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An optical method for measuring oxygen concentra- tissue and is an effective reporter for oxygen in a limited
tions in aqueous solutionsis described. This methodis concentration range.
based upon the oxygen-dependent quenching of phos- In thiswork we describe a new optical method for measuring
phorescence. Phosphorescenceexcitation and emission oxygen which is suitable for the entire range of physiological
spectra and lifetimes of some of the probe molecules
oxygen concentrations. The method is based upon the oxygensuitable for measurement of oxygen in aqueous solu- dependent quenching of luminescence from long-lived, spintions are given. The probes include fluoresceinderiv- forbidden excited states of lumiphores. In principle, the techatives, 4’5’-diiodofluorescein, eosin Y, 5(and 6)-car- nique is similar to oxygen-dependent quenching of fluoresboxyeosin, erythrosin, and 5(and 6)-carboxyerythro- cence. However, the use of fluorescence to determine oxygen
sin as well as the Zn(II), Y(III), Sn(IV), Lu(III), and concentrations is limited due to low sensitivity to oxygen. In
Pd(I1) derivatives of meso-tetra-(4-sulfonatophenyl)porphine, meso-tetra-(N-methyl-4-pyridyl)-porphine addition, since intensity rather than lifetime is usually monand coproporphyrin. The phosphorescence
lifetimes of itored (lo), changes in turbidity or absorption will interfere
the given p,robes were found to depend
upon the oxygen with the measurement. Similar, although less severe, interferconcentration by a simple Stern-Volmer relationship ence would occur if phosphorescence intensity were used to
measure oxygen concentration, but these do not interfere with
with a quenching constant of approximately log M”
the
lifetime measurements described here.
s”. Binding of the molecules to bovine serum albumin
Water-soluble derivatives of porphines and fluorescein are
decreased the quenching constant for oxygen by approximately an order of magnitude and also inhibitedused as triplet state probes of oxygen. These probes were
chosen because of the following properties: 1)their phosphoprobe self-quenching, indicating that at the protein
binding site the probes are somewhat protected from rescence is sensitive to oxygen, 2) they are chemically stable,
3) their phosphorescence emission is in the red or near incollision with quenchers. The use of this optical method
for measuring oxygen is demonstrated for reactions
frared, where biological tissues absorb very little, 4) they are
catalyzed by glucose oxidase and
by cytochrome c oxi- nontoxic in the concentrations required. Also, because the
dase. It is shown that, using this method oxygen con- sensitivity to oxygen is related to lifetime, molecules with
centrations can be measured from -250 CIM (air satu- varying phosphorescence lifetimes, and hence varying sensiration) downto the nanomolar range.
tivity to oxygen, wereexamined.
EXPERIMENTAL PROCEDURES

Higher animals are acutely dependent on having an adequate oxygen supply in their tissues, and oxygen depravation
rapidly leads to disability and death. An elaborate circulatory
system and specialized oxygen-carrying molecules are used to
deliver oxygen from the lung to other tissues. This system is
highly regulated, delivering oxygen as needed to meet the
tissue requirements. Our understanding of the mechanisms
by which oxygen delivery is regulated has been limited by
uncertainties in both the oxygen concentration-dependence
of cellular metabolism and in the
intracellular oxygen concentration. Several methods have been utilized in efforts to
measure these parameters, including oxygen electrodes (3),
oxygen binding to myoglobin (4, 5), oxygen-dependent
quenching of fluorescence (6, 7),changes in theelectron spin
resonance of spin-labels (81,and chemiluminescence from a
bacteria (9).Each hasdisadvantages which limit its usefulness
for biological samples; for example, electrodes damage tissue
during insertion,whereas myoglobin is present only in muscle
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this fact.

