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Abstract
1

O2 is the first e xcited s tate o f molecular o xygen a nd t he k ey i ntermediate in 
photosensitized oxidation reactions. Although 1O2 emits near-infrared (NIR) 
phosphorescence, direct microscopic observation of its emission is severely ham-
pered by its low emission quantum yield, the competitive kinetics between 
its decay and diffusion, a nd t he l imited e fficiency of NIR  det ectors. Her e, we 
describe a 1O2 phosphorescence lifetime imaging microscope (1O2-PLIM) that 
allows acquiring lifetime and intensity profiles of 1 O2 phosphorescence emission 
with improved resolution. Calibration carried out with photosensitizer solutions 
returned the expected lifetimes for 1O2 generation and decay. Nanometer-sized 
beads allowed the reconstruction of the excitation volume and the estimation of 
detection limit as 1 million 1O2 molecules in 60 fL of ethanol. Scanning samples 
in a confocal configuration provided i ntensity and l ifetime image reconstruction 
of 1O2 emission from complex systems such as micrometer-sized polymer beads 
bound to photosensitizers, as well as from HaCaT keratynocytes previously incu-
bated with a photosensitizer. Raw image data was corrected for the 1O2 emission 
lifetime and diffusion pathway within the confocal volume, using a  mathematical 
model specifically d eveloped f or t his p urpose. This a dvancement i n 1 O2 imag-
ing enables a better understanding and control of light-mediated reactions across 
chemistry, biomedicine, and environmental science.
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1 Introduction
Singlet oxygen 1O2 is the first e xcited s tate o f m olecular o xygen ( 1∆g) w ith 94.3 
kJ mol−1 in excess to its ground triplet state (O2) [1]. It is usually formed indi-
rectly, by a triplet-triplet energy transfer reaction between the triplet excited states 
of chromophores, here called photosensitizers (PS), and oxygen [2]. 1O2 is highly reac-
tive towards electron-rich molecules, allowing for the direct oxidation of olefins and 
biomolecules, initiating the so-called photosensitized oxidation reactions [2–6]. 1O2 
modulates several steps of biological signaling, affecting t he y ield o f e nergy conver-
sion in photosynthesis and the vascular tone during sepsis. It damages biological and 
man-made surfaces that are exposed to light, such as skin, hair or solar cells. It is also 
the major intermediate in medical treatments by photodynamic therapy (PDT)[7–13]. 
However, the precise role of 1O2 in these processes remains elusive for several reasons, 
including the difficulty in  imaging its presence with microscopic resolution.

Several methods have been developed to detect, quantify and study 1O2 [1, 8, 14]. 
The most acessible methods are based on chemical trapping, typically relying on con-
ventional spectrometry and microscopy setups. Within certain limits and assumptions, 
these methods allow for identification, q uantification an d so metimes lo calization of 
1O2 [8, 15]. However, they have two main limitations: (i) accuracy, since the probe’s 
responses are based on the encounter of 1O2 with the probe, which may be fortu-
itous in complex environments and (ii) specificity, s ince a voiding p arallel reactions 
with other oxidants is always a challenge [16]. Recently, other techniques have been 
proposed to avoid these limitations. By assessing the delayed fluorescent emission due 
to back-energy transfer from the 1O2 to the PS, the probe is the PS itself, localizing 
only angstroms away from the recently generated 1O2. While the delayed emission 
can be used to construct images of 1O2 spatial localization, a sophisticated detection 
scheme is needed in order to separate the delayed fluorescence from the direct fluores-
cence and phosphorescence emissions of the PS and the obtained image resolution is 
not ideal [17].

The most specific method for 1 O2 detection relies on acquiring i ts faint but char-
acteristic near infrared (NIR) phosphorescence emission, which peaks at 1270 nm 
[8, 18]. Time-resolved measurements of this fingerprint e mission n ot o nly provide 
tools to discern 1O2 from other emissive species, but also bring insight on the micro-
environment of 1O2 molecules [19]. Nonetheless, the photophysical properties of 1O2 
create a number of challenges to detect its luminescence: (i) the spectral region where 
the phosphorescence occurs (i.e. around 1270 nm) has no efficient de tector; (i i) the 
emission is ultra-weak, with intrinsic efficiencies that ar e among th e smallest known 
(in water, one emitted photon for every 108 generated 1O2) and (iii) singlet oxy-
gen lifetimes are in the microsecond domain competing with the diffusion process and 
complicating the use of available time-resolved photon-counting techniques [20].
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Numerous strategies were tried with relative success to image the 1O2 NIR emis-
sion [15, 21–27]. Several groups have implemented loupe-type equipment that allows 
acquisition of 1O2 images with millimeter resolution. These systems have allowed new 
paradigms in terms of dosimetry in PDT [23–26], but do not provide for microscopic 
imaging. By using a InGaAs array detector, Andersen and co-workers characterized 
heterogeneous solvent mixtures with strong contrasts in 1O2 yields in water and in 
toluene [22]. Few years later this type of detection setup allowed, for the first time, 
a microscopic observation of the 1O2 phosphorescence emission from a group of cells, 
which had previously been incubated with TMPyP, which is a standard PS [28]. Scholz 
and co-workers have further developed this system by using a InGaAs 2D-array detec-
tor to allow image and spectral resolution within the same sample acquisition [26]. 
However, the quality of the images were never good enough to allow improvements in 
the field.

Obtaining precise values of the 1O2 lifetime in complex environments continues to 
challenge the scientific c ommunity, a s s uch i nformation i s c rucial f or understanding 
the diffusion, reactivity, and site-specific oxidative damage induced by photosensitizers 
(PS) [29]. The pioneering work of Ogilby’s group established the field of singlet oxygen 
microscopy, first by measuring 1O2 kinetic profiles from single cells [15, 30] and later by 
achieving phosphorescence lifetime measurements in subcellular domains [31, 32]. NIR 
signals from cell suspensions also were used to evaluate the intracellular dynamic decay 
of singlet oxygen [15, 20, 33–35]. The field of singlet oxygen detection in the microscopic 
domain has been recently reviewed [36]. A key technological advance was reported 
by Tian et al., who demonstrated the first f ull-field si nglet ox ygen phosphorescence 
lifetime imaging microscope (SOPLIM) by modifying a commercial FLIM system, 
proving the feasibility of simultaneous intensity and lifetime mapping, albeit in a 
solid-state sample [37].

Here, we build upon this principle by developing a highly sensitive phosphorescence 
lifetime imaging microscope based on a single-molecule FLIM platform, approach-
ing the sensitivity needed for single-cell analysis. By integrating a scanning objective, 
subpicosecond laser excitation, and ultra-sensitive detectors, coupled with theoret-
ical modeling, we achieve a dramatic improvement in detection sensitivity. While 
Tian et al., system relied on stage-scanning configurations with infrared-incompatible 
optical components, leading to significant s ignal a ttenuation and l imited s patial res-
olution [37], our developed 1O2-PLIM system employs a dedicated, optimized optical 
path that includes a near-infrared (NIR) photomultiplier tube, a 1270 nm long-pass 
filter, and a  s ilicon-immersion objective, a ll i ntegrated i nto a  l aser-scanning confocal 
architecture with a piezo stage. Our setup also incorporates a time-gated excitation 
scheme that temporally separates the photosensitizer emission from the phosphores-
cence, allowing for unambiguous detection of the weak 1270 nm signal. This tailored 
instrumentation overcomes the key limitations of prior adaptations, enabling confocal, 
time-resolved imaging of singlet oxygen with micrometer spatial resolution.
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Fig. 1 Example of a full NIR decay profile. Here methylene blue ( λexc =  640 nm) i s employed as a 
photosensitizer to generate 1O2 in water in the absence and in the presence of sodium azide (NaN3).
(A) Excitation region has a square shape followed by the usual 1O2 decay. (B) 1O2 phosphorescence 
fitted by biexponential functions with (C) the corresponding fit values where τ1  and τ2 , are the 1O2 
and triplet-state lifetimes, respectively.

