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Abstract. Singlet oxygen plays a major role in photodynamic inacti-
vation of tumor cells or bacteria. Its efficacy depends critically on the
oxygen concentration �O2�, which can decrease in case oxygen is
consumed caused by oxidative reactions. When detecting singlet oxy-
gen directly by its luminescence at 1270 nm, the course of the lumi-
nescence signal is critically affected by �O2�. Thus, it should be fea-
sible to monitor oxygen consumption during photo-oxidative
processes. Singlet oxygen was generated by exciting a photosensitizer
�TMPyP� in aqueous solution �H2O or D2O� of albumin. Chromatog-
raphy shows that most of the TMPyP molecules are unbound, and
therefore singlet oxygen molecules can diffuse in the solution. A sen-
sor device for oxygen concentration revealed a rapid decrease of �O2�
�oxygen depletion� in the solution during irradiation. The extent of
oxygen depletion in aqueous albumin solution depends on the radiant
exposure and the solvent. When detecting the luminescence signal of
singlet oxygen, the shape of the luminescence signal significantly
changed with irradiation time. Thus, local oxygen consumption could
be monitored during photodynamic action by evaluating the course of
singlet oxygen luminescence. © 2007 Society of Photo-Optical Instrumentation En-
gineers. �DOI: 10.1117/1.2821153�

Keywords: luminescence; photomultipliers; spectroscopy; lasers; infrared
spectroscopy.
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Introduction

eactive oxygen species, in particular singlet oxygen, have
een the focus of intense investigation due to their important
ole in biological processes. Singlet oxygen is a highly reac-
ive oxygen species that can effectively oxidize lipids and
roteins of cells leading to cell damage, gene regulations and
ven cell death.1 The reactions of singlet oxygen are fre-
uently non-diffusion-controlled processes, and the extent of
eaction in a complex biological system is determined by the
imolecular rate constant and the local concentration of sin-
let oxygen.2,3

Singlet oxygen is generated either by chemical reactions or
y energy transfer of a light absorbing photosensitizer.4 The
hotosensitizers can localize in different cellular compart-
ents and generate singlet oxygen, which damages lipids or

roteins in the immediate vicinity. In addition to chemolumi-
escence techniques,5 a direct and noninvasive detection of
inglet oxygen is the time-resolved measurement of its lumi-
escence at 1270 nm. Although singlet oxygen is short-lived
n a microsecond scale or even shorter, it can diffuse into
ifferent environments that may consist of various cellular
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607; Fax: 49–941–944–9647; E-mail: baeumler.wolfgang@klinik.uni-

egensburg.de
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membranes, proteins, and water. Since the respective environ-
ment of singlet oxygen determines the rise and decay time of
the luminescence, the localization and partition of singlet oxy-
gen in a microheterogeneous system should be feasible. Con-
sequently, the time-resolved measurement has become an im-
portant tool to detect singlet oxygen and its localization in
complex structures like living cells or tissue.6–10

However, the determination of singlet oxygen by its lumi-
nescence depends critically on the oxygen cocentration �O2�,
in particular the rise and decay rate of luminescence can have
a different meaning for different11,12 �O2�. Usually, the decay
time of luminescence is attributed to singlet oxygen decay.13

In the case of photosensitized generation of singlet oxygen at
low �O2�, the decay time of luminescence at 1270 nm is in all
likelihood the decay time of the triplet T1 state of the photo-
sensitizer. This might be true in an cellular environment of
singlet oxygen, where �O2� is consistently low showing
values14 of 4 Torr ��O2�=7.5 �M�.

Moreover, �O2� may change while singlet oxygen is gen-
erated due to chemical reactions between singlet oxygen and
biomolecules such as lipids and proteins.15–17 This oxidative
process can lead to oxygen consumption at the site of singlet
oxygen generation,18,19 which has already been investigated
by detecting the phosphorescence quenching of certain
1083-3668/2007/12�6�/064008/7/$25.00 © 2007 SPIE
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etalloporphyrins.18 The clinical application of singlet oxy-
en is the photodynamic therapy of tumors and bacteria. In
hese therapeutic procedures, oxygen depletion is recognized
nd clinicians try to avoid it by fractionation of fluence
ates.20–23

To elucidate the role of oxygen depletion by photosensi-
ized singlet oxygen generation, we chose a rather well de-
ned system that consists of a water-soluble photosensitizer in
queous solution �H2O, D2O� and bovine serum albumin. The
ight of a pulsed laser system �532 nm� excited the photosen-
itizer and singlet oxygen is generated. Singlet oxygen was
etected time resolved by its luminescence at 1270 nm. Si-
ultaneously, the oxygen concentration in the solution was
easured.