Materials-Chemicals were obtained as follows: meso-tetra-(4-sulfonatopheny1)-porphine (TSPP)’, meso-tetra-(N-methyl-4-pyridyl)porphine (TMPP), and coproporphyrin I were obtained from Porphyrin Products, Inc., Logan, UT, 4’,5’-diiodofluorescein from Aldrich; erythrosin and eosin Y (Eastman, Rochester, NY); glucose
oxidase (type 11, ~-D-(+)ghCOSe:Ozoxidoreductase, E.C. 1.1.3.4), bovine serum albumin (BSA) and catalase (bovine liver, HzOZ:HzO2
oxidoreductase, E.C. 1.11.1.6) were obtained from Sigma.
Distilled and deionized water was used throughout.
Preparation of Mitochondria-Mitochondria were prepared from
rat liver as described by Schneider (11).The tissue was homogenized
in cold mannitol (0.225 M), sucrose (0.075 M) and 0.2 mM EGTA at
pH 7.2.
Deoxygenationof Samples-For phosphorescence measurement under anaerobic conditions, the sample included glucose oxidase (75 pg/
ml), catalase (12.5 pg/ml) and 0.3% glucose; it was covered with a
layer of mineral oil, and thecuvette was capped.For phosphorescence
measurement at defined oxygen concentrations, oxygen/nitrogen
mixtures (Airco Welding Supply, Philadelphia, PA) were bubbled for
at least 45 min through the samples in a glove bagwith the same gas
phase, and thecuvette was capped, and thecap wrapped in parafilm.
Preparation of Metal Porphine Complexes-Three methods were
used. We will briefly describe each method and give a reference where
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The abbreviations used areTSPP, meso-tetra-(4-sulfonatophenyl)-porphine; BSA, bovine serum albumin; TMPP, meso-tetra(N-methyl-4-pyridy1)-porphine;EGTA, [ethylenebis(oxyethylenenitri1o)ltetraacetic acid.
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more details can be found. The method ofchoice depends on the
stabilities and solubilities of the porphines as well as the easeof
insertion of the metal. The imidazole melt method was used forthe
lanthanide and palladium complexes. Methods for purification
of the
products may be found in the original papers, and the water soluble
metalloporphyrins used inthis study were stored at 0 "C as solutions
in N,N-dimethylformamide.
Imidazole MeltMethod(121-1
g of ,imidazole and 6-10mg of
porphine were placed in a 16 X 1.4-cm test tube and immersed in a
silicone oil bath (SF-1017, General Electric) to a depth of approximately 5 cm. The temperature of the bath was held at approximately
220 "C and either solid acetoacetonate or solid chloride salt of the
metal was added with shaking. After 10-15 min
of incubation an
aliquot (approximately30 pl) was'removed, diluted inan appropriate
solvent, and the absorption spectrum measured. If the reaction was
incomplete 3 mg more of metal salt was added and after 10-15 min
the spectrum was againmeasured,this procedure being repeated
until
the spectrum of unliganded porphine could no longer be detected.
The reaction mixturewas then cooled. The imidazole was extracted,
and the metal-porphine purifiedas needed (12).
Dimethyl Formamide Reflux Method (13)"The
porphine (6-10 mg)
wasdissolved in 5 mlof N,N-dimethylformamide and brought to
reflux. Solid metal acetoacetonate (5 mg) was added slowly to the
refluxing mixture and reflux continued for 30 min. An additional 3
mg of acetoacetonatesalt was addedand reflux continued for30 min.
The absorption spectrum was measured in order to determine the
extent of reaction. Reflux was continued with
additions of metal
acetoacetonate as necessary until there was no evidenceof unliganded
porphine.
Refluxing Glacial Acetic Acid Method (14)"This method is essentially the same as for refluxing NJ-dimethylformamidebut can have
advantages for someof the more easily inserted metals. Tin complexes, for example, are often most easily prepared by this method.
Procedures for purification of the product are given in the original
references (12, 14).
Instrumentation and Analysis-Absorption spectra were obtained
on a Perkin-Elmer 200 spectrophotometer. Prompt fluorescence spectra and delayed luminescence spectra were obtained on a PerkinElmer LS-5 spectrofluorometer.
An instrument was constructed for the rapidmeasurement of
phosphorescence lifetime. A schematic of the instrument is shown on
Fig. 1. The xenon flash lamp (MCPl/FY900) with a half-width of
duration of about 2 ps was obtained from EG&G Electrooptics Inc.
(Salem, MA). The intensity of the lamp was0.1-1 J/flash. The
excitation light was isolated using a monochromator. The power of
the light at the sample, measured with a Coherent Radiation 210
power meter, was ~0.001watts. The emitted light was isolated using
Schott cut-off filters (Duryea, PA) or an emission monochromator
and detected with a R926 Hamamatsu photomultiplier. The preamplifier and amplifier were constructed to have a fast response time
( 4 ps). The analog signal was digitized using a 20 MHz 8 bit A / D
card (PCTR-160 card, General ResearchCorp., McLean VA) which
resides in an AT&T 6300 computer. Short-lived components which
decayed on the time scale of the lamp flash (ie. lifetimes lessthan 6
ps) were not analyzed. Usually 10-100 decay curvesare averaged, and
bioow
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FIG. 1. Schematic of instrument. The lamp is a xenon flash
EG&G Electrooptics lamp, which is triggeredby the computer. The
excitation light is isolated by a monochromator and the emission
light isolatedby a cut-off filter or by a monochromator (not shown).
The sample compartment is equipped with a cuvette holder and a
magnetic stir plate for stirring the sample. An Hamamatsu R936
photomultiplier is used to detect the signal. The signal was amplified
and a A/D converter usedto digitize the signal.