2 Results

Detecting 1O2 emission with the phosphorescence lifetime
imaging microscope (1O2-PLIM)

The 1O2-PLIM, see below the Equipment paragraph of the Methods section, was 
designed by us and constructed by PicoQuant (Berlin, Germany). PicoQuant adapted 
its single molecule fluorescence microscope (MicroTime 200) to allow acquisition and 
imaging of 1O2-phosphorescence. Both the excitation in the visible and the detection 
in the NIR were properly time-gated and the optical parts (lenses, dichroic and fil-
ters) were selected to allow efficient co llection of  NIR photons coming fr om th e 1O2 
phosphorescence (further details can be found in the Methods). To confirm the detec-
tion of 1O2, initial measurements were carried out by exciting homogeneous solutions 
of methylene blue (MB), which is a typical 1O2 PS. Data acquisition was performed 
in a random fixed p osition o f t he objective and t he typical c ycle o f excitation/emis-
sion can be observed in Fig. 1A. Excitation was performed with 200 pulses of a 640 
nm pulsed laser of 20 ps (full width at half maximum, FWHM) and the NIR light 
acquisition was performed in the NIR-PMT as a function of time (see SI for further 
information). Fig. 1B shows emission decays in water with or without sodium azide, 
which is a known quencher of 1O2. Decays (Fig. 1B) fitted with the appropriate com-
bination of exponential functions [15] yielding the expected values (Fig. 1C) for MB’s 
triplet excited state lifetime and also for 1O2 lifetimes in the absence of quencher, i.e. 
1.7 µs and 3.6 µs, respectively [38, 39]. The addition of sodium azide decreased the 
1O2 lifetime up to a point where only the MB triplet excited state lifetime could be 
extracted from the decays (Fig. 1B) and (Fig. 1C).

NIR emission signals were also characterized from rose bengal (RB) aqueous solu-
tions, prepared in the absence or in the presence of an excess of the protein BSA, a 
condition in which the PS is totally bound to the BSA and does not generate any 
1O2 [40]. Note that RB excitation in aqueous solution generates the characteristic 1O2 
decay (lifetime of 3.9 µs), while when bound to BSA, the signal drops instantaneously
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after excitation is stopped. Therefore, it is possible to acquire 1O2 NIR signals, exclud-
ing other light-induced processes, such as the direct fluorescence and phosphorescence
from the PS and the sample light scattering, by only analyzing emission signals after
the laser pulses have ended (see below the Methods section).

Sensitivity measurements

In order to determine the limit of detection (LOD) of 1O2-PLIM, ethanol solutions
of two different photosensitizers, MB and RB, were used for calibration purposes
(see also below the Methods section). In both cases, excitation volumes were ∼ 60
femtoliters and the LOD with respect to photosensitizer concentration was in the sub-
micromolar concentration range. This corresponds to a limit of detection of several
∼ 103 molecules of 1O2 generated in the confocal volume per excitation cycle, mea-
sured over 60 s to a total of generated ∼ 109 1O2. Over the measurement duration a
total of a few tens of thousand of IR photons are emitted, from which a few percent
are counted by 1O2-PLIM (see Limits of detection in Methods). This detection capa-
bility is comparable to the efficiency reported by Niedre et al. [34], which nevertheless
relied on a macroscopic detection configuration, i.e., volumes of 300 µL (nine orders
of magnitude larger than our excitation volume). The sensitivity also compares favor-
ably with pioneering microscope-based 1O2 detection: for example, early two-photon
microscopy work achieved detection from ∼10 fL volumes in non-aqueous solvents,
but noted significant challenges in obtaining reliable signals from aqueous systems or
single cells [41]. Therefore, we aim to combine the high sensitivity previously associ-
ated with macroscopic detection with the spatial resolution of microscopy, enabling
robust 1O2 imaging from microscopic volumes in biologically relevant environments,
including single cells.

Imaging capability of the 1O2-PLIM

To demonstrate the potential of the 1O2-PLIM equipment to acquire and construct 
images from 1O2 emission decays, we analyzed the emission profile of single Sensitox® 

beads, which are 200-400 mesh polysterene beads bound to Rose Bengal, in the visi-
ble (Vis) and NIR regions (excited at 510 nm), when they were suspended in different 
media (Fig. 2), see Materials. Besides the optical tools used to select 1O2 in the 1O2-
PLIM equipment (see Methods), 1O2 phosphorescence emission was also temporally 
selected from other signals, by disregarding all photons collected during excitation 
pulses, as exemplified i n F ig. 1 A. S ample w as s canned b y m oving t he objective 
and phosphorescence decays at 1270 nm were collected pixel-by-pixel (see Methods). 
Images can be constructed with intensity (at any point in the time curve) and life-
time data, or both. When suspended in air, it is possible to observe that the images 
constructed purely with the values of maximum intensity per pixel in the vis and NIR 
regions are somewhat different ( Figs. 2 A a nd 2 B, f or V is a nd N IR, respectively). 
Although both images were acquired from the same bead, the radial intensity profile of 
the Vis image exhibits a more gradual decay compared to the corresponding NIR pro-
file, as shown in Fig. 2.C as blue and red curves. Note that the Vis image has almost 
constant emission up to 15 µm, while the NIR image start to lose intensity below 10
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Fig. 2 Images of Sensitox® particles. A) particles imaged in air in the visible and B) particles 
imaged in air in the NIR ranges. Their normalized radial intensity profiles are shown in C), with the 
predicted IR profile in black computed from the instrument parameters and the sensitizer distribution. 
D, E and F show phosphorescence lifetime images of Sensitox® in H2O, D2O and air, respectively. 
To optimize visual contrast for representation, the display intensity was scaled from 20% (black) to 
80% (white) of full pixel intensity range, with no other image processing applied. All quantitative 
analyses were performed on the raw, unmodified data. The average l ifetime ( τave) i s r epresented by 
color coding (scale to the right). Intensity-weighted lifetime distribution histograms are also shown 
for G) H2O, H) D2O and I) air, for the same particles. Scale bars are 20 µm.

µm, having therefore a larger spread. As further explained below, such spreading is
due to a combination of the longer lifetime and higher mobility of 1O2 (emitting in the 
NIR) compared with the shorter lifetime and smaller mobility of the singlet excited 
state of RB (fluorescence e mission i n t he V is). T he mathematical model developed
to treat the raw data acquired from the 1O2-PLIM, accounts for both lifetime and 
diffusion effects in  the confocal volume, as  explained further below.

Images were also constructed considering intensity and lifetime (PLIM) profiles
from beads immersed in two condensed media, i.e., H2O and D2O, Fig. 2.D and 2.E, 
respectively, besides air (Fig. 2.F). The bar code at the right side of Figures 2D, E 
and F provides the color codes for lifetime, and the respective lifetime histograms are 
plotted in figures 2  G, H  and I . The measured l ifetimes a re d istributed over a  range 
of values and should be interpreted qualitatively. The key finding i s the clear distinc-
tion between different e nvironments, w ith t he average 1 O2 l ifetime i ncreasing i n the 
order H2O < D2O < air (2.5 < 5 < 40 µs, respectively), consistent with expectations, 
although the absolute values are representative of the specific e xperimental condi-
tions [39]. For instance, the lifetime measured in air reflects t he ambient laboratory 
conditions (approximately 60% relative humidity), where water vapor acts as a known
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construction from pixel-by-pixel 1O2 emission. Scale bar is 20 µm.

quencher. Similarly, the value in D2O is affected by H/D exchange with residual water 
in the beads and the atmosphere. The shorter lifetime portions of the histogram are 
possibly associated with the population of 1O2 molecules that are quenched by the 
particles themselves[10]. Importantly, the figures show that 1 O2 lifetimes are indepen-
dent of the radial coordinate, indicating that the Sensitox® bead matrix does not 
generally suppress 1O2. These results demonstrate that our 1O2-PLIM setup can reli-
ably resolve differences in singlet oxygen microenvironments and properly reconstruct 
images of 1O2 emission with microscopic resolution.

