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Singlet oxygen luminescence kinetics in 

heterogeneous environment – Identification of the 

photosensitizer localization in small unilamellar 

vesicles 

S. Hackbarth
a
, B. Röder

a
,  

In vivo measurement of singlet oxygen luminescence kinetics is affected by the heterogeneity 

of biological samples. Even though singlet oxygen luminescence detection is technically 

getting easier, the analysis of signals from biological samples is still far from quantitative real 

time surveillance as it is aspired by the community. In this paper small unilamellar vesicles 

(SUVs) are used for modelling the general behaviour of heterogeneous samples. The geometry 

of the SUVs can be determined independently using Dynamic Light Scattering. Therefore an 

accurate theoretical description of the generation, deactivation and diffusion of the singlet 

oxygen is possible. The developed here theoretical model perfectly fits the experimental 

results. Thus the location of the singlet oxygen generating photosensitizer molecule can be 

exactly determined from the kinetics of the singlet oxygen luminescence. The application of 

the used theoretical approach thus allows for accurate quantitative measurements in SUVs.  

 

1. Introduction 

Singlet oxygen, the lowest electronically excited state of 

molecular oxygen may deactivate via weak, but characteristic 

luminescence around 1270 nm. For a long time the detection of 

this luminescence was quite difficult. The development of NIR-

PMTs by Hamamatsu improved this situation and counting 

devices (multi scaler or time-correlated multi photon counting) 

became state of the art for such luminescence measurements as 

they are superior to classical analogue devices 1. Measurements 

in vitro and in vivo became possible 2–4, but the results gained 

this way already revealed that fitting based on the assumption 

of a homogeneous environment near the photosensitizer (PS) 

may not be sufficient to describe the observed luminescence 

kinetics.  

In a homogeneous environment the kinetics of singlet oxygen 

concentration (c) after a delta pulse excitation at time t = 0 can 

be described as a double exponential curve, determined by the 

feeding at the speed of the photosensitizer (PS) triplet decay T 

and quenching by the solvent and other quenchers therein. The 

natural lifetime of 1O2 is way too long to have a significant 

influence on the kinetics in any solution. The tricky part is, that 

the assignment of the involved decay times to signal increase 

and –fall may switch. It’s the faster of both times that 

determines the increase and the slower that determines the 

decay: 

c(t) = (cPS(0)··T
-1/(T

-1-
-1)) ·(exp(-t/)-exp(-t/T))       (1) 

, where cPS(0) describes the initial concentration of excited PS, 

 the 1O2 quantum yield and  the decay time of 1O2.  

In contrast to former assumptions that in heterogeneous 

environments the luminescence follows an average kinetics, if 

only the areas of the different phases were small compared to 

the diffusion length of 1O2 
2,5, recent improvements of the 

sensitivity of 1O2 luminescence detection proved that this is not 

the case 6.  

If the 1O2 generating PSs are not homogeneously distributed 

over all phases of a heterogeneous environment and the 

radiative rate constant differs between the phases, then 

diffusion of 1O2 affects the signal kinetics. In biological 

environment this effect is especially visible, if the 1O2 is 

generated by membrane localized PSs. On one hand the 

radiative rate constant in membrane is much bigger compared 

to the surrounding aqueous environment 7. On the other hand 

the diffusion length of 1O2 in water is quite short. Based on the 

generally agreed value of the diffusion coefficient of oxygen in 

water D = 2∙10-5 cm²/s  8,9, three dimensional diffusion results 

in an average diffusion length of  just around 200 nm. This 

value is based on the reported 1O2 decay time in water of 

3.7±0.1 µs 6. If just one dimensional diffusion applies, like in 

extended membranes (in the scale of 1O2 diffusion this means 

just about a µm²) the average diffusion length is about 120 nm. 

In comparison the thickness of a natural membrane of 4-12 nm 
10,11 has to be taken into account. Therefore in case of 

membrane localized PS a non-negligible signal can be 
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registered from inside the membrane. This applies especially in 

case the radiative rate constant inside of the membranes is 

bigger compared to water 6. Diffusion of 1O2 out of the 

membrane changes the temporal signal shape. Described 

vividly, the diffusion of 1O2 out of the membrane (the area with 

higher radiative rate constant) opens an additional decay 

channel for 1O2 from inside the membrane. Any quantitative 
1O2 luminescence measurement in heterogeneous (e.g. 

biological) environments has to account for diffusion and 

different radiative rate constants. Here we report the first trial to 

do so. The scope of this paper is to demonstrate that for known 

membrane geometry evidence can be provided for such 

diffusion processes measuring the luminescence signal kinetics 

at high accuracy. Basing on this knowledge it becomes possible 

to determine the localization of the PS relative to the 

membrane: whether it is in/at the lipid bilayer or not. 