the data are fit by nonlinear analysis to a single, double, or triple
exponential function. Goodnessof fit is expressedin terms of a
correlation coefficient.
The computer plots either the phosphorescencelifetimeor the
oxygen concentrationas afunction of time. The oxygen concentration
is calculated accordingto Stern & Volmer (15) usingthe experimentally determined bimolecularrate constant for quenching and T O , the
lifetime inthe absence of oxygen (See Equation 1, "Discussion")and
the observed lifetime,obtained from the decay curves by fitting to a
singleexponentialfunction.Typically
the timerequiredforeach
oxygen measurement is 0.8-1.5 s, which represents the calculation of
oxygen concentration from the average of 20-40 individual decay
curves.
RESULTS

Absorption and EmissionCharacteristics of Pd(II) and
Closed Shell Metal Porphine
Derivatives-The absorption and
luminescence spectraofthe Zn(II),Y(III), Sn(IV),and Lu(II1)
derivatives of TSPP were examined. At room temperature
fluorescence dominated the emission (not shown); however,
by using a time-delay after the flash toavoid measuring the
prompt fluorescence, delayed emission is readily seen (Fig. 2).
The delayedemissionspectra
of these closed shellmetal
compoundsshowboth
delayedfluorescence (two peaks at
about 580 and 680 nm which coincide with the prompt fluorescence spectrum) and phosphorescence (maximum above
740 nm). The excitation spectrum of the delayed emission
coincides with the absorption spectrum, indicating that the
delayed fluorescence arises from the main absorbing species
in the medium. At low concentrations, the decay rates of
delayed fluorescence and phosphorescence are equal, which
shows that the delayed fluorescence arises from thermal re(16). The
population of the singlet state from the triplet state
relative ratio of phosphorescence to fluorescence intensity
increases with the increasing atomic number of the central
atom, as iswell known for regular porphyrins(17).
The emissionof Pd porphine compoundsdiffer from regular
closed shell metals in blue shift of emission and high phosphorescenceyields(17). The absorptionandtheemission
spectra of Pd derivatives of coproporphyrin, TMPP, and
TSPP are shown in Fig. 3. Unlike the regular closed shell
metal porphines, long-lived luminescence is apparent in the
steady-state luminescence spectra.
Absorption and Emission Properties of Fluorescein Derivatives-The absorption and luminescence spectra of eosin Y,
4'5'-diiodofluorescein, erythrosin, carboxyeosin, and carboxyerythrosin are presented in
Fig. 4. Thephosphorescence
emission maxima are687 nm for 5(and 6)-carboxyerythrosin,
683 nm for 5(and 6)-carboxyeosin,
682 nm for erythrosin, 678
nm for eosinY and 667 nm for 4',5'-diiodofluorescein.
Phosphorescence Decay inthe Absence of Oxygen-The
decay of phosphorescence of the derivatives were examined
under conditions for which they could be used for measurement of oxygen. The decay profiles could be fit by a single
exponential function witha correlation coefficient of 0.999 or
better (Fig. 5). Better correlation was not achieved when a
double exponential function wasused. Addition of high concentrations of BSA resulted in an increase in the lifetimesof
BSA. The
allthese probes, indicating that theybindto
phosphorescence lifetimes and emission maximum are given
in TableI, for standardized conditions.
The lifetimes of these water-soluble probeswere measured
of oxygen.
as a function of concentration in the absence
Examples of the results are shown inFig. 6 where reciprocal
lifetime is plotted as a function of the optical densityof the
solution, over a range where the absorption followed Beer's
law. The lifetime was independent of light intensity, the ratio
of intensity of delayed fluorescence to phosphorescence was
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FIG. 3. Absorption and emission spectra of Pd(1V) derivatives. The absorption and emission spectra of Pd-coproporphyrin
( A ) ,Pd TMPP ( B ) , and Pd TSPP (C) were taken using the conditions described in Fig. 2.