The observed singlet oxygen lifetime of approximately 40 microseconds in air at 
60% relative humidity is consistent with established quenching dynamics, where the 
long radiative lifetime in dry air is drastically shortened by water vapor. Using the
quenching rate constant for water vapor kH2O = 1.8 × 103 s−1 Torr−1 [42] and the 
partial pressure of water at 60% RH (14.3 Torr at 25◦C), the calculated lifetime is 
39 microseconds, in good agreement with our measurement. Furthermore, the shorter 
lifetime of 5 microseconds observed in D2O with Sensitox® beads, compared to 11.5 
microseconds in cellular experiments, is quantitatively explained by atmospheric H2O 
contamination: the exposed D2O droplet equilibrates with ambient moisture ( 60%
H2O mole fraction), yielding a calculated lifetime of 5.2 microseconds. Thus, both 
values are rationally explained by the dominant quenching effect of water vapor under 
the respective experimental conditions.

Imaging cells
To test the performance of this equipment to detect and imaging 1O2 inside cells, 
we performed experiments in HaCaT cells previously incubated with 1 µm of Rose
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Bengal in D2O (Fig. 3) [43]. Notably, cell boundaries become evident when image 
is reconstructed from the 1O2 signals. Emission from within HaCaT cells is roughly 
three times stronger than the emission signals coming from the external medium. This 
represents a significant improvement in spatial resolution for intracellular 1O2 imaging 
at the micrometer scale compared to earlier methodologies (see Fig. 9 in reference [44], 
Figs. 6-8 in reference [26] and Fig. 2 in reference [28]), allowing for clearer visualization 
of the spatial distribution of 1O2 within cells.

In contrast to earlier singlet oxygen microscopy studies that reported sensitizer 
bleaching as a significant c oncern d uring i mage a cquisition [ 44], we d id n ot observe 
evidence of this effect in our PLIM experiments. We attribute this to key differences in 
our excitation protocol. Our setup employs picosecond, time-gated laser pulses followed 
by long dark periods, resulting in a low average power at the sample, as described in 
the Limits of Detection paragraph.

The fact that each pixel carries lifetime information allowed us to also interrogate 
the 1O2 lifetimes within the cells. Emission profiles f rom t he r ed-delimited regions 
(Fig. 3) were averaged and fitted t o a  d ouble-exponential f unction. I nside t he cell, 
the two lifetime components (0.9 µs and 11.5 µs) likely reflect t he heterogeneous 
intracellular environment, where singlet oxygen encounters distinct micro-domains 
with different quenching efficiencies. Outside the cell, the decay also required a double-
exponential description (2.0 µs and 46.5 µs). While the average lifetime in this region 
is consistent with that expected for a H2O/D2O mixture, the biexponential character 
probably arises from residual sample heterogeneity (e.g., local variations in solvent 
composition, surface-adsorbed layers, and biomolecules coming from the cells) rather 
than from two independent bulk-solvent quenching pathways.

Nevertheless, our data (Fig. 3) clearly shows that the intracellular environment 
quenches both the short and long 1O2 lifetimes. By analyzing kinetic profiles o f NIR 
emission from cells, independent groups reported that 1O2 lifetimes present in the 
intracellular domain are considerably smaller from those obtained in bulk solutions. 
Cells in aqueous suspensions showed 1O2 decays in the microsecond to sub-microsecond 
domains [20, 33, 34]. Previous work by others and by us, also reported shorter lifetimes 
of 1O2 in cells suspended in D2O [15, 35, 45]. Even though others have reported 
transient singlet oxygen emission from cells, we advocate that, as shown in Fig. 3, our 
equipment improved the spatial resolution of the cellular visualization.

Obtaining precise values of the 1O2 lifetime in complex environments continues to 
challenge the scientific community. Information concerning the diffusion and reactivity 
of 1O2 in cells is crucial for understanding the relationship between the intracellular 
site of photosensitizer (PS) localization and the sites of oxidative damage [29]. Pio-
neering work by Ogilby’s group, using microscopy to collect 1O2 phosphorescence from 
single cells, reported that 1O2 lifetimes were not heavily quenched in the intracellular 
domain under their specific experimental conditions [15, 30]. In contrast, the majority 
of studies acquiring NIR signals from bulk cell suspensions, which average the signal 
over the entire heterogeneous cellular volume, converge on the conclusion that 1O2 
lifetime is significantly shortened in the intracellular environment [15, 20, 33, 34]. Our 
data, obtained with confocal 1O2-PLIM, support the interpretation that singlet oxy-
gen is quenched in the intracellular environment. The biexponential decay we observe
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confocal volume, defined s imilarly f rom t he m olecular d etection f unction ( MDF) c an b e measured 
experimentally, see below for a measurement of the MDF in our detection geometry.

inside cells (Fig. 3), featuring a major short-lived component (0.9 µs), is consistent 
with the rapid quenching expected in a biomolecule-rich environment. While a longer 
component (11.5 µs) is also present, it is also much shorter than the lifetime expected
for 1O2 in bulk D2O [18]. Critically, the average lifetime and the dominant kinetic 
behavior align more closely with the results from cell suspension studies [33, 34], which 
reflect the bulk intracellular environment where interactions with proteins, lipids, and
other cellular constituents are a significant f actor i n 1 O2 d eactivation. I ndeed, the 
observed solvent H/D isotope effect (shorter lifetime in H2O than in D2O) and the effi-
cient quenching by added sodium azide [15] indicate that intracellular water also plays 
a key role in deactivating singlet oxygen, kinetically competing with biomolecules. 
Therefore, our work reinforces the model that the intracellular lifetime of singlet oxy-
gen is not only determined by biomolecules but also, importantly, by water, which is
a key suppressor of 1O2 under physiological conditions.
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Influence of diffusion on phosphorescence lifetime
measurements: computing the detection of 1O2 emission in
confocal volumes

Our detection geometry is that of a standard confocal experiment. The emissive
molecule is excited inside the so-called excitation volume, roughly a prolate ellipsoid
defined by the region of the excitation intensity distribution (EID) where the exci-
tation light beam is intense, see Fig. 4A. The ellipsoid has two short semi-axes in
the (XY) plane of length wE and one long (Z) axis of length kEwE , with kE > 1.
In such geometry, emitted photons are collected with an efficiency described by the
collection efficiency function (CEF), also defining a collection ellipsoidal volume of
semi-axes wC and kCwC . The molecular detection function (MDF) describing the
light distribution collected from an excited point-like emissive molecule is given by
the product of the EID and of the CEF. If all distributions are conveniently approxi-
mated by Gaussian functions, the so-called confocal volume associated with the MDF
is also an ellipsoid, with short and long semi-axes given by w−2

M = w−2
E + w−2

C and
k−2
M w−2

M = k−2
E w−2

E + k−2
C w−2

C . By imaging small fluorescent particles with sub-optical
dimensions we mapped the MDF for our observation conditions obtaining wM = 0.5 
µm and kM = 4, see also below for the measurement of these quantities. We express 
the CEF and EID dimensions as a function of the two measured values for wM and kM 
by introducing the relative extensions of the CEF and EID in the XY and Z directions, 
respectively α = wC/wE and β = kCwC/(kEwE ), see also Fig. 4. Although we can-
not directly measure α and β, analysis below indicates that for our case α = β = 0.3, 
that is the semi-axes of the excitation volume are three times larger than those of the 
collection volume.