Material and Methods
.1 Materials
MPyP �5,10,15,20-Tetrakis�1-methyl-4-pyridinio� porphyrin

etra�p-toluenesulfonate�� �purity �97%� was purchased from
igma-Aldrich �Steinheim, Germany� and bovine serum albu-
in �purity �98%� was purchased from Biomol GmbH

Hamburg, Germany�.

.2 Singlet Oxygen Detection
he solutions were transferred into a cuvette �QS-100, Hellma
ptik, Jena, Germany� and hermetically sealed. The sensitizer
ere excited using a frequency-doubled Nd:YAG laser �Pho-

onEnergy, Ottensoos, Germany� with a repetition rate of
.0 kHz �wavelength 532 nm, pulse duration of about
00 ns�. The laser pulse energy for luminescence experiments
as 50 �J. The singlet oxygen luminescence at 1270 nm was
etected in the near-backward direction with respect to the
xcitation beam using an IR-sensitive photomultiplier
R5509-42, Hamamatsu Photonics Deutschland GmbH, Herr-
ching, Germany� with a rise time of about 3 ns. At the en-
rance of the photomultiplier, two interference filters �on top
f each other� were used with a maximum transmission at
270 nm, and a half width of 25 nm �Schott, Mainz, Ger-
any�, or 13 nm �L.O.T. Oriel GmbH & Co. KG, Darmstadt,
ermany�. The signal of the photomultiplier was amplified by
preamplifier �Model 6954, Philips Scientific, Ramsey, New

ersey�. The signal was processed by a 7886S Dual Input
ultiscaler �time of flight, Photon Counter, FAST Com Tec
mbH, Oberhaching, Germany� plugged into a personal com-
uter. The channel width of the Dual Input Multiscaler was set
o 128 ns. Absorbance was measured with a Beckman DU640
pectrophotometer �Beckman Instruments GmbH, Munich,
ermany�.

.3 Measurement of Oxygen Concentration
he �O2� was determined by measuring the partial vapor pres-
ure �% air saturation� of oxygen in solution during irradiation
MICROX TX, PreSens GmbH, Regensburg, Germany�. To
chieve a uniform oxygen depletion, the cuvette was com-
letely filled, hermetically closed, and permanently agitated
y a magnetic stirrer �Color squid, IKA, Staufen, Germany�.

o best of our knowledge a value for oxygen solubility in

ournal of Biomedical Optics 064008-
D2O is lacking. Therefore, we used an estimation to calculate
oxygen concentration in D2O based on the known24 ratio for
CO2 in D2O and H2O �0.88�.

2.3.1 Chromatography

The solutions containing TMPyP or TMPyP/albumine were
fed into a modular 3-D high performance liquid chromatogra-
phy �HPLC� system with 1100 Photo-Diode-Array-Detector
Mod. Nr. G1315b �1100 Agilent Technologies Waldbronn,
Germany�. A HPLC-3-D-ChemStation Rev. A.10.01 was
used for data analysis. The analytical column used was a Re-
versed Phase Jupiter C4 �250�2.0 mm i.d., 5-�m particle
size, 300-Å pore size� from Phenomenex �Aschaffenburg,
Germany�. Gradient elution was achieved with water obtained
by a Millipore Water-Purification-System �MilliQ-Gradient-
A10� with 0.01 M tetrabutylammonium hydrogensulfate �
�99% Fluka� as the ion pair chromatography �IPC� reagent
�solvent A� and acetonitrile HPLC gradient grade quality �sol-
vent B� at a constant flow rate of 400 �l /min. A gradient
profile of solvent B was applied �t �min�, %B�: �0, 10�, �10,
10�, �40, 80�, �45, 80�. The compounds described were moni-
tored at 220 nm. The injection volume was 15 �l.