Wavelength, nm

FIG. 2. Absorption and emission spectra of metallo-TSPPs.
Stock solutions of metal derivatives of TSPP indicated on the figure
were diluted with 20 mM phosphate buffer, pH 7.0, to an optical
density of 0.9 a t their absorption maximum, and absorption spectra
were taken using a Perkin-Elmer 200 spectrophotometer. Insets,
phosphorescence emission spectra of each derivative at an optical
density of 0.1 at the Soret absorption maximum. The phosphorescence emission spectra were recorded using a gate of 1 ms and a time
delay of 0.05 ms. Light at the absorption maximum was used for
excitation: 421, 424, 419, and 416 nm for Zn(II), Y(III), Sn(IV), and
Lu(III), respectively. Temperature, 22 "C.

5, 7, and 9 in 20 mM phosphate buffer. At the low pH, the
lifetimes of the metallo-coproporphyrin derivatives decreased
more with increasing concentration (not shown), probably
because the carboxy groups were partially protonated and
less
negatively charged, thereby decreasing charge repulsion between probe molecules. The phosphorescence lifetimes and
spectra of the sulfonatophenylporphine, eosin, and erythrosin
derivatives had no pH dependence in this range.
The phosphorescence lifetimes of the derivatives were
measured in mixtures used for biological assays. These mixconstant, and the lifetimes of delayed fluorescence and phos- tures, prepared in four different laboratories, included 1) 225
phorescence were the same. These results, along with the mM mannitol, 75 mM sucrose, 10 mM TRIS-HC1, pH 7.4; 2)
linear Stern-Volmer plots, suggest that the quenching is due 10 mM TRIS, pH8.0; 3) 100 mM NaCl, 10 mM phosphate, pH
to reaction with ground-state molecules (as opposed to a T*- 6.8; 4) 200 mM KCl, 2 mM MgC12, 10 mM TRIS, pH 7.6; 5) 1
T* reaction). The quenching constants and r0 are given in mM EDTA, 10 mM TRIS, pH8.0; 6)20 mM sodium phosphate,
Table 11. It was observed that the quenching effect was most pH 7.0; and 7) 16 mM piperazine, pH 5.7; 8 ) 5 mM sodium
pronounced for the uncharged derivatives and minimal for phosphateand 100 phi dithiothreitol,pH 7.0; 9 ) 20 mM
the negatively charged sulfonatophenyl and carboxy deriva- potassium phosphate saturated with CO at 1 atm; 10) 25 mM
tives, where charge repulsion and steric hindrancelikely play NaHC03, pH 7.6. No significant difference was observed for
a role in preventing self-quenching. The probes followed the the phosphorescence lifetime of Pd TSPP in the absence of
Stern-Volmer relationship except for the neutral TMPPde- oxygen for these buffers, indicating that the ingredients of
rivative which at low concentrations quenched at near the these media did not quench the luminescence.
The transition metal cations, Mn(II), Co(II), Ni(II), and
diffusion limit and at high concentrations showed a nonlinear
Stern-Volmer plot. Addition of BSA reduced the self-quench- Cu(I1) quench the phosphorescence of the porphine derivaing for all these probes, and in the presence of BSA the tives at rather low concentrations but not in the concentralifetimes became nearly independent of the probe concentra- tions as low as they would ordinarily be found in biological
fluids. For Pd TSPPat pH 7.0 in 20 mM ammonium acetate,
tion.
The phosphorescence lifetimes were measured at pH values the concentration which reduces the lifetime by one-half was
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TABLE
I
Phosphorescence properties of metalloporphine and fluorescein
derivatives