It is crucial to contextualize these volumetric dimensions with the theoretical 
diffraction l imit, which s ets a  f undamental l ower b ound f or t he s patial r esolution of 
our optical system. The measured lateral dimension of the Molecular Detection Func-
tion, wM = 0.5 µm, is consistent with a diffraction-limited spot for our high Numerical 
Aperture (NA=1.05) objective and visible light detection. However, the excitation vol-
ume (VE) and collection volume (VC ) are distinct concepts. The excitation volume, 
where photons are absorbed, is defined b y t he f ocused l aser s pot a nd i s inherently 
diffraction-limited. The collection volume, from which emitted photons are efficiently 
detected, is also constrained by diffraction but is characterized separately by the CEF. 
The key insight for singlet oxygen imaging is that the effective s patial o rigin o f the 
1270 nm phosphorescence signal is not confined t o these d iffraction-limited volumes. 
Due to the microsecond-scale lifetime of 1O2, molecules diffuse s ignificant distances 
(hundreds of nanometers) between excitation and emission. This means the effective 
resolution of a 1O2-PLIM image is not solely determined by the diffraction l imit of 
the optics but is also governed by the diffusion length of 1 O2 during i ts l ifetime. Our 
model, which explicitly separates the EID and CEF, is essential for correctly inter-
preting the measured lifetimes and intensity distributions in this context, where the 
signal from a single confocal voxel inherently contains information from a dynamically 
enlarged region.

Given the short lifetimes of fluorescent e xcited s tates ( τ ∼  1 0−9 − 1 0−8 s ), even 
fluorophores with large diffusion coefficients (D ∼ 10−8 m2s−1) only explore distances
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of the order of a few nanometers
√
Dτ ∼ 3− 10 nm: in practice, a fluorophore excited

within the excitation volume emits for all detection purposes from the same location.
For a long-lived phosphorescent species such as 1O2, typical decay times τ are in the
order of 10−5 s. The excited oxygen species can thus travel over distances of 300 nm
or more. 1O2 species created in the excitation volume have thus a finite probability of
being detected far from the excitation location or to exit the detection volume before
they decay, as depicted in Fig. 4A. Potentially this can impact both the measured
decay functions and the PLIM images. Importantly, an intrinsically exponential decay
process can give rise to a detected decay function that will not only decay faster than
expected but also exhibit a non-exponential form as discussed below. Moreover, 1O2

mobility will also modify the contrast in microscope images, a modification extensively
discussed below.

By properly accounting for diffusion, we show below in the Quantitative descrip-
tion of lifetime imaging for long-lived emission processes section in Methods that the
expected diffusion biased decay function (DBDF), i.e. the number of photons emit-
ted at time t > −tex by emissive molecules excited by laser pulses following some
excitation function f(t) between times −tex < t < 0 can be written as

DBDF(t) =

∫ 0

−tex

dt′f(t′)

[
1 +

8(t− t′)

τM (α−1 + α)2

]−1

×[
1 +

8(t− t′)

k2MτM (β−1 + β)2

]−1/2

exp{− t− t′

τ
} (1)

where the confocal residence time τM , the time that the mobile probe spends in the
confocal volume is given by τM = w2

M/D (see also Fig. 4). Table 1 shows the decay
times obtained by fitting the 1O2 decay data in homogeneous ethanol and D2O solu-
tions (Fig. 1C) with classical bi-exponential fitting and with Eq. 1, where we used
α = β = 0.3, the measured value kM = 4 and a residence time τM = 100 µs obtained
from the measured confocal volume size wM = 0.5 µm and the oxygen diffusion coef-
ficient D = 2.5× 10−9 m2.s−1. Note that both treatments provide good data fittings
(see fitting residues at the end of the paper), but the lifetime values extracted from
the DBDF are more accurate [39].

Table 1 Lifetimes of singlet oxygen luminescence in
liquids in µs obtained by fitting the decays with
biexponential and with DBDF forms.

Solvent Biexponential DBDF Literature

1. D2O 52.8 ± 0.4 62.0 ± 0.5 60-65
2. Ethanol 13.5 ± 0.2 14.2 ± 0.3 14-15

Within the same framework we used Eq.16 to fit t he I R r adial ( red) p rofile in 
Fig. 2C. As the figure shows, by taking as input f or the radial s ensitizer distribution 
O(r) the Vis radial profile ( blue) f rom F ig. 2C, a  g ood fi t (b lack) is  ob tained with 
the same geometrical values α = β = 0.3 as above, a residence time τM = 0.01
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µs obtained from the measured confocal volume size wM = 0.5 µm and the oxygen 
diffusion coefficient in air D = 2 .5 ×10−5 m2. s−1 and the measured value of 1O2  decay 
time in air τ = 50 µs, see Fig. 2I.

Concluding remarks

As others had achieved before, we also accomplished microscopic resolution in the 
detection of time-resolved NIR phosphorescence images of 1O2 emission. We argue 
that the combination of improved microscopic set up together with the development 
of a theoretical model allowed an important improvement in the field. We successfully 
achieved microscopic resolution in the detection of time-resolved NIR phosphorescence 
images of 1O2 emission. By overcoming key challenges - such as the ultra-weak NIR 
phosphorescence signal, competing diffusion-decay kinetics, and detector inefficiencies
- our system enables direct visualization of 1O2 localization and lifetime dynamics in 
complex environments. Calibration with photosensitizer solutions and nanometer-sized 
beads confirmed the system’s sensitivity, detecting as few as 1 million 1O2 molecules in 
a 60-femtoliter volume. The integration of a mathematical model to correct for lifetime 
and diffusion a rtifacts f urther e nhances t he a ccuracy o f s patial a nd t emporal 1O2 
profiling. The new theoretical development can b e used f or the confocal detection of 
any long-lived mobile emitting species. Applications in HaCaT keratinocytes incubated 
with photosensitizers demonstrate the method’s versatility, providing insights into 1O2 
behavior at the cellular level.

The 1O2-PLIM platform bridges a critical gap in understanding 1O2-mediated 
processes, from photodynamic therapy to material degradation. By correlating 1O2 
lifetime variations with microenvironmental properties, this work lays the founda-
tion for future studies on reactive oxygen species dynamics in biological, medical, 
and materials science contexts. The proof-of-principle established here will drive the 
development of next-generation instrumentation, offering unprecedented resolution to 
unravel how light-driven oxidation impacts diverse systems. This technological devel-
opment promises to refine therapeutic strategies, optimize photochemical applications, 
and deepen fundamental knowledge of 1O2’s role in natural and engineered systems. 
Our approach provides a new strategy for 1O2 detection, a new tool for better under-
standing the role that this reactive species plays in the many processes where oxidation 
occurs when light interacts with matter.