 

2. Materials and Methods 

The theoretical model 

Liposomes were chosen as model membrane system, since they 

are highly symmetric, having a defined thickness of the lipoid 

bilayer. Also their size can be determined via Dynamic Light 

Scattering (DLS). 

The diffusion of 1O2 in this geometry can be described by a 

spherical symmetrical diffusion if the generation of 1O2 

(starting conditions) falls under this symmetry as well. The 

samples that will be analyzed in this paper are loaded with 50-

100 PS molecules per liposome. Therefore the estimation of a 

spherical symmetrical PS distribution and singlet oxygen 

generation seems to be appropriate. Taking a liposome 

concentration where the distance between two liposomes is big 

compared to their size the model can be limited to a single 

liposome. The simulation therefore consists of 1000 concentric 

spherical layers of 1 nm thickness (fig. 1), where layer 36 to 39 

represent the liposomal membrane (according to the measured 

size of the SUVs using DLS – vide infra). The diffusion 

constant of oxygen in water at room temperature is reported to 

be 2·10-5 cm²/s  and for membranes values in literature are 

around 1·10-5 cm²/s 5. These values are assigned to the layers 

accordingly as well as singlet oxygen decay times.  

Recent calculations of the free energy for translocation of 1O2 

across a very similar bilayer (1-palmitoyl,2-oleoyl-sn-glycero-

3-phosphocholine) report a higher solubility of 1O2 inside the 

bilayer compared to the aqueous phase around 12. This was also 

found experimentally for oxygen in another very similar bilayer 

(1,2-dimyristoyl-sn-glycero-3-phosphocholine) before 13. 

Similar partition coefficients (concentration ratio) of around 3.5 

are reported in both paper and therefor the same value is used 

for our simulation. 

If a PS is incorporated in a liposome membrane, it causes a 

certain deviation from the spherical shape, but since the model 

is spherical symmetric and thus diffusion only occurs radial the 

space occupied by the PS itself can be neglected. The volume 

increase of the layers with diameter is taken into account.  

 
Fig.1: The model for numerical simulations consists of concentric spherical shells  

(for better visibility the number of shells is reduced). The shells 36 to 39 (grey) 

represent the lipid bilayer where the PS are located. All other shells are assumed 

to be water. 
1
O2 is generated in contact to the PS, thus in shell 37 and 38.  

The numerical simulation for a given parameter set (PS triplet 

decay time and 1O2 decay time outside the membrane) is carried 

out with time steps of 1.25·10-10 s. 1O2 decay in the lipid bilayer 

is slow compared to the diffusion out of it and thus it has only 

minimal influence on the kinetics 6. It is therefore set to 14 µs 

as reported for DPPC films in 2.  

The overall 1O2 amount in lipid layers and in water is calculated 

for the time interval 0-30 µs in steps of 20 ns. 

The fit then is just an optimized linear combination of these two 

curves plus a constant background. 

It is assumed, that the singlet oxygen is generated in at least 

two layers with kinetics defined by the triplet decay time.  

If a PS is really incorporated in the membrane the generation 

thus happens in layer 37 and 38, if the PS is attached to the 

membrane, the generation would happen in 4 layers: 34, 35, 39, 

40 as the oxygen can get the energy of the PS in triplet state on 

both sides of the PS. In case of water soluble PSs the singlet 

oxygen would be generated everywhere but in the membrane.  

Due to the very fast diffusion between the layers and the small 

thickness of the membrane, the kinetics determined with this 

theoretical model are nearly indistinguishable for PS embedded 

and attached to the layer. Just the amplitudes of the kinetics are 

minimal reduced for attached molecules, about 6% for the lipid 

signal and 2% for the water signal. The SNR of singlet oxygen 

luminescence kinetics doesn’t allow differentiation between 

these cases (not shown – after scaling they appear as one line).  