loo 1

Excitation Emission
Lifetime
Refermaxi,,,,,,,,
no BSA +BSA ence
maximum

Compound

nrn

nrn

Zn TSPP

421

Y TSPP

Pd TMPP
4'5'-diiodofluorescein
Eosin Y

424
419
397
416
380
412
36
420
508
516

Carboxyeosin
Erythrosin

518
527

795
769
1.4
7758.5 0.9
773
1.9
704
0.22
760 1.0 0.73
667
0.53
1.0 0.5
698
0.35
685
0.79 0.1
680
667 0.4 0.22
678
0.68
37
680 1.3 0.90
0.22
682

Sn TSPP
Lu coproporphyrin
Lu TSPP
Pd coproporphyrin
Pd TSPP

550

600

650

700

750

800

Wavelength, nm
FIG. 4. Emission spectra of fluorescein-based dyes. Spectra

of 1 FM solutions in 20mM sodium-phoshate buffer, pH 7.0, at 20 "C
were taken using a Perkin-ElmerLS-5 spectrofluorometer. Excitation
wavelength, 500 nm. Measurements were made using the fluorescence
O--O) or phosphorescence mode with a delay time
mode (C--0,
of 0.05 ms and a gate time of 2 ms. A, 5(and 6)-carboxyerythrosin
(-),
5(and 6)-carboxyeosin (. . . .). B, erythrosin (-),
eosin Y
( . . . . ) and 4',5'-diiodofluorescein (- - -).

mS

12.5

36
a

1.5
a

1.2

a

1.2

0.6

a
a

0.40
37
0.35

0.24
526
687 0.38
Carboxvervthrosin
This work. The optical density of the porphines was 0.1 at the
Soret maximum for the porphines and 1 pM for the fluorescein
derivatives. The medium contained 20 mM phosphate, pH 7.0, and,
where indicated, 2% BSA. The table gives the Soret maximum for
the porphines and the absorption maximum for the fluoresceins.
Temperature, 20-22°C.

1

0

I

2

0 . D. Soret

I

FIG. 5. Decapof phosphorescence of porphine and tluorescein derivatives.The medium contained 20 mM sodium phosphate,
pH 7.0. A, Lu TSPP, excitation 416 nm; emission 760 nm; optical
density a t 416 nm, 0.1. B, Pd.TSPP, excitation 410 nm; emission 698
nm; optical density a t 410 nm, 0.1. C, erythrosin, 1PM;excitation 500
nm; emission 698 nm; D, Pd coproporphyrin, excitation 380 nm;
emission 666 nm; optical density at 380 nm, 0.1. The solid lines
represent the computer best fit to a single exponential. The values
are given in Table I.

80 PM for CuC12and 200-400 pM for CoC12and NiC12,and >5
mM for MnC12.
Stern- Volmer Quenching Constants for Oxygen-Oxygen
quenched the phosphorescence and delayed luminescence of
all these compounds in a simple pseudo first-order manner.
Both erythrosin and Pd coproporphyrin accurately fit the
Stern-Volmer relationship of phosphorescence lifetime to oxygen concentration (Fig. 7). When BSA is added, the probe
molecules associate with the protein in a manner which sig-

FIG. 6. Reciprocal lifetime as a function of Pd-porphine
concentration. (0) Pd TMPP, (0) Pd coproporphyrin, (0) Pd
TSPP, (m)Pd coproporphyrin in the presence of 2% BSA. The
medium contained 20 mM sodium phosphate,pH7
and glucose,
glucose oxidase, and catalase as described under "Experimental Procedures" to remove oxygen. Excitation was at the Soret maximum,
and the emission wavelength was at the emission maximum. Temperature, 20 "C.