3 Methods

Equipment

The layout of our equipment, depicted in Fig. 5, is based on a MicroTime 200 fluo-
rescent time-resolved microscope from PicoQuant (Berlin, Germany). The equipment 
was adapted for 1O2 detection by including a NIR phosphorescence channel. NIR 
detection was performed by a thermoelectrically cooled NIR photomultiplier tube 
detector (PMT) from Hamamatsu (H10330B) and by making other changes: (1) a 
silicon-immersion Olympus UPlanSApo IR 30x/1.05 objective was mounted on a piezo 
scanner in an IX73 Olympus inverted microscope; (2) a major dichroic, reflecting light
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below 950 nm (950dcxrxt, Chroma), was placed inside the main optical unit; a 1.5
mm pinhole was employed in order to enhance sensitivity; (4) a 1270 long pass filter
(Thorlabs) was placed before the PMT. Pulsed diode lasers with wavelengths of 640
and 510 nm (LDH Series from PicoQuant) were used to excite MB and RB (free or
polymer-bound), respectively. The excitation program was generated by the system
software of the PDL 828 “Sepia II” laser driver (PicoQuant). It consisted of 200 laser
pulses of 20 ps full width at half maximum at a repetition rate of 80 MHz (one pulse
every 12.5 ns during 2.5 µs), followed by a pause of variable length (1000-10000 pulses,
set according to 1O2 lifetime), a synchronization signal and an additional pause (100
pulses). All other microscope components were controlled by the SymPhoTime 64
software (version 2.0, PicoQuant). Time transient histograms were acquired by using
Time Correlated Single Photon Counting (TCSPC). Decay transients were obtained
by scanning the objective through the sample, pixel by pixel. Images were constructed
by integrating the time decays in the chosen sample space.

fiber input

(510 nm 

 or 640 nm

laser) 

silicon immersion

30X NIR objective 

major dichroic

reflecting

below 950 nm

pinhole 1270 nm

long-pass

filter

NIR

PMT

SPAD1

DC

SPAD2

PD

Fig. 5 Layout of the confocal microscope for 1O2 detection. Abbreviations: PD (photodiode detec-
tor), DC (diagnosis camera), SPAD (single photon avalanche detector), NIR PMT (near-infrared 
photomultiplier tube detector). Figure adapted from the original scheme of the Picoquant’s MT200’s 
equipment, considering the modifications implemented for this study.

Materials

Sodium azide and deuterium oxide (D2O), and the photosensitizers (PS) methylene 
blue (MB) and rose begal (RB), were acquired from Sigma-Aldrich. Ethanol was 
acquired from Synth. Sensitox® beads (CAS 9403542-4), made from chloromethylated 
polystyrene-divinylbenzene copolymer modified with RB, were acquired from Hydron 
Laboratories, Inc., Brunswick, New Jersey. Tetraspeck beads were acquired from 
ThermoFischer. All aqueous solutions were prepared with Milli-Q water (Millipore).



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

1O2 in aqueous and BSA solutions

We performed 1O2 emission experiments with rose bengal (RB) solutions with and
without the protein BSA. According to [40] in the absence of BSA, RB leads to 1O2 for-
mation and very weak fluorescence. Upon addition of BSA, fluorescence increases and
1O2 generation decreases significantly or vanishes, because RB binds to the hydropho-
bic pocket of BSA, making the encounter with oxygen unfeasible. Indeed, as shown
in Fig. 6 in the presence of BSA, only the square emission acquired during excitation
is observed, and as soon as the excitation cycle ends, there is no more emission, indi-
cating that the square signal during the excitation cycle is not due to 1O2 emission.
Nevertheless, in the absence of BSA, after the excitation signal ends, RB generates
a clear 1O2 signal. Despite a significant noise, fit of this signal accounting for both
triplet and 1O2 lifetimes gives respectively 2.5 µs and 3.9 µs close to measured RB
values in water.

0 10 20 30 40

time/μs

2000

2500

3000

c
o

u
n

ts

RB + BSA

RB

fit

Fig. 6 NIR Emission Transient of Rose Bengal solution (10 µM) in Tris Buffer (20 mM, pH =7.3) in
the absence and presence of BSA (3.3 mM), excitation at 510 nm. The excitation protocol (described
in Methods) is not a continuous 2.5 µs light pulse. It consists of 200 individual laser pulses at 80
MHz (12.5 ns between pulses). Each pulse is extremely short (20 ps FWHM). This creates a 2.5 µs
window containing a train of discrete, picosecond excitation events. For lifetime analysis, all photons
detected during this entire excitation window are deliberately discarded (”time-gated”). The analysis
only considers photons arriving after the last laser pulse in the burst. Therefore, the 2.5 µs duration
of the excitation train does not limit the ability to measure a decay that starts immediately after it
ends.

Limits of detection (LOD)
1O2 luminescence profiles were acquired during 60 seconds in ethanol follow-
ing the excitation sequence introduced above repeated 465972 times (every
(200+10000+1+100)×12.5 ns = 128 763 ns) for MB (λex=640 nm) or 761 784
times, every (200+6000+1+100)×12.5 ns = 78 762.5 ns for RB (λex=510 nm).
Mono-exponential curves were fitted to the data and the exponential prefactor A1,
corresponding to the number of 1270 nm photons collected during 60 s, was plotted
as a function of PS concentration, see Fig. 7. For both MB and RB sensitizers the cal-
ibration curves could be well fitted (R2 > 0.99) by straight lines passing through the

14
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Fig. 7 Calibration curves of the intensity of singlet oxygen luminescence (taken as the exponential
prefactor A1 for mono-exponential decays) as a function of MB or RB concentration in ethanol
solutions. Excitation was λex=640 nm λex=510 nm, respectively. Standard deviations are always
smaller than symbol sizes.

origin. The LOD in terms of PS concentration (LODPS) was calculated as the amount
of PS required to reach an intensity equal to three times the mean standard deviation
of the signal at the very end of singlet oxygen decays for the set of the decays used
to build the calibration curve. One gets LODMB = 0.2 µM and LODRB = 0.9 µM as
displayed in Table 2. The LODPS concentrations correspond to 266 MB molecules or
607 RB molecules within the confocal volume, see also Table 2. From the total num-
ber of IR (1270 nm) photons that are emitted in the confocal volume following PS
excitation, our configuration detected 5325 IR photons from MB excitation and 6656
from RB excitation, determined by summing all photons over the exponential decay.
We now determine the ratio of IR photons detected to IR photons emitted.

Table 2 Limits of detection for photosensitizer molar
concentration (LODPS) and photosensitizer number
LOD#=LODPS ×VM with the confocal volume
VM = 4π/3kMw3

M, see below for measured dimensions. At this
concentration limit, 60 s of excitation cycles create a number
LOD1O2

of singlet oxygens that decay into LODIR infrared (1270
nm) photons, a fraction of them are detected by the instrument.

LODPS LODPS LOD1O2
LODIR LOD#IR

µM # # emitted detected

MB 0.2 266 5.01× 109 24061 5325
RB 0.9 607 1.15× 1010 55438 6656

The light beam power values for each experimental condition were quantified 
by placing an OP2-Vis detector of a Fieldmate (Coherent) power meter in front 
of the objective, and converted to the average power of the excitation sequence by 
assuming that the power meter reading results from the time average of the pulse
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sequence. More precisely, we followed an excitation sequence as described above with
a pause of 6000 pulse intervals. The power-meter reading in Watts is multiplied by
(200+600+1+100)/200 to provide average powers of 3.06 mW (λex=640 nm) and
0.93 mW (λex=510 nm) during the excitation interval of 2.5 µs. Further multiplying
by the pulse interval of 12.5 ns to give 38.28 pJ per pulse for λex=640 nm and 11.62
pJ per pulse for λex=510 nm.

The excitation frequency QPS of photosensitizers under our conditions is given by

QPS =
λ

hc
σ
light beam power

πw2
E

(2)

where hc/λ is the energy of a photon, σ is the absorption cross-section of the PS in
ethanol at the excitation wavelength, calculated from the measured molar absorptivity
ϵ (see Table 3 for values) [46] and πw2

E is the cross-section surface of the Excitation
Intensity Distribution (EID), see Table 3 and the section below. We get QMB = 24.5×
106 s−1 and QRB = 3.6× 106 s−1.

Table 3 Parameters used to calculate detection limits: excitation wavelength (λex), molar
absorptivity (ϵ) and corresponding absorption cross-section (σ) at the excitation wavelength;
singlet oxygen generation quantum yield in ethanol (ϕ∆); measured excitation power after the
objective, during the excitation cycle of 200 pulses; radius of the excitation intensity
distribution wE as defined below and derived power density (light-beam power)/(πw2

E).