3 Results and Discussion
After light absorption in a photosensitizer, the energy can be
transferred from the triplet state of the photosensitizer to
molecular-oxygen-generating singlet oxygen. The time-
resolved technique yields the time course of luminescence and
reflects the solution of a coupled differential equation system.
This describes25,26 the population of the photosensitizer triplet
state T1 and the first excited state of oxygen �singlet oxygen,
1O2�.

d�T1�
dt

= �− kT1
− �kT1O2

+ kT1���O2�� �T1� = − KT1
�T1� , �1�

d�1O2�
dt

= − �k� + k�Q�Q���1O2� + kT1��O2��T1�

= − K��1O2� + kT1��O2��T1� , �2�

where �kT1O2
+kT1�� is the deactivation of the T1 state by oxy-

gen, kT1� describes the generation of singlet oxygen, and kT1
is the deactivation of the T1 state to the ground state of the
photosensitizer. The deactivation of singlet oxygen by the sol-
vent and quencher at the concentration �Q� is given by k� and
k�Q, respectively. The rates K� and KT1

represent the deacti-
vation of singlet oxygen and of the triplet state of the photo-
sensitizer, respectively.

The population of these states is initiated by the laser pulse
�532 nm�, which is absorbed by the photosensitizer. After ex-
citation, the population of triplet state T1 and singlet oxygen
decay, which is described by the temporal solution of the

Eqs. �1�:

November/December 2007 � Vol. 12�6�2
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�1O2��t� =
C

�1 − �2
�exp�− �2t� − exp�− �1t�� , �3�

here �1 and �2 are the rise and the decay rates of the lumi-
escence detected at 1270 nm, which are fitted to the lumi-
escence using the constant C. The luminescence rises with
he rate �1 showing two meanings with �1=KT1

for KT1
K� and �1=K� for KT1

�K�. The luminescence decays
ith �2, showing two meanings with �2=K�, for KT1

�K�

nd �2=KT1
for KT1

�K�.
When solving Eqs. �1� and �2�, �O2� is assumed constant.

ormally, the decay rate �2 is equal to K�, and the reciprocal
alue of K� represents the lifetime of singlet oxygen. The rise
ate �1 is equal to KT1

, and the reciprocal value represent the
ifetime of the triplet state of the photosensitizer. However, at
ow oxygen or high quencher concentrations, the rise rate �1
escribes the deactivation of singlet oxygen and �2 describes
he deactivation of the photosensitizer triplet state T1. The
nalytical solution of Eqs. �1� and �2� does not consider the
ime-dependent decrease of �O2�, which is caused by chemi-
al reactions of singlet oxygen with proteins during irradia-
ion. To consider oxygen consumption in our experimental
etup, singlet oxygen was generated in an aqueous solution of
lbumin with photosensitizer, and �O2� was measured simul-
aneously.

The photosensitizer TMPyP is a water soluble porphyrin
olecule that is chemical very stable on irradiation. The

hange of absorbance at 532 nm was less than 3% after irra-
iation �532 nm� of TMPyP in H2O �50 �M� for 60 min
ven at a high power of 250 mW. This correlates well with
he findings in HPLC when comparing peak areas before and
fter irradiation. The absorption cross section of TMPYP is
.6�10−17 cm2 at 532 nm and the absorbed energy is effec-
ively transferred27 to the triplet state of TMPyP ��T=0.92�.
MPyP sufficiently generates singlet oxygen showing28 a
uantum yield of ��=0.77. The lifetime of the triplet T1 state
n non-aerated aqueous solution was determined27 yielding a
alue of 0.165 ms, which is in good agreement with our own
ndings11 �0.14±0.03 ms�.