TABLEI1
Stern- Volmer self-quenching constants and yo values
Medium contained 20 mM sodium phosphate, pH 7.0. Temperature,
20 'C.
k,
k.
7"
optical density"s"

"
S

m

TMPP
Pd
3.8 X lo"
5.6 X logb 0.25
TSPP
Pd
3.2 X lo3"
4.1 X loBb 0.59
Pd coproporphyrin
6.6 X lo3"
0.71
Erythrosin
0.30
7.3 X lo8
3.8 X 10"
1.11
Eosin Y
Carboxyerythrosin
0.27 1.4 X 10"
Carboxyeosin
4.8 X lo7
1.4
0.28
4',5'-diiodofluorescein
9.4 X 108
Expressed as the optical density a t the Soret maximum.
bConcentration calculated from the optical density at the Soret
maximum using published extinction coefficients (36).
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FIG. 7. Stern-Volmer plots of oxygen quenching. The medium contained 20 mM sodium phosphate, pH 7. The temperature
was 20-22 "C. A, 1 p M erythrosin with excitation at 527 nm and
emission isolated usinga OG540 Schott cut-off filter.A, (0)no BSA;
(0)2% BSA. B, Pd coproporphyrin, (optical densityat 386 nm, 0.1)
with excitationat 386 nm and emission isolated using
a OG580 Schott
cut-off filter. (D) no BSA; (0)2% BSA.

TABLEI11
Second-order oxwen auenchiw rate constants
Compound

Conditions

k,

Reference

100.

0"
0

100

200

300

400

Time, sec

FIG. 8. Oxygen utilization catalyzedby glucose oxidase. The
medium contained 20 mM sodium phosphate, pH 7, Pd coproporphyrin (optical density of 0.1 at 380 nm), 2% BSA, 20 mM glucose,
0.01 p~ catalase,and where indicated by arrow, 0.1 p~ glucose
oxidase. Excitation, 380 nm; emission isolated with a Schott OG580
cut-off filter. Upper panel,lifetime as a function of time. Lower panel,

oxygen concentration.

"1s"

PdcoproporphyrinSodiumphosphate

under these conditions
(18). Stepwise increase in the sensitivity to oxygen (expansion of the y axis by 10-fold) allows for
Pd TSPP
Sodium phosphate
examination of oxygen down to the nM range. In the low
D
BSA
concentration range, the rate becomes proportional to the
Lu coproporphyrin Sodium phosphate
oxygen concentration, as is expected
for concentrations below
BSA
the K, of the enzyme. The oxygen measurements can be
Erythrosin
Sodium phosphate
BSA
extended to the tens of nanomolar range, with zero oxygen
Hematoporphyrin
Phosphate
38
measured f l X lo-' M.
Phosphate
32
Another test system for the oxygen assay is shown in Fig.
BSA
32
9A, where the classic state I11 to state IV conversion of
This work. The medium contained 20 mM phosphate buffer, pH mitochondria is illustrated. In theabsence of ADP, mitochon7, and, where indicated, 2% BSA.
drial oxidationof glutamate and malate very
is slow. Addition
of ADP stimulates the respiration by approximately 9-fold
nificantly decreases the value of k,. The decrease is from 5.8 until essentially all of the ADP is phosphorylated and the
X lo9 to 1 X los M-' s-' for erythrosin and similardecrease is
respiration returns to resting values. Subsequent addition of
seen for the other probes. Rate constants for oxygen quench- ADP again results in an increased respiratoryrate. The resing are summarized in Table111.
piration of uncoupled mitochondriainthepresence
of
Measurement of Oxygen Concentration in Biological As- N,N,N',N'-tetramethyl-p-phenylene diamine and ascorbate
says-Glucose oxidase and catalase catalyze the conversion has an effective K, forthe oxidase of
M (19,20,21). As
of glucose and oxygen into gluconolactone and wateraccord- shown in Fig. 9B, the rate of oxygen consumption 80 p~ 0,
ing to theserespective reactions:
remains nearly constant as a function of time, despite the
decreasing oxygen concentration. This is characteristicof an
glucose oxidase
2@-D-glUCOSe + 2 O2
2 6-gluconolactone
enzymatic reaction at concentrations of reactant [O,] higher
than
theK,. The probe is able t o respond tooxygen down to
+ 2 Hz02
the nM range. Measurements made with more dilute mitocatalase
and 2 HzOz
2 H20 + 02. chondria (lower rates of oxygen consumption) gives an apparent K , value of less than 1 X
M for theseexperimental
The response of the phosphorescence lifetime of Pd copro- conditions.
Probe Stability-Theprobeschosen
were stableinthe
porphyrin tooxygen removal by this enzyme system is shown
in Fig. 8A. An approximate sigmoidal curve was obtained for ground state; solutions were held at room temperature or at
time dependence of the measured lifetime. Calculation of the 4 "C for several days with no detectable change in the absorptionspectra.There was also nodetectablechangeinthe
oxygen concentration by the Stern-Volmer relationship results in the curve shown in Fig. 8B. At a concentration of absorption spectra after illuminating the air-equilibrated sam,
rateof oxygen was obtained; this ple for >400 s. Nor was there a detectable effect of the probe
about 100 p ~ half-maximal
compares favorably with theK, for oxygen for glucose oxidase on mitochondrial or glucose oxidase function when oxygen
BSA