Hydrodynamic diameter determined by Dynamic Light 

Scattering (DLS) 

The size of the prepared liposomes was determined using a 

commercial dynamic light scattering DLS setup Zetasizer Nano 

ZS (Malvern Instruments, UK) equipped with a He-Ne-Laser 

(wavelength = 632.8 nm) as described elsewhere 14. The data 

were recorded at 25±1 °C in backscattering mode at a 173° 

scattering angle. Each sample was measured three times for 100 

s each measurement and the recorded data were averaged. Since 

the liposomes were filtered with a 0.22 µm syringe filter 
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already, no further preparation was necessary. SUV 

concentrations were in the range of 1012 to 1013 Particles/ml 

which was reported to be a good value 15 for particles in this 

size range. Besides the average particle size the polydispersity 

index is determined during a DLS measurement. For a 

theoretical Gaussian size distribution it is the square of the 

normalized width at half height. 

Time-resolved singlet oxygen luminescence kinetics  

Luminescence kinetics where recorded using IF filter based 

optics with central wavelengths at 1250, 1275 and 1300 nm. 

The collection times for the measurements at 1250 and 1300 

nm were adjusted to compensate different overall transmission 

of the filters. This means that any emission that has a more or 

less linear intensity distribution in this wavelength range causes 

the same signal intensity using the 1270 nm filter compared to 

the sum of the signals of the other two filters. So by subtracting 

the latter two signals from the first one gets a signal nearly free 

of distortion from scattering or PS phosphorescence if the 

maxima of these disturbing signals are sufficiently far away 

from this wavelength range.    

Measurements were done using the compact table-top 1O2 

luminescence detection system TCMPC1270 of SHB 

Analytics/Germany with the extension for using external lasers. 

Excitation was done using the frequency doubled Nd3+-YAG 

Laser Vector from Coherent/Germany. Samples were excited 

with 5 mW at 532 nm, 10 ns pulses with a repetition rate of 12 

kHz for 100 s when the 1270 nm filter was used. 

The quality of each fit was judged using reduced 2 (2
red) in 

the time region 0.3-30 µs. The lower time limit was given by 

the ever present short time artifact.  

2
𝑟𝑒𝑑

=
2

𝑖𝑚𝑎𝑥−𝑛
   , with  2 = ∑ (

𝐶𝑖−𝑓(𝑡𝑖)

𝜎𝑖
)
2

𝑖           (2) 

Ci represents the measured counts (difference of the three 

measurements - see above) for channel i, f(ti) the according 

theoretical value due to fit function f. Imax is the number of 

channels and n represents the number of fit parameters. Since 

we talk about counting measurements with high count numbers 

the results follow Gaussian statistics and so Gaussian error 

propagation applies. The expected accuracy of each channel i 

thus is given by the square root of the sum of all counts in the 

three measurements for this channel.  

Triplet decay times 

Flash photolysis measurements were done using a ns-Nd3+-

YAG pumped OPO (Ekspla, 420-2500 nm). Transient triplet-

triplet absorption was observed, perpendicular to the excitation, 

using a stabilized LED (max = 488 nm), a band pass 

interference filter (488 nm) and a Si-photodiode with integrated 

fast differential pre-amplifier (Elektronik Manufaktur 

Mahlsdorf/Germany). The setup allows determination of triplet 

decay times down to 0.1 µs using a recording oscilloscope 

(HP5415).  

Liposome preparation 

Liposomes were prepared using the injection method described 

in 16. Before injecting the ethanol solution of DPPC the PS were 

mixed with the lipid molecules to guarantee a homogeneous 

distribution. The concentration of the PS in the mixture before 

injection was about 0.1 mM. 1,2-Dipalmitoyl-rac-glycero-3-

phosphocholine hydrate (DPPC) from Sigma-Aldrich/Germany 

was used as purchased. Directly after preparation, the liposomal 

solution was filtered through a 0.22 µm syringe filter. DLS 

measurements and detection of singlet oxygen kinetics as well 

as flash photolysis were done within a time frame of 6 hours 

after preparation. All measurements were done at room 

temperature. 

 

Photosensitizers 

Pheophorbide a (Pheo) from Frontier Scientific / USA and 

meso-Tetra(4-N-Methyl-Pyridyl) Porphyrin (TMPyP) from 

Sigma-Aldrich/Germany were used as purchased. 

