermolyne Nanopure!. J774 Murine Mac-
rophages were purchased from ATCC~American Type Cul-
ture Collection!. The Dulbecco’s modified Eagle’s medium
and bovine serum albumin were purchased from Sigma. All
reagents were used as received, without further purification.

3 Results and Discussion
3.1 Spectroscopic Properties of Ru(phen)3

As previously mentioned ruthenium diimine complexes have
been widely used as oxygen indicators in gas and aqueous
samples. In this study the fluorescence properties of
Ru~phen!3 are used to monitor changes in J774 Macrophages
as a result of external hypoxia.Ru~phen!3 shows a strong
absorption in the visible region (lmax5450 nm, e
518 100 M21 cm21), a high-emission quantum yield of;0.5
at 604 nm, and a long excited-state lifetime~;1 ms!. A con-
centration dependence of the fluorescence intensity of
Ru~phen!3 at 600 nm(lex5450 nm) in aqueous solution us-
ing a fluorometer, is shown in Figure 2. The fluorescence
intensity of the free dye increases with increasing dye concen-
trations. However, at concentrations higher than131024 M,
the fluorescence intensity decreases with increasing concen-
trations, a phenomenon that is attributed to self-quenching of
the fluorescence signal.26

3.2 Oxygen Sensitivity of Ru(phen)3

The fluorescence spectra ofRu~phen!3 in nitrogen, air, and
oxygen saturated solutions are shown in Figure 3. The fluo-
rescence measurements are performed using a spectrofluo-
rometer. Due to dynamic quenching by molecular oxygen, the
fluorescence intensity ofRu~phen!3 in nitrogen saturated so-
lution I (N2) is higher than that in air saturated solution
I (air), which is also higher than the fluorescence intensity of
the oxygen saturated solutionI (O2). The response factor
I (N2)/I (O2)57. The analytical range of an oxygen probe is
governed by the respective quenching curve and the Stern–

Volmer constant. The variation in the fluorescence intensity
as a function of the dissolved oxygen concentration is given
by the Stern–Volmer equation:

I 0 /I c511KSV@O2#,

where I 0 is the fluorescence intensity ofRu~phen!3 in a
nitrogen-saturated solution,I c is the fluorescence intensity of
Ru~phen!3 in a given dissolved oxygen concentration andKSV
is the Stern–Volmer quenching constant. 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. However, high quenching constants re-

Fig. 2 Fluorescence intensity of Ru(phen)3 in solution as a function of
its concentration. A 450 nm light is used for excitation. Self-
quenching occurs at concentrations greater than 131024 M.

Fig. 3 Spectral response of Ru(phen)3 of nitrogen, air, and oxygen
saturated solutions when excited at 450 nm. Emission maximum is
obtained at 604 nm.
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sult in a more limited linear dynamic range. In a previous
paper we described oxygen concentration dependent fluores-
cence measurements ofRu~phen!3 in aqueous media.26 We
found thatKSV for Ru~phen!3 is about 5420 M21. We also
found a linear dynamic range between 0.1 and 12 ppm of
molecular oxygen with a correlation coefficient of 0.996. We
found a standard deviation of around 4% between ten con-
secutive fluorescence measurements in air saturated solutions.
The standard deviation increases at lower oxygen levels when
two large fluorescence intensities are subtracted from each
other to obtain a small intensity difference. The accuracy of
the oxygen measurement is governed by the uncertainties in
the determination ofI 0 ~nitrogen saturated solution!, KSV ,
and I c . An accurate determination ofI 0 is essential for ob-
taining sufficiently accurate calibration curve andKSV value.

3.3 Stability of Loaded Cells with Respect to Leaking
and Photobleaching
Under our experimental conditions a1024 M Ru~phen!3 solu-
tion is used for loadingRu~phen!3 into the cells. Since the dye
passively diffuses into the cells, the efficiency of permeation
is nearly 100%. Transmission and fluorescence images of
cells loaded withRu~phen!3 are shown in Figure 4. Figure
4~a! shows a transmission image of the cells taken with an
exposure time of 3 ms. Figure 4~b! shows the fluorescence
image of the same cells taken with an exposure time of 0.5 s.
The images are taken using a 203 microscope objective@nu-
merical aperture(NA)50.5#. Monitoring the fluorescence in-
tensity of the cells for 1 h shows a minimal leakage of
Ru~phen!3 from the cells.

The photobleaching rate ofRu~phen!3 has previously been
studied in our laboratory.22 To monitor the rate of pho-
tobleaching ofRu~phen!3 loaded cells under our experimental
conditions, a 10mL sample of the solution is placed between
two microscope cover slips. The sample is then placed on the
microscope stage and illuminated continuously at 450 nm.
The fluorescence intensity of the cells decreases by approxi-
mately 5% during 30 min of continuous illumination. During
our kinetic measurements the cells are exposed to the excita-

tion light for less than 1 s ineach measurement. Each experi-
ment lasts 30 min and images are taken in 3–5 min intervals.
We therefore conclude that under our experimental conditions
the loaded cells remain photostable throughout the experi-
ment.