.1 Oxygen Depletion in Albumin Solutions
inglet oxygen can readily oxidize serum albumin,16 which
ay lead to a decrease of �O2� in the solution.18,29,30 To quan-

ify this oxygen consumption during generation of singlet
xygen, serum albumin �30 �M� was dissolved in either H2O
r D2O, TMPyP �100 �M� was added and filled in a glass
uvette. The cuvette was completely filled �3.3±0.1 ml�, her-
etically closed, and magnetically stirred during irradiation to

void local gradients of �O2�.
Using the pulsed laser system �repetition rate 2 kHz� at a

ulse energy of 50 �J, the respective solution was excited for
00 �H2O� or 50 s �D2O�. The oxygen sensor measured the
O2� in the cuvette during irradiation. Figure 1�A� shows the
esults for serum albumin in H2O. At the energy of 0 J �prior
o irradiation�, �O2� is calculated to be 270 �M �air satu-
ated�. During the pulsed irradiation, �O2� continuously de-
reased until the oxygen sensor showed no oxygen at total
nergy of about 45 J. In D2O �Fig. 1�B��, the air-saturated
oncentration of oxygen is calculated to be 240 �M. The

xygen depletion in D2O during irradiation is much faster

ournal of Biomedical Optics 064008-
than in H2O. The sensor detected no oxygen after application
of about 5 J. The shape of the curves in Fig. 1 is compatible
with a second-order equation for chemical reactions.

After generation by TMPyP, singlet oxygen can diffuse in
the solution during its lifetime. Singlet oxygen can be deacti-
vated by the solvent or by the interaction with albumin as a
quencher. The physical quenching of singlet oxygen leads to
ground state oxygen without consuming oxygen. Chemical
quenching of singlet oxygen by albumin leads to the binding
of oxygen molecules to the protein. Therefore, oxygen is con-
sumed during irradiation and the concentration of oxygen in
the solution should decrease. Due to the singlet oxygen life-
time of 3.5±0.5 in H2O and 67±5 �s in D2O, the diffusion
length of singlet oxygen in H2O is shorter than in D2O.
Therefore, the probability of singlet oxygen to hit serum al-
bumin and oxidize serum albumin is more likely in D2O. As a
consequence, the depletion of singlet oxygen in D2O is faster
than in H2O �see Fig. 1�.

3.2 Chromatography �HPLC� of Albumin and TMPyP
Solutions

To elucidate the different results for H2O and D2O, the local-
ization of the photosensitizer was investigated. Singlet oxygen

Fig. 1 The �O2� dependence on the applied laser energy when 30 �M
albumin was dissolved in either �A� H2O or �B� D2O. we added
100 �M TMPyP and excited at 532 nm at single pulse energy of
50 �J. This yields an excitation time of 500 �H2O� or 50 s �D2O� to
achieve very low �O2� close to zero.
can be generated either by unbound photosensitizer or by pho-

November/December 2007 � Vol. 12�6�3
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osensitizer molecules bound to albumin.31 The latter has been
hown for photosensitizers such as tin ethyl etiopurpurin32 or
hlorine p6 �Ref. 16�.

When performing HPLC for TMPyP solutions �100 �M�
ith or without albumin �30 �M�, the TMPyP peak at a re-

ention time of 20.070 min showed an area under the peak of
204.2 with albumin and 4807.8 without albumin. When com-
aring these peak areas, it is calculated that about 12.5% of
MPyP is bound to albumin. In case the bound TMPyP gen-
rates singlet oxygen, it could be immediately quenched by
lbumin, which shows a high quenching rate constant.

Since the major part of TMPyP molecules is unbound, sin-
let oxygen can diffuse in H2O or D2O. This is in agreement
ith findings that after incubation of cells with TMPyP, the
hotosensitizer molecules show a no negligible amount re-
aining homogeneously distributed in the cytoplasm.7 Diffu-

ion of singlet oxygen in the respective aqueous solvent plays
n important role. Diffusion is quite different for pure H2O
nd D2O. Assuming13 �x=�6D� �D=2�10−5 cm2 /s; � : de-
ay time of singlet oxygen�, the diffusion length is about 0.9
n D2O and 0.2 �m in H2O. As already mentioned, the dif-
erence may explain the rapid oxygen depletion in D2O as
ompared to H2O.

When performing HPLC after laser irradiation of the solu-
ion containing albumin and TMPyP, the shape of the albumin
eak is significantly altered. Obviously, this might be due to
he oxidative damage of the protein, which has been already
hown by the change of intrinsic protein fluorescence.16 The
eak area of albumin in HPLC was changed by about 30% as
ompared to untreated control. Due to the concentration ratio
f albumin and oxygen, we suggest multiple oxidations of
lbumin molecules.