In former work we used Pheo extracted from urtica urens 6,7.  

Analysing the purity of the extract using molecular mass 

spectrometry, besides Pheo with 593 Da, small amounts of 

pyro-Pheo have been identified with 535 Da. Since pyro-Pheo 

has a slightly longer triplet decay time compared to Pheo, even 

small pollutions disturb the analytic approach developed in this 

paper. 

Because of that, for the actual investigations we used a 

commercial batch of Pheo. Its purity was checked using an 

Acquity-UPLC®-System equipped with a LCT Premier XE 

ESI-ToF mass spectrometer (positive mode). UPLC 

Parameters: Acquity UPLC® BEH C18 column, 0.6 ml/min, 

35°C, solvent: 0,1% formic acid and acetonitrile in water, with 

a concentration gradient of acetonitrile from 60% to 95% 

within 10 minutes.  

The sample we bought from Frontier scientific did not contain 

other Pheo derivatives as e.g. pyro-pheophorbide according to 

this test and was therefore used for the experiments reported 

here. 

 

3. Results and Discussion 

Pheo is well known to be incorporated in membranes due to its 

hydrophobicity 17 while TMPyP obtains very good water 

solubility 3 and thus it is a good reference for PSs equally 

distributed all over the water phase. Because of this these two 

PSs were chosen to test the applicability of the new diffusion 

model in competition to the standard two-exponential decay 

model imaging whether the luminescence kinetics reflect their 

localization relative to the SUVs.  

The size of the SUVs formed after injection of DPPC mixed 

with Pheo as determined by DLS was astonishing reproducible 

at a diameter of about 78 nm with narrow particle distribution 

index (0.17-0.18). The SUVs formed in the presence of TMPyP 

also had a narrow distribution index (0.19-0.20) in each case 

but the average size was in the range 70-100 nm for different 

trials. However, this did not influence the results of the 

measured kinetics, as expected.  
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Fig. 2: The 1O2 kinetics of SUVs with TMPyP (top) can be  fitted using the 

standard two exponential description for homogeneous samples with decay 

times of 1.85±0.10 µs and 3.76±0.10 µs, which match the determined (flash 

photolysis - bottom) triplet decay of 1.89±0.20 µs and the known 1O2 decay in 

water (3.7±0.1 µs).  

For TMPyP the results of flash photolysis and 1O2 

luminescence are shown in fig. 2. The PS triplet decay was 

fitted as 1.89±0.20 µs assuming a mono exponential decay of 

the transient triplet absorption. A standard two-exponential fit 

of the singlet oxygen kinetics results in 1.85±0.10 µs and 

3.76±0.10 µs. The PS triplet decay times determined with both 

methods match perfectly and the 1O2 decay time is just slightly 

longer than reported before for water but within the error range. 

2
red for this fit is 0.99, which indicates a perfect fit.  As result it 

seems obvious, that the vast majority of TMPyP is solved in the 

water phase of the liposomal dispersions. This result is not 

surprising, but it stands as a good reference for the samples 

with Pheo.  

As mentioned above, Pheo is known to be incorporated in 

membranes  17.  

In liposomal dispersion we determined a Pheo triplet decay 

time of 1.98±0.20 µs (fig. 3 bottom) which is comparable to 

values reported before 6. 

Trying to fit the singlet oxygen luminescence decay curves 

using the standard two exponential fit, we get decay times of 

1.5 µs and 4.2 µs. Neither does the triplet decay time coincide 

with the one determined by flash photolysis nor is the 1O2 

decay time even near the one in water. Due to the preparation 

of the liposomes with injection method there are about 5-7% 

ethanol in the solution, but in test measurements of 

water/ethanol mixtures we found, that it would require more 

than 30% ethanol in the solution to raise the 1O2 decay time 

above 4 µs (not shown). It has been reported, that ethanol 

concentrates in the vicinity of membranes but this effect is 

limited to the lipid water interface and consequently not that 

strong.  

Finally, a look at the residua of the fit reveals, that this fit does 

not describe the measured kinetics (fig. 3 top). 

Obviously, the commonly used two exponential model is not an 

appropriate description of the kinetics of 1O2 photosensitized 

generated by Pheo in liposome dispersions. This proves that the 
1O2 is not generated equally distributed within the sample, a 

fact that is known, but here for the first time can be directly 

derived from 1O2 kinetics. 