3.4 Response of Single Cells to Hypoxia
Since our samples are volume limited~;10 mL! it is practi-
cally impossible to physically change the extracellular con-
centrations of oxygen in the observed samples. The response
of individual cells to conditions of hypoxia is therefore dem-
onstrated by monitoring the enzymatic oxidation of glucose
when a glucose/glucose oxidase solution is added to a micro-
scope cover slip covered with cells. Glucose oxidase catalyzes
the oxidation of glucose as follows:

glucose1O2→gluconic acid1H2O2.

Molecular oxygen is consumed during this enzymatic oxida-
tion. Figure 5~a! shows the fluorescence image of loaded cells
taken 5 min after the start of the enzymatic reaction. The
signal to noise ratio between the fluorescent cells and the
background signal is found to be 80. Figure 5~b! shows the
fluorescence images of loaded cells taken at 30 min after the
start of the enzymatic reaction. The signal to noise ratio is 50.
The cells maintain their structural integrity. There is about
30% variation in the fluorescence intensity of theRu~phen!3
loaded cells. This variation is due to the heterogeneity of the
cellular sample, which contains viable cells at different
growth stages and even dead cells. Viability measurements
using a standard Trypan Blue method shows that the percent-
age of viable cells in a typical cellular sample is around 70%.
Nevertheless, the variation in the relative decrease in signal of
individual loaded cells as the enzymatic reaction progress is
only 10%. The dye molecules distribute evenly in the cells
and there is no evidence of compartmentalization. In Figure 6
the fluorescence intensity of single loaded cells is plotted
against the enzymatic reaction time coordinate at different
levels of glucose oxidase activity and cell viability. Each
curve represents the average response of ten cells. Curve~a!
describes the results of a control experiment in which the cells

Fig. 4 Digital transmission (a) and fluorescence (b) images of
Ru(phen)3 loaded cells. A 10 mL sample is placed between two mi-
croscope slips, and fluorescence is detected and imaged by a CCD
camera. A fluorescence filter cube consisting of a 450610 nm exci-
tation filter, a 500 nm dichroic mirror, and a 515 nm long band emis-
sion filter is used for imaging.

Fig. 5 Digital fluorescence images of Ru(phen)3 loaded cells taken (a)
5 min and (b) 30 min, respectively, after enzymatic reaction begins. A
10 mL sample is placed between two microscope slips, and fluores-
cence is detected and imaged by a CCD camera. A fluorescence filter
cube consisting of a 450610 nm excitation filter, a 500 nm dichroic
mirror, and a 515 nm long band emission filter is used for imaging.
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are suspended in a solution of 10 mM glucose in the absence
of glucose oxidase. Curve~b! describes a control experiment
in which theRu~phen!3 loaded cells were left for 24 h in a
PBS buffer solution under ambient conditions. Unlike under
normal storage conditions in a cell culture medium, 5%CO2
atmosphere and 37 °C, the cells stop growing and die. Trypan
Blue measurements show that under these conditions only
about 10% of the cells remain viable after 24 h. These cells
were suspended in a solution containing 10 mM glucose and
10 units/mL glucose oxidase. Both curves~a! and~b! show no
noticeable change in the signal level due to hypoxia. Curves
~c! and ~d! describe the fluorescence intensity of viable cells
when suspended in solutions containing 10 mM glucose and
10 units/mL ~c! and 20 units/mL~d! of glucose oxidase. A
30% decrease in the fluorescence intensity of the cells is ob-
served, indicating an interaction ofRu~phen!3 with reactive
oxygen species or production of molecular oxygen in the
cells. Once the glucose/glucose oxidase solution is removed
and replaced with glucose oxidase free buffer solution, the
fluorescence intensity of the cells recovers to about 90% of its
original value in about 20 min.

4 Summary and Conclusions
A high-resolution digital fluorescence imaging microscopy is
used for the first time to follow the response of the oxygen
sensitive fluorescent dyeRu~phen!3 loaded into Murine Mac-
rophages to hypoxia in real time.Ru~phen!3 shows high pho-
tostability in cells, minimal dye leakage, a high emission
quantum yield, and a large Stokes shift, which eliminates in-
terference by cellular autoflourescence. Because of the high
photostability of the dye, we have been able to quantitatively
measure the fluorescence of the same living cells during ex-

periments that last 30 min without noticeable photobleaching.
Control experiments in which the loaded cells were continu-
ously exposed to the excitation light for 30 min show that the
fluorescence intensity of the dye remains constant in living
cells. The fluorescence of the loaded cells decreases by 30%
when exposed to external hypoxia. The fluorescence decrease
is attributed to the cellular production of molecular oxygen
when the cells are exposed to hypoxia. The fluorescence in-
tensity recovers to about 90% of its original fluorescence in-
tensity once normal conditions are restored. This study offers
a simple and direct way to monitor changes in oxygen levels
in cells when they are exposed to external hypoxia. It is how-
ever possible that other processes contribute to the decrease in
the fluorescence intensity of the dye when the cells are ex-
posed to hypoxia. For example, it is possible that other
quenching species are expressed when the cells are exposed to
hypoxia. It is also possible that the increasing levels of reac-
tive oxygen species leads to oxidation ofRu~phen!3, which
results in a decrease in the fluorescence intensity. The revers-
ibility of the process suggests that any oxidized form of
Ru~phen!3 is unstable and readily reduced back toRu~phen!3
once normal oxygen conditions are restored.
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