-

3.8 X 109
1.0 x 10'
2.9 X 109
4.1 X 10'
1.3 X 109
3.1 X 10'
9.0x lo8
1.9 x lo8
1.4 X 109
1.7 X lo9
1.8 X 10'

-
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(Fig. 5). We note that once 70 and k, are known for a given
set of experimental conditions, the method does not require
recalibration.
The quenching rateconstant k, for a diffusion-limited
reaction can be described by the Smoluchowski equation (24):
k=4aNp(Do+D.4)X103

8

--

T

4 ,

g
t

0

3
Time. sec

FIG. 9. Measurements of respiration by mitochondria prepared from rat liver. Rat liver mitochondria were suspended at
approximately 0.6 mg of protein/ml in a medium containing 0.2 M
mannitol, 0.05 M sucrose, 0.2% BSA,Pd-coproporphyrin (at a concentration giving 0.1 absorbance at 380 nm), 8 mM NaHP04, 0.2 mM
EDTA,and 15 mM morpholinopropane sulfonate, final pH 7.1. Excitation: 380 nm; emission isolated with a Schott OG580 cut-off filter.
A, glutamate (6 mM) and malate (6 mM)were added as oxidizable
substrates and, at the times indicated by the arrows, 650 PM ADP
was added. B, ascorbate (8mM) and N&&’,N‘-tetramethyl-p-phenylenediamine (20PM)were added followed by0.3PM of an uncoupler,
5-C1-3-t-butyl-2’-C1-4’-nitrosalicylanilide.

was measured independently by oxygen electrode. The assays
described above (Figs. 8 and 9) were repeated using 4 and 8
times higher probe concentrations with the same results,
indicating that the probe intheseconcentrations
did not
interfere with the assay. Higher concentrations were not
tested.
DISCUSSION

Phosphorescence was suggested as a means of measuring
oxygen concentration about 40 years ago (22), but its use has
not been developed. This may have been partly because it was
not generally recognized that phosphorescence from organic
molecules could be observed under the usual conditions of
measurement of biological materials (23), and partlybecause
the technology for facile measurement of phosphorescence
lifetimes has only recently become available.
The probes described in this paper allow for the determination of oxygen in aqueous fluids at concentrations from
those established by equilibration with air (-250 FM) down
to nanomolar concentrations. The basis of the measurement
is the well-known reaction of oxygen with excited states. The
quenching of phosphorescence by oxygen is diffusion limited
and hence can be described by the Stern-Volmer relationship,
as modified for fluorescence and phosphorescence lifetimes,
T0/7

=1

+ 7&q

[021

(1)

where 7 0 is the phosphorescence lifetime in the absence of
oxygen and r is the lifetime at anoxygen concentration [O,].
For this relationship to hold it is necessary that k, does not
vary during the measurement, a reasonable assumption since
this relationshipwas found to rigorously describe the dependence on [O,]. The calculation of the phosphorescence lifetime
is facilitated if the decay of phosphorescence follows a single
exponential. This was verified bymeasuring the decay curves