 
Fig. 3: Fitting the 

1
O2 kinetics of SUVs with Pheo with the standard two 

exponential model (top) results in decay times that don’t match the determined 

(flash photolysis – bottom) triplet decay time of 1.98±0.20 µs. Also the residues 

are not at all symmetrically distributed. The fit using the new diffusion model 

(middle) results in 2.04±0.10 µs and 3.84±0.10 µs with much better residues. 
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Fig.4: Fit quality (reduced chi2) of the diffusion model as a function of the 

parameter set (PS triplet, 1O2 decay outside the membrane). The inner white 

area represents values up to 1.1, the dark area around goes up to 1.2 and so on. 

The outer white area means 2.9 or higher. The black lines across the diagram 

connect parameter sets which have a best fit for the same rate ratio. The lines 

represent the values 2 to 4.5 in steps of 0.5 (left to right).  

Now the results shall be fitted based on the above described 

model of singlet oxygen generation only in the membrane 

bilayer followed by diffusion.  

Fitting procedure: The PS triplet (1 µs .. 3 µs) and the singlet 

oxygen decay time outside the membrane (3 µs .. 5 µs) is 

stepwise varied in steps of 0.02 µs and for each parameter set 

the theoretical temporal development of the amount of 1O2 in- 

and outside the membrane is calculated. These calculations are 

based on Fick’s laws of diffusion*. The fit is then a linear 

combination of the two curves plus a constant background since 

the dark counts of the device are equally distributed over time. 

The ratio of the amplitudes of the two curves is also the ratio of 

the radiative rate constants in the membrane compared to the 

aqueous solution around it (rate ratio). It is known that the 

radiative rate constant of 1O2 depends on the environment 18. 

The best fit was obtained for a PS triplet decay time of 2.04 µs, 

a 1O2 decay time of 3.84 µs and an rate ratio of 3.25 (fig. 3 

middle). The corresponding value for 2
red is 1.07 (time region 

0.3-30 µs). In fig. 4 the best gained 2
red are shown as a 

function of the parameter set. The central white area represents 

values below 1.1, the grey area around it goes up to 1.2 and so 

on. The large white field means 2
red > 2.9 and is therefore of 

no interest. The black lines across this plot connect parameter 

sets that result in the same rate ratio. From left to right the lines 

represent rate ratios from 2 to 4.5 in steps of 0.5. The region of 

best fits (2
red < 1.1) includes rate ratios from 2.9 to 3.7, so we 

can name a value of 3.25±0.50. This value is much smaller than 

reported before 6. This is mainly due a more accurate model 

(spherical symmetrical instead of 1D diffusion/ solubility of 1O2 

is taken into account, which was not done in the past) and Pheo 

of a higher purity (see 2.). 

The PS triplet decay time determined with our model perfectly 

corresponds to the result of the flash photolysis (fig. 3 bottom) 

and the singlet oxygen decay time is only very slightly longer 

than it should be expected for the given content of ethanol in 

the solutions, which probably can be explained by the already 

mentioned affinity of ethanol to the lipid water interface. 

 

4. Conclusions 

It could be clearly shown, that diffusion of 1O2 influences its 

luminescence kinetics in heterogeneous systems. The temporal 

shape of the 1O2 luminescence in heterogeneous environment is 

not just an average of the involved phases, but depends strongly 

on the exact place of 1O2 generation and the radiative rate 

constants of 1O2 in the different phases. For DPPC liposomes 

the 1O2 luminescence coming from inside the lipid bilayer is 

overpronounced by a rate ratio of 3.25±0.50 compared to the 

surrounding water. Moreover, by analyzing the 1O2 

luminescence kinetics it was shown that Pheo in liposomes 

generates 1O2 in or in close vicinity to the membrane bilayer. In 

difference, TMPyP is nearly homogeneously distributed in the 

aqueous phase of the liposome dispersion and generates 1O2 

accordingly, whereby the luminescence kinetics can be 

described using the two exponential standard model.  

Knowledge about such diffusion effects and different rate ratios 

of 1O2 in biologically relevant environments will help to 

develop means for measuring 1O2 directly and quantitatively in 

vivo.  
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