.3 Singlet Oxygen Luminescence in H2O
MPyP in H2O generated singlet oxygen and the lumines-
ence at 1270 nm was detected without and with albumin in a
ong-run experiment, whereas �O2� was measured simulta-
eously.

.3.1 Without albumin
e dissolved 100 �M TMPyP in H2O without albumin.

inglet oxygen was generated and the luminescence signal
easured by summing up 2000 pulses of irradiation for each

xperiment. The rise rate �1 and decay rate �2 of the
uminescence of singlet oxygen was measured for different
O2� �0 to 280 �M� by flowing the solution prior to
rradiation with nitrogen.25 During the variation of oxygen
nd the variation of the concentration of TMPyP the sum
f rate constants �kT1O2

+kT1��=1.8±0.2 �s−1 mM−1, kT1
0.007±0.001 �s−1, and k�=0.29±0.02 �s−1 were deter-
ined. Our value for TMPyP triplet state quenching by oxy-

en is in good agreement with literature �1.6 �s−1 mM−1 in
ef. 33�. However, the authors detected a clear decrease of

his rate when TMPyP was irradiated in the presence of DNA.
his could be partially caused by local oxygen depletion due

o the reaction of singlet oxygen with DNA �see in the fol-

owing�.

ournal of Biomedical Optics 064008-
3.3.2 With albumin
The quencher rate constant k�Q was fixed to
0.45±0.10 �s−1 mM−1 using a variation of albumin concen-
tration at a constant oxygen concentration, which is in good
agreement with literature �0.5 �s−1 mM−1, Ref. 30�. Taking
these values, K� and KT1

were calculated and added as lines
to Fig. 2.

After that, albumin was added to H2O, yielding a concen-
tration of 30 �M. After adding TMPyP at a concentration of
100 �M, the cuvette was completely filled with the solution
�3.3±0.1 ml�, hermetically closed, and magnetically stirred
during irradiation. In contrast to experiments without albu-
min, no nitrogen gas was applied to change the �O2�. Here,
the variation of �O2� was intrinsically achieved by the genera-
tion of singlet oxygen and its subsequent reaction with albu-
min �peroxidation�. At the same time, the oxygen sensor
monitored the respective �O2�. To measure the respective
�O2� during irradiation procedure, a stepwise decrease of �O2�
was performed. After applying 2000 laser pulses, the irradia-
tion was temporarily stopped and �O2� was measured. This
was repeated until �O2� reached zero.

After every 2000 laser pulses, the rise rate �1 �square
point� and decay rate �2 �circle point� of the luminescence of
singlet oxygen were determined. The oxygen sensor deter-
mined the respective �O2� and therefore the values could be
added to Fig. 2. Within experimental accuracy, the measured
rise and decay rates from experiments with albumin fit to the
lines �K� and KT1

�, which represent the values of experiments
without albumin. Consequently, the variation of oxygen either
by flowing the solution with nitrogen or by chemical quench-
ing in serum albumin yielded comparable results regarding
the luminescence of singlet oxygen.

We used a very short irradiation time of 1 s �2000 laser
pulses�. Nevertheless, note that �O2� also slightly decreased
during this short irradiation time �2000 pulses=0.1 J� of 1 s.
Hence, the measured signal of luminescence is a superposi-

Fig. 2 Rates �1 and �2 �K� and KT1
� in H2O solutions �100 �M

TMPyP� determined by fitting the singlet oxygen luminescence curves
at 2000 excitation pulses. The lines represent the calculated values
based on experiments without albumin and changing �O2� by nitro-
gen gas. The squares represent the rise rates and the circles are the
decay rates when adding serum albumin �30 �M� to the solution;
here the oxygen variation is due to chemical quenching of singlet
oxygen. The triangles show the values for high pulse numbers.
tion of 2000 single experiments at different �O2�. For a closer

November/December 2007 � Vol. 12�6�4
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xamination of this effect, two additional experiments were
erformed using a substantially longer irradiation time. At a
tarting oxygen concentration of 110 �M, the luminescence
ignal was measured by summing up 120,000 �6 J� and
00,000 �20 J� single pulses. The rate �1 �closed triangle
oints in Fig. 2� seems to be constant within experimental
ccuracy. This is not surprising, because for �O2� of about less
han 110 �M, the rise rate �1 reflects the decay rate of singlet
xygen, which should be independent of �O2�.