λex ϵ ⋆ σ ϕ∆ wE light-beam power power density
nm M−1 cm−1 10−20m2 [39, 47] µm mW GW m−2

MB 640 56725 2.169 0.52 1.53 3.06 0.35
RB 510 18384 0.703 0.68 1.22 0.93 0.20

⋆ Determined by recording absorption spectra of the same solutions used to build the calibration
curve.

Under the excitation frequency QPS a photosensitizer will absorb a photon into 
its excited singlet state, then will transition to its triple state by intersystem crossing 
with probability ϕ∆ (see Table 3 for values). Given the PS triplet state lifetime τT, the 
probability pT of finding a  photosensitizer in i ts triplet state obeys ṗ T = QPSϕ∆(1 − 
pT) − pT/τT, with ṗ indicating the derivative of p(t) with respect to time t. For 
pT(t = 0) = 0 the solution is pT(t) = QPSϕ∆τT/(1 + QPSϕ∆τT) × (1 − exp[−t(1 + 
QPSϕ∆τT)/τT])). Thus, after a buildup time τT/(1+QPSϕ∆τT) the probability reaches 
a stationary state of value 1/(1 + 1/(QPSϕ∆τT)). For MB, with a triplet state lifetime 
τT = 0.59 µs, the probability pT reaches a stationary state value pT = 0.88 with a 
transition time of 69 ns, correspondingly roughly to 5 pulses. For RB, with τT = 0.49 
µs, the probability reaches a stationary state value pT = 0.55 with a transition time 
of 223 ns, correspondingly roughly to 18 pulses.

In oxygenated enough solutions each triplet decay leads to the formation of a 1O2. 
Thus, the number of 1O2 per PS obeys ṅ O(t) = pT(t)/τT −nO(t)/τ , where τ is the life
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time of 1O2 in the solvent. Integrating leads to nO(t) = τ−1
T

∫ t

0
pT(s) exp[−(t−s)/τ ]ds

which, with the values determined above and τ=14.2 µs in ethanol, gives a number of
1O2 per PS emitted after the 2.5 µs (200 pulses) excitation cycle nO = 40.4 for MB
and nO = 25.0 for RB. After 60 seconds, each MB has thus produced 1.88×107 1O2,
and each RB has lead to 1.90×107 1O2.

The radiative decay of 1O2 in ethanol has been measured to occur with a prob-
ability of 4.8×10−6 [48]. One expects thus 24061 IR photons to be emitted by the
266 MB molecules in the confocal volume. Since 5325 IR photons were counted, the
detection efficiency is ∼20 % for MB. For RB, one correspondingly expects an emis-
sion of 55437 photons by the 607 RB molecules. Here, the detection efficiency is ∼12
%. A collection efficiency of the order of or smaller than twenty percent is expected
from the optical and detection geometry. Collection fraction angle is here given by
(1− cos(arcsin(1.05/1.5)))/2 = 0.17, and typical losses by the optical elements (objec-
tive lenses, filters, dichroic mirror, ...) and the quantum efficiency of the detector can
lead to further reductions.

The reported limit of detection (LOD) for singlet oxygen is specific to ethanol due
to the solvent-dependent radiative rate constant. To estimate how this LOD scales with
solvent, we calculated a value for water using established photophysical relationships.
The detection sensitivity is inversely proportional to the phosphorescence quantum
yield, ϕem = τ/τR. Using literature values for water (τ = 3.6 µs, τR = 2.5 s) and
our ethanol data (τ = 14.2 µ s, τR = 2 s), ϕem in water is approximately five times
lower. Consequently, for a given photosensitizer like methylene blue, the minimum
detectable number of 1O2 molecules in water is estimated to be 8.5 106, representing
an approximately fivefold increase compared to the LOD in ethanol.

Quantitative description of lifetime imaging for long-lived
emission processes

We developed a quantitative description of lifetime imaging for long-lived emission pro-
cesses such as those of NIR phosphorescence associated with single oxygen decay. This
was achieved by expanding the well-established mathematical description of short-
lived emission processes under confocal microscopy to account for the possibility of
diffusion of the molecules excited into long lived states i.e. for probe diffusion between
the location where a photon is absorbed and the location where a photon is emitted.

Standard fluorescence lifetime microscopy relies on the measurement of the number
of photons emitted at time t > −tex by fluorophores excited by laser pulses that follow
a given excitation function f(t) between times −tex < t < 0. Under these conditions,
one typically measures for t > 0 a mono- or multi-exponential decay of the collected
numbers of photons, with characteristic decay times of the order of nanoseconds. Under
the appropriate conditions, excluding saturation effects, the spatial distribution of the
excitation probability is described by the excitation intensity distribution (EID) [49], a
function that can be approximated for practical purposes by a Gaussian of XY width
wE and Z depth kEwE :

EID(x, y, z) =
23/2

π3/2

1

w3
EkE

exp{−2
x2 + y2

w2
E

} exp{−2
z2

w2
Ek

2
E

} (3)
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where kE is the ratio between the longer (Z) and short (XY) widths of the Gaussian.
The prolate ellipsoid surface defined by the e−2 ≃ 0.135 fraction of the function
maximum at (0,0,0) has two short semi-axes (XY) of length wE and one long (Z) axis
of length kEwE .

Fig. 8 Obtaining the Molecular Detection Function (MDF) from the light (λ ≥ 630 nm) emitted
by a fluorescent particle of sub-optical dimensions, collected with a 30X objective and a pinhole
of 1.5 mm. Top row) XY and XZ intensity distributions; bottom row) the corresponding XY and
XZ intensity distributions (MDF) extracted by Gaussian fits to the distributions in the top row,
giving wM = 0.5 µm and kM = 4. Note that these values are larger than the Rayleigh/Abbe lateral
resolution for our geometry (∼ 0.61× λ/NA ∼ 0.37 µm). The scale bar is 1 µm in all images.

Decay of the excited states of the fluorophores results in the emission of photons,
the emitted light being collected by the microscope light detectors in a typical confocal
geometry with an efficiency described by the collection efficiency function (CEF). The
CEF can also, for practical purposes, be approximated by a similar Gaussian function:

CEF (x, y, z) =
23/2

π3/2

1

w3
CkC

exp{−2
x2 + y2

w2
C

} exp{−2
z2

w2
Ck

2
C

} (4)

Excitation and emission at the same location. Thus, an immobile point-like unit-
distribution of photons from fluorophores e xcited a t p osition (x′, y′, z ′) g ives, at 
detector position (x, y, z) a signal, also called the molecular detection function that 
reads:

MDF (x−x′, y−y′, z−z′) = EID(x−x′, y−y′, z−z′)×CEF (x−x′, y−y′, z−z′) (5)
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The MDF is also a Gaussian function with (XY) width wM and (Z) width kMwM

given by:

1

w2
M

=
1

w2
E

+
1

w2
C

and
1

w2
Mk2M

=
1

w2
Ek

2
E

+
1

w2
Ck

2
C

(6)

The values of wM and kM can be measured for each microscope configuration by
imaging the fluorescent light emitted by a very small fluorescent bead. Figure (8) shows
XY and XZ cuts of the light distribution of a nanometer-size bead measured for our
microscope with a 30X objective and the corresponding Gaussian fits of the intensity,
according to Eq. 5. Under these conditions, one has wM = 0.5 µm and kM = 4 for the
1.5 mm pinhole.

Since wM and kM are the measurable quantities, it is convenient to introduce the
relative extensions of the CEF and EID in the XY and Z directions, respectively α =
wC/wE and β = kCwC/(kEwE), so that one expresses all confocal volume dimensions
in terms of the two known values wM and kM and the two numerical unknowns
α and β. One has, for instance: wC = wM

√
1 + α2, kC = kM

√
(1 + β2)/(1 + α2),

wE = wM

√
1 + α−2 and kE = kM

√
(1 + β−2)/(1 + α−2).