(2)

where Do and Dn are the diffusion coefficients of donor (the
probe) and acceptor (oxygen), respectively, N is Avogadro’s
number, and p is a factor which is related to the probability
of each collision causing quenching and to the
radius of
interaction between probe and oxygen. It was observed by
Gijzeman and co-workers (25) that p , the probability factor
for the collision of oxygen with triplet states is about %.The
values of k, for oxygen quenching were slightly higher for the
porphines than for the fluorescein derivatives, probably because the porphines are abigger target (Table 111).
Using a single probe, the oxygen concentration can be
measured from concentrations at air equilibration down to
nanomolars, spanning the useful range for biological systems.
The sensitivity to oxygen can be adjusted by using probes
with different lifetimes. For example, for a k, of lo9 M” s-’,
the lifetime of a probe with ro of 1ms would differ from70by
10% (0.9 ms) at IO-* M [O,], whereas the lifetime of probe
with r0 of 10 ms would differ from ro by 10% (9 ms) at lo-’
M [O,]. Similar change in sensitivity can be achieved by
changing k,. A decrease in k, by about an order of magnitude
can be achieved by binding to protein which somewhat protects theprobe from oxygen (e.g.,BSA, Table 111).A reduced
k, could possibly also be achieved by incorporating the probes
in other matrixes such as lipids (26), polysaccharides (27), or
plastics.
In the absence ofBSA and oxygen, the phosphorescence
lifetimes of these probes were observed to depend upon the
concentration of the probes (Fig. 6, Table 11). Self-quenching
is less, as indicated by a lower k, of self-quenching for the
negatively charged probes than for their uncharged counterpart. However, for all the probes free in solution the value of
7 0 used for determining the oxygen concentration must be
determined for each phosphore concentration. The lifetimes
of the probes bound to BSA are generally somewhat longer
than the lifetime of the probes extrapolated to zero concentration in the absence of oxygen (c.P. Tables I and 11).Therefore, the same environment on the BSA moleculewhich
protects the probe from oxygen and self-quenching appears
to be also protecting the molecule from other factors that
cause depopulation of the excited state. These factors could
include torsional flexibility or collisions with other quencher
molecules in the solution.
The probes described in this work have a wide range of
excitation wavelengths encompassing the entire visible range
(from -380 to 600 nm). Because decayof the triplet state can
be monitored either by delayed fluorescence or phosphorescence, the available range for emission is also large, from 540
to >800 nm (Figs. 2 and 3). With this wide range, it should
be possible to select a probe with excitation and emission
wavelengths whichallow minimal interference from other
absorbing species in the medium. It is also possible to select
two probes with differing excitation and emission wavelengths
so that they could simultaneously monitor the oxygen concentration. One use for the double probe technique would be to
measure the difference in oxygen inside and outside of a cell
by incorporating one probe inside the cell and using another
probe outside of the cell.
Let u s now examine some factors which willaffect practical
use of phosphorescence to measure oxygen. Changes in the
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concentration of the probe due to photodestruction will not
affectthe oxygen measurement becauselifetime, andnot
intensity, is measured. However, there are two related questions which could affect its use: 1) does the method consume
oxygen in quantities sufficient
to affect theoxygen concentration which is being measured, and 2) what are productsof the
reaction andcould they affect thebiological samples? Excited
state molecules are known to undergo photoreactions(28, 29)
by an energy transfer reaction to form singlet
oxygen:

T* + 3 0 2 -,s

+ lo,

or an electron transfer reaction with the formation
of superoxide anion:
T* + 3 0 2 -+

s++ 0;

applications such as radiotherapy of cancer and diagnosis of
vascular disorders. The technique is amenable to miniaturization, andwould be suitable for oxygen measurements within
cells. Although we have emphasized the use of water-soluble
probes because of our primary interest inoxygen concentrations in biological samples, the technique canalso be applied
to nonaqueous fluids and to solids which are permeable to
oxygen.
Insummary, we havedescribeda
means of measuring
oxygen, which is simple, reliable, and is inherently stable and
has great sensitivity.
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