In contrast, the measured rate �2 �open triangle points in
ig. 2� began to decrease with decreasing �O2�. In H2O and at
O2�=110 �M, �2 describes the deactivation of the triplet T1
tate. When applying up to 400,000 laser pulses to the solu-
ion, oxygen is increasingly consumed leading to a decreasing
O2�. Consequently, the deactivation of the triplet T1 state by
xygen is hampered, and the T1 deactivation is more pro-
ounced inside TMPyP to its ground state, which changes the
ifetime of the triplet state. The measured decay rate �2
ielded an intermediate value at an intermediate �O2�, which
s not exactly the decay rate that is measured at the start of the

easurement. This fact seems to explain the drift of each
easurement with 2000 pulses. Each decay rate seems to be

maller than the theoretical value determined without serum
lbumin.

The change of the lifetime of the TMPyP triplet state in
NA solutions was previously reported.34 The lifetime in-

reased from 2.5 to 27.8 �s with increasing DNA concentra-
ion, which could indicate local oxygen consumption.

.4 Singlet Oxygen Luminescence in D2O
omparable to experiments with H2O, singlet oxygen was
enerated by TMPyP in D2O and the luminescence at
270 nm was detected without and with albumin in a long-
un experiment, whereas �O2� was measured simultaneously.

.4.1 Without albumin
e dissolved 100 �M TMPyP in D2O. The rise rate �1 and

ecay rate �2 of the luminescence of singlet oxygen were
easured for different concentrations of oxygen, TMPyP. The

um �kT1O2
+kT1�� yielded a value of 2.2±0.2 �s−1 mM−1,

T1
=0.004±0.002 �s−1, and k�=0.015±0.001 �s−1. Again,

ur value is in good agreement with literature35

1.86 �s−1 mM−1�. As with H2O, the decrease of this rate by
bout a factor 10 in the presence of DNA could be partially
aused by oxygen depletion. Unfortunately, the authors trun-
ated the time course of singlet oxygen luminescence at
5 �s, and therefore the information about the rise rate of the
ignal is lacking.

.4.2 With albumin
he use of albumin showed a k�Q=0.6±0.2 �s−1 mM−1 and

aking all these values, K� and KT1
were calculated and added

s lines to Fig. 3.
After that, serum albumin was added to the solvent of

00 �M TMPyP in D2O at a concentration of 30 �M. As
hown in experiments with H2O, the cuvette was completely
lled �3.3±0.1 ml�, hermetically closed, and magnetically
tirred during irradiation. Starting with air saturation
240 �M oxygen�, a step such as the decrease of �O2� was

chieved by the generation of singlet oxygen and its subse-

ournal of Biomedical Optics 064008-
quent binding to albumin, whereas for each step, 2000 laser
pulses were applied �see earlier in the paper�. The rise rate �1

�square point� and decay rate �2 �circle point� of the lumines-
cence of singlet oxygen were determined for the respective
�O2� and added to Fig. 3.

Due to the fast depletion of oxygen in D2O by serum
albumin �see also Fig. 1�B��, the change of the measured rise
rate �1 is even more striking as compared to H2O. For
�O2� �10 �M, the rate �1 was consistently smaller than the
values of experiments without albumin �dashed line in Fig. 3�.
Since �1=KT1

for KT1
�K� and KT1

=kT1
+ �kT1O2

+kT1��
��O2�, the deactivation of the triplet T1 state is correlated to
�O2�. Thus, the measurement of KT1

is affected in case singlet
oxygen is produced and chemically quenched by biomol-
ecules such as proteins or lipids. If this effect is not consid-
ered, the measured value of KT1

might be too small and should
depend on the light energy or the time of irradiation.