Note that the dimensions wE and wC of the excitation and of the collection volume
respectively are always larger than the measurable value wM of the molecular detection
function. If both wE and wC were identical, then α = β = 1 and one would have
wE = wC = 21/2wM .

With the notations introduced above, the MDF can be written as:

MDF (x− x′, y − y′, z − z′) =
23

π3

1

w6
Mk2M

1

1 + α−2

1

(1 + β−2)1/2
1

1 + α2

1

(1 + β2)1/2

× exp{−2
(x− x′)2 + (y − y′)2

w2
M

} exp{−2
(z − z′)2

w2
Mk2M

}

(7)

Given the microscope MDF, one can compute the signal from an immobile flu-
orophore spatial distribution O(x′, y′, z′) with a generation rate f(t′) and single
exponential decay time τ from:

I(x, y, z; t) =

∫ 0

−tex

dt′
∫

dx′
∫

dy′
∫

dz′f(t′) O(x′, y′z′)

× exp{− t− t′

τ
} MDF (x− x′, y − y′, z − z′) (8)

In standard fluorescence lifetime measurements in solutions, the previous expres-
sions also apply to mobile fluorophores. Indeed, even a fast fluorophore of diffusion
coefficient D ∼ 10−8 m2s−1 only explores during its lifetime τ ∼ 10−9 s a distance√
Dτ ∼ 3 nm: in practice, a fluorophore excited in the confocal volume also emits
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inside the confocal volume. Note also that, if the time required to generate a fluores-
cent species by an excitation pulse P (t) is infinitesimally small, then f(t) ∼ P (t). In
the case where intermediate processes are involved, such as those leading to singlet
oxygen through a triplet state reaction with dioxygen, then f(t) will be a time integral
function of the laser intensity P (t).
Mobile fluorophores: excitation at one location and emission at another. The previ-
ously described conditions for a fluorophore to be considered immobile might no longer
be valid for long-lived processes such as those analysed in this paper. Indeed, for a typ-
ical singlet oxygen decay time τ of the order of 10−5 s in a solvent, the excited oxygen
species travels over a distance of 300 nm, comparable to the width of the detection
volume: a molecule excited in the confocal volume has a finite probability of escaping
it before decaying. This is even more important for observations in the air where diffu-
sion lengths up to a centimeter have been reported [50]. One thus needs to account for
the mobility of the excited states in the expressions for the detected intensity. Given
that under diffusion a molecule that was excited at position (x′, y′, z′) at time t′ has
a probability GD(x′′ − x′, y′′ − y′, z′′ − z′; t− t′) of being at a later time t at position
(x′′, y′′, z′′), with:

GD(x′′ − x′, y′′ − y′, z′′ − z′; t− t′) =

(
1

4πD(t− t′)

)3/2

× exp{− (x′′ − x′)2 + (y′′ − y′)2 + (z′′ − z′)2

4D(t− t′)
}

(9)

one can rewrite expression (8) for mobile species as

I(x, y, z; t) =

∫ 0

−tex

dt′
∫

dx′
∫

dy′
∫

dz′
∫

dx′′
∫

dy′′
∫

dz′′f(t′)

× O(x′, y′z′) GD(x′′ − x′, y′′ − y′, z′′ − z′; t− t′) exp{− t− t′

τ
}

×EID(x− x′, y − y′, z − z′)× CEF (x− x′′, y − y′′, z − z′′) (10)

Integration over all emission positions after diffusion (x′′, y′′, z′′) leads to an expres-
sion formally identical to Eq. 8 but with a time dependent MDF that we note MDF ,
where the width w2

C is replaced by w2
C + 8D(t − t′) and the width k2Cw

2
C is replaced

by k2Cw
2
C + 8D(t− t′). With the notations introduced above, the molecular detection

function for mobile species MDF can be written as:

MDF (x− x′, y − y′, z − z′; t− t′) =
23

π3

1

w6
Mk2M

1

1 + α−2

1

(1 + β−2)1/2

× 1

1 + α2 + 8(t− t′)/τM

1

[1 + β2 + 8(t− t′)/(τMk2M )]1/2
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× exp{−2

(
1

1 + α−2
+

1

1 + α2 + 8 (t− t′)/τM

)
(x− x′)2

w2
M

}

× exp{−2

(
1

1 + α−2
+

1

1 + α2 + 8 (t− t′)/τM

)
(y − y′)2

w2
M

}

× exp{−2

(
1

1 + β−2
+

1

1 + β2 + 8 (t− t′)/(k2MτM )

)
(z − z′)2

w2
Mk2M

} (11)

where we introduced the confocal residence time τM = w2
M/D, i.e., the time that the

mobile probe spends in the confocal volume. In the limit where τM → ∞, the MDF
reduces to the time-independent MDF as it should, since an immobile probe spends
an infinite time in the confocal volume. Note that as defined here the MDF does
not characterize the microscope geometry only, but accounts also for the diffusion of
the excited species as well. The intensity I(x, y, z; t) collected by the microscope from
time-decaying mobile species can thus be written in a form equivalent to Eq. 8

I(x, y, z; t) =

∫ 0

−tex

dt′
∫

dx′
∫

dy′
∫

dz′f(t′) O(x′, y′, z′)

× exp{− t− t′

τ
} MDF (x− x′, y − y′, z − z′; t− t′) (12)

albeit with the time dependent MDF of Eq. 11. From Eq. 12 one can compute the
image recorded by the microscope at time t from the photons emitted by mobile
fluorophores excited by the fixed photosensitizer distribution O(x′, y′, z′). If the photo-
sensitizers themselves are mobile, a time-dependent distribution O(x′, y′, z′, t′) needs
to be used.

α=β=0.0

0 5 10 15 20 25 30

0.0

0.2

0.4

0.6

0.8

1.0

α=β=0.3

α=β=1.0

t (μs)

g
(t

)/
g

(0
)

Fig. 9 Predicted normalised Diffusion-Biased Decay Functions g(t)/g(0). Here plotted as a function
of time 106 t (s), for species with decay time τ = 10−5 s in a typical situation where τM = 10−5 s,
obtained from a diffusion coefficient D ∼ 10−8 m2s−1 and a confocal distance wM = 3 × 10−7 m.
α = β = 0 represents the expected exponential decay in the limit where diffusion does not play any
role. α = β = 0.3 corresponds to the case where the XY and Z dimensions of the CEF are 3 times
smaller than those of the the EID. Maximum deviations are obtained when both ratios are equal to
unity, α = β = 1.
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The mobility of the fluorophores thus induces two effects. The first effect is to
increase the effective width of the MDF for mobile species, which is time dependent and
larger than the corresponding one for spatially fixed fluorophores. This results in an
additional spread of the light intensity detected by the microscope. The second effect
is the reduction of the amount of collected photons due to the diffusion of the decaying
species outside the confocal volume, which correspondingly changes the time evolution
of the decay functions. If left uncorrected this effect will lead to wrong measurements
of the phosphorescence decay times. We now provide quantitative descriptions of the
these two effects.
How measured decaying functions are affected by the mobility of the photon-emitting
species. For the practically relevant case of a bulk system where the fluorophores
are homogeneously distributed everywhere, O(x′, y′z′) = 1, one gets, up to a global
constant, a time decaying function (t > 0) corrected by diffusion that we denominate
the diffusion-biased decay function or DBDF:

g(t) =

∫ 0

−tex

dt′f(t′)

[
1 +

8(t− t′)

τM (α−1 + α)2

]−1

×
[
1 +

8(t− t′)

k2MτM (β−1 + β)2

]−1/2

exp{− t− t′

τ
} .