To elucidate this dependency of the rate �1 on the irradia-
tion energy, the total irradiation energy was varied from 100
pulses �5 mJ� to 4000 pulses �200 mJ� at �O2�=190 �M and
fresh solutions were used for each. With a decreasing number
of pulses, the rise rate �1 increased due to less oxygen con-
sumption �insert Fig. 3�. The values of �1 are approaching the
rates, which were measured for D2O without serum albumin
and consequently for the case of no oxygen consumption.
Additionally, when reducing the number of laser pulses for
irradiation, the intermediate �O2� approaches the oxygen con-
centration at the start of each measurement step.
For �O2�=190 �M, the decay rate �2, which corresponds
here to the decay time of singlet oxygen, was constant within
experimental accuracy. However, with decreasing �O2�, the
measured values of �2 clearly deviate from the line calculated

Fig. 3 Rates �1 and �2 �K� and KT1
� in D2O solutions �100 �M

TMPyP� determined by fitting the singlet oxygen luminescence curves
at 2000 excitation pulses. The lines represent the calculated values
based on experiments without albumin and changing �O2� by nitro-
gen gas. The squares represent the rise rates and the circles are the
decay rates when adding serum albumin �30 �M� to the solution;
here the oxygen variation is due to chemical quenching of singlet
oxygen. The vertical rectangles show the values for different numbers
of pulses.
for no oxygen consumption.
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.5 Outlook: Singlet Oxygen Luminescence in More
Complex Environments Such as Cells

fter being generated, singlet oxygen can diffuse, can decay
ue to an interaction with solvent or quencher molecules
physical quenching�, or can chemically react with other mol-
cules �chemical quenching�. The time-resolved detection of
uminescence is a powerful tool for direct detection of singlet
xygen. At the same time, the detection can be used to eluci-
ate the localization and reaction mechanisms of singlet oxy-
en, in particular in cells and tissue.

Our current experiments were carried out in a protein so-
ution that is a more or less simple environment for singlet
xygen. However, the interpretation of time-resolved singlet
xygen luminescence remains rather complex. Among others,
wo important conditions clearly influence the time course of
uminescence. These are the local oxygen concentration �O2�
nd its change due to oxidative processes mediated by singlet
xygen �chemical quenching�. Even at a very short irradiation
ime �2000 pulses�, the generation and decay is affected by
xygen consumption; that is, chemical quenching reduces the
opulation of singlet oxygen and, at the same time, affects the
ise and the decay rate of luminescence.

The detection of singlet oxygen in a more complex envi-
onment, such as in cells or tissue, should be substantially
ore difficult. Snyder et al.7,8 made a significant effort to
easure the lifetimes in single cells. They found long-lived

uminescence signals in cells, which is in contrast to the com-
on perception of short lifetimes9,13 but fits with our own

ecent findings.6 However, in regard to singlet oxygen decay-
ng in a cellular environment, it is much more difficult to
nterpret the rise and decay rate of singlet oxygen lumines-
ence. Looking at Fig. 2, the meaning of the rates should
hange due to the usual very low �O2� in cells �4 Torr,
O2�=7.5 �M, Ref. 14�. It is likely that the decay rates of
uminescence measured do not reflect the lifetime of singlet
xygen but represent11 KT1

.
Looking at Fig. 3 �D2O solution�, it is more likely that in

ells with D2O the decay rate of luminescence reflects the
ifetime of singlet oxygen. However, it is usually unclear to
hat an extent D2O can replace H2O inside the entire cells, in
articular, at the subcellular localization of the photosensi-
izer. In addition, small amounts of remaining H2O can affect
he lifetime of singlet oxygen. Ten percent of H2O in D2O
hortens36 the lifetime by more than 50%.

Despite our recent findings in bacteria12 or tissue,10 a chal-
enging gap remains between our present investigations and
he complexity of a cell. However, we could show that the
uminescence rates of singlet oxygen clearly depend on the
espective oxygen concentration. In pure solvents, �O2� can
e easily changed by replacing the oxygen molecules with
itrogen molecules. When adding a protein such as albumin,
he oxygen is not replaced by other gas molecules but is con-
umed due to chemical reactions of singlet oxygen with the
rotein �chemical quenching�. In both cases, oxygen is re-
oved from the solution. Owing to this chemical quenching

f singlet oxygen, �O2� decreases from its initial concentra-
ion to a value that is correlated with the absorbed energy in
he protein solution. Thus, singlet oxygen luminescence could
e used to monitor the respective oxygen concentration in a

iological environment, which here was a protein solution.

ournal of Biomedical Optics 064008-
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