(13)

As expected, corrections to the (here) monoexponential bulk decay exp(−t/τ) are 
significant i f the molecules can diffuse, leaving the confocal vo lume on  a timescale of 
the order of the decay time τ , i.e. if τ is comparable to or larger than τM . The DBDF 
in Eq. 13 also shows that the ratios of the horizontal (α) and vertical (β) extensions of 
the excitation (EID) and collection (CEF) volumes play a symmetric role for the decay 
function. For the limit of very small ratios α and β, the CEF is much smaller than 
the EID: molecules excited inside the CEF volume can leave it, but are compensated 
by the ones excited outside and entering it. For the limit of large ratios α and β the 
molecules excited in a small EID would all be collected by the much larger CEF. Note 
however that the observation geometry imposes several bounds to α and β, and that, 
for most relevant situations one has α, β ∈ [0.3 − 3].

Figure (9) displays the predicted decay curves for species with decay time τ = 10−5 

s and a typical situation where τM = 10−5 s, obtained from a diffusion coefficient 
D ∼ 10−8 m2s−1 and a confocal dimension wM = 3 × 10−7 m. As the figure shows, 
the net effect o f d iffusion of  th e ex cited sp ecies ou t of  th e co llection vo lume CEF is 
that the decay curves display apparent decay times smaller than the intrinsic unbiased 
values. Figure (10) displays τa/τ = −g(0)dt/dg(t)|t=0/τ , the ratio of the apparent 
decay time and the corresponding unbiased value, as a function of α (with β = α), 
the ratios of the EID and CEF dimensions. As the figure shows for this particular case 
where τM = τ = 10−5 s, due to the diffusion effects, the measured decay time τa  can 
be as small as a half of the intrinsic time τ .

Despite the relative formal complexity of the integral in Eq. 1, simple operational 
principles can be given to properly interpret the measurements from homogeneous 
samples containing highly mobile fluorophores with long decay times. As Eq.1 shows,
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Fig. 10 τa/τ = −g(0)dt/dg(t)|t=0/τ , the ratio of the apparent decay time and the corresponding
unbiased value, as a function of α (with β = α). Here τM = τ = 10−5 s.

the decay function depends : i) on the intrinsic decay time τ , ii) on the time τM =
w2

M/D that the probe spends in the MDF region, constructed from wM the lateral
dimension of the MDF and the probe diffusion coefficient D, iii) on the aspect ratio
kM of the ellipsoid describing the MDF and iv) on α and β, the relative lateral and
vertical dimensions of the CEF and EID, α = wC/wE and β = kCwC/(kEwE). The
parameters wM and kM can be measured experimentally by determining the horizontal
and vertical light distribution of fluorescent particles with nanoscopic dimensions. The
parameters α and β cannot be measured, although they can in principle be computed
with reasonable optical approximations. For a given probe, the intrinsic decay time τ
and the associated diffusion coefficient D might be known or not. Thus, the instrument
can be used both for determining the intrinsic decay time if the diffusion coefficient
is known, or to determine the diffusion coefficient if the decay time is known. In both
cases, the best approach is to first calibrate the instrument by measuring a well-
known system in order to obtain the values of α and β and then use the calibrated
configuration to perform the target measurements of either a decay time or a diffusion
coefficient.
Light spread associated with the mobility of the emitting species. In order to illustrate
the magnitude of light spreading on image acquisition due to the mobility of the
emitting species, we rewrite and evaluate first Eq. 8 for immobile species with a radially
distributed density on a sphere and then rewrite and evaluate Eq. 12 for mobile species
for the case where light is absorbed by a radially distributed density of fluorophores
(say a photosensitizer) on a sphere that then generate long lived mobile species (say
singlet oxygen).

Under many practical circumstances the images are generated from all the
photons collected after the excitation cycle stops, and one measures I(x, y, z) =∫∞
0

dt I(x, y, z; t). For immobile species on a sphere of radius R one thus has

I(ρ) =

∫ 2π

0

dϕ

∫ π

0

sin θdθ

∫ R

0

r2dr O(r)

×MDF (ρ− r cosϕ sin θ,−r sinϕ sin θ,−r cos θ) (14)
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Fig. 11 Light-spreading due to diffusion of the emitting species. Additional light spread due to the
mobility of long-lived emitting species for a sphere of radius R = 10 µm with the homogeneous radial
fluorophore distribution O(r) = 1 for r ≤ R, curve in black. In blue, the normalised radial intensity
profile, expected from the fluorescence emitted by immobile species, detected by a confocal volume
with lateral dimension wM = 0.5 µm and asymmetry ratio kM = 4. In red, the expected radial
intensity distribution from the same confocal volume for the case of mobile species with decay time
τ = 10 µs, residence time τM = 0.1 µs and relative extensions of the CEF and the EID α = β = 0.3.

where ρ is a coordinate describing the radial component of the circularly symmetric
image and O(r) the radial density of fluorophores. In the simplest case the density
O(r) is a constant. The integral over ϕ can be performed analytically, leaving the
evaluation of Eq. 14 to be performed by the double numerical integral:

I(ρ) =

∫ 1

0

dp

∫ R

0

r2dr O(r)

×
(
2

π

)3
2

w3
MkM

exp

[
− 2

w2
M

(ρ2 + r2(1− p2))− 2

w2
Mk2M

(r2p2)

]
×2πI0

(
4

w2
M

ρr(1− p2)1/2
)

(15)

with I0 the modified Bessel function of zero-th order. For mobile emitting species
generated by sensitizers on a sphere one can equally write

I(ρ) =

∫ 2π

0

dϕ

∫ π

0

sin θdθ

∫ R

0

r2dr

∫ ∞

0

dt O(r)

×MDF (ρ− r cosϕ sin θ,−r sinϕ sin θ,−r cos θ; t) (16)

with similar notations. After integration over ϕ the radial image profile can be obtained
from the triple integral:

I(ρ) =

∫ ∞

0

dt

∫ 1

0

dp

∫ R

0

r2dr O(r)
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×
(
2

π

)3
2

w6
Mk2M

1

1 + α−2

1

1 + α2 + 8t/τM

1

(1 + β−2)1/2

× 1

(1 + β2 + 8t/(τMk2M ))1/2
2πI0

(
4

w2
M

1

1 + α−2

1

1 + α2 + 8t/τM
ρr(1− p2)1/2

)
× exp

[
− 2

w2
M

1

1 + α−2

1

1 + α2 + 8t/τM
(ρ2 + r2(1− p2))

− 2

w2
Mk2M

1

(1 + β2 + 8t/(τMk2M ))
(r2p2)

]
× exp[−t/τ ] (17)

Figure (11) shows an example computed from Eq. 15 and Eq. 17 for a sphere that
has an homogeneous radial distribution of sensitizers O(r) = 1 for r ≤ R. It compares
the intensity radial profiles I(ρ) from images acquired with immobile (blue) and mobile
(red) species, thus highlighting the additional light spreading induced by mobility.

Relative residuals plots for fittings shown in the main text

All signals presented an initial square-shaped spike, which corresponded mainly to
fluorescence of the PS and lasted while the excitation was going on. This first part of
the signal was discarded (time gating), and only the 1O2 signal was fitted and used to
generate images. We extract lifetimes as explained in the main text and here above.
The corresponding residuals of the fits are displayed in Fig. (12).
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[17] Scholz, M., Dědic, R. & Hála, J. Microscopic time-resolved imaging of singlet
oxygen by delayed fluorescence in living cells. Photochem. Photobiol. Sci. 16,
1643–1653 (2017). URL http://dx.Doi.org/10.1039/C7PP00132K.

[18] Ogilby, P. R. Singlet oxygen: there is indeed something new under the sun. Chem.
Soc. Rev. 39, 3181–3209 (2010). URL http://dx.Doi.org/10.1039/B926014P.

[19] Scurlock, R. D., Nonell, S., Braslavsky, S. E. & Ogilby, P. R. Effect of solvent
on the radiative decay of singlet molecular-oxygen (a1.DELTA.G). Journal of
Physical Chemistry 99, 3521–3526 (1995).
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