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The time- and spectral-resolved set-up for measurements of weak infrared luminescence of pho-
tosensitizers (PSs) and singlet oxygen using optical lightguides was used on skin of laboratory
animals in vivo. Wistar rats with abdominal incisions treated by methylis aminolevulinitis (MAL)
were used as a model. A control group of animals with abdominal incisions was also tested.
Spectrally resolved °uorescence of the PS was acquired during the treatment from the same spot.
The intensity and spectral pro¯le of the °uorescence signal from the skin can be used to guide the
detection setup to the investigated spots in the lesion. The rate of bleaching of Protoporphyrin IX
band and appearance of a band of its photoproducts during the treatment can be characterized
by the exposition ED, under which the latter becomes dominant feature in °uorescence spectrum.
ED value di®ers statistically signi¯cantly between the normal skin and the lesion treated by
MAL. No direct proportionality was found between the °uorescence signal and singlet oxygen
production. Nevertheless, the strong °uorescence signal is necessary but not a su±cient condition
for higher singlet oxygen production in vivo. ED value correlates rather well with production of
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singlet oxygen, but di®erently in lesion and normal skin. Lifetimes of singlet oxygen di®er be-
tween spots outside and in the lesion. PS triplet state lifetimes exhibit weak di®erence between
spots treated and untreated by MAL.

Keywords: PDT dosimetry; singlet oxygen; Protoporphyrin IX; time-resolved luminescence;
photodiagnosis.

1. Introduction

Photodynamic therapy (PDT) represents a power-
ful modality for treatment of various chronic dis-
eases including oncologic ones. PDT is based on
selective uptake of a drug called photosensitizer
(PS) in the lesion due to di®erent morphological or
physiological properties of the diseased tissue. PS,
which is nontoxic in dark, produces toxic species
under local irradiation of the lesion by light. The
light brings PS into the singlet excited state, which
may undergo inter-system crossing to the triplet
state. The long-lived triplet state, whose relaxation
back to the ground state is spin-forbidden, may give
rise to various kinds of free radicals which cause
oxidative damage to the treated tissue in so called
photoe®ect of the ¯rst type. Alternatively, the
triplet excited state of PS transfers its energy in a
spin-allowed process to molecular oxygen, whose
ground state is also triplet, giving rise to the excited
singlet state of oxygen, generally called only singlet
oxygen (1O2).

1O2 exhibits several orders higher
reactivity toward various biological molecules (such
as lipids, proteins or nucleic acids) than ground
state oxygen. It causes severe oxidative damage to
the cellular environment. 1O2 is believed to be the
main cytotoxic agent in PDT.1 The oxidative
damage usually starts as a cascade of processes
ending in cellular death of the cells in the treated
lesion. The damage caused by production of 1O2 is
called photoe®ect of the second type. The double
selectivity of PDT due to the selective uptake of PS
and the localized irradiation of the lesion together
with dark nontoxicity and relatively fast clearance
rate of the used PS are reasons for very low side
e®ects of the treatment. Together with very good
cosmetic outcome of the treatment, these properties
make PDT a perfect treatment modality of various
oncologic diseases, mainly for diagnoses, where
high-dose radiotherapy or mutilating surgery
treatment are otherwise required.

A strong light-dose dependence of the therapeu-
tic e®ect is a characteristic for PDT with so called

threshold e®ect between undamaged and apopto-
tic/necrotic tissue. Existence of a minimal 1O2

concentration needed to provoke the biologic e®ects
in the cells is highly probable. The threshold may be
utilized to further minimize the e®ect of the treat-
ment on adjacent tissues while maintain the high
therapeutic response of the lesion.2 To some extent,
the total PDT dose may be utilized to select pri-
mary biological targets of the photoe®ect and
modulate the therapeutic mechanism.3 Unfortu-
nately, the tissue responses to the same PDT dose
are highly heterogeneous between individual
patients, lesions, and even within single target vol-
ume due to di®erences in local PS concentration,
light penetration, or PDT-induced hypoxia. The
variability of response makes on-line monitoring of
the tissue response to the treatment, so called PDT
dosimetry, necessary for further exploration the
possible bene¯ts of the therapy by individual mod-
ulation of the treatment to individual lesions.

Three approaches to the PDT dosimetry are
possible: The traditional explicit dosimetry com-
bines the knowledge of amounts of light, PS, and
ground state oxygen in a model allowing to evaluate
the amount of generated 1O2. The limitations of this
method were discussed earlier.4,5 Currently, a novel
technique utilizing measurements of either time-re-
solved or steady-state °uorescence of the PS to
measure local oxygen concentration was reported.6

In contrast, the implicit dosimetry employs moni-
toring of photoproduct formation or photobleaching
of PS in reaction with 1O2 to measure the quantity
of 1O2 produced. However, certain

1O2-independent
reactions may contribute to the same e®ect, such as
PS photobleaching in reaction of PS triplet with
biological targets.7–9 Recently, a correlation be-
tween PpIX °uorescence and 1O2 luminescence
signal in 5-aminolevulinic acid (ALA) PDT treated
healthy human skin was published10 and °uores-
cence-based metrics were used to predict clinical
phototoxic response (erythema). However, a failure
of the implicit dosimetry under hypoxic conditions
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was reported in a study, where simultaneous mea-
surements of PS bleaching and direct detection of
1O2 (will be discussed later) were evaluated and
correlated with cytotoxicity on suspensions of
AML-5 leukemia cells.11

The third possibility is utilization of optical de-
tection of 1O2. Besides the indirect methods of EPR,
absorption or °uorescence spectroscopy employing
speci¯c 1O2 probes, direct detection of weak infrared
phosphorescence of 1O2 around 1274 nm may be
used for detection and even imaging of 1O2 pro-
duction.12,13 The direct detection of the extremely
weak phosphorescence of 1O2 from in vitro and in
vivo biological material was demonstrated,1 the
cumulative signal of 1O2 luminescence was corre-
lated with cell survival in tumor cell suspensions14

and even validated on �-aminolevulinic acid ALA-
sensitized normal mouse skin.15 Recently, the 1O2

luminescence signal was correlated with in vivo
tumor response in gliosarcoma tumors in dorsal
window on mice by Wilson et al.16 Finally, imaging
of 1O2 emission on animals in vivo was reported.17

Details of these pioneering attempts are discussed in
a review.18

The measurements of overall 1O2 luminescence
serve as a probe of the amount of 1O2 produced.
Moreover, time-resolved measurements of 1O2 lu-
minescence can provide lifetimes of 1O2 itself as well
as those of PS excited states. The lifetimes re°ect
interaction of 1O2 and PS with the environment.
Time- and spectral-resolved detection of infrared
emission of 1O2 and PS was fruitfully used in our
group to investigate their interactions with di®erent
proteins,19,20 lipids,21,22 and liposomes.23,24 1O2 lu-
minescence kinetics from suspensions of living cells
were reported by several groups.25–29 Even detection
of 1O2 luminescence kinetics from single cells were
presented by Ogilby's group.30,31 The possibility of
using optical lightguides to obtain not only the cu-
mulative signal of 1O2 luminescence but also its ki-
netics with su±cient time-resolution re°ecting
interactions of PS and 1O2 with cellular environment
during PDT in layers of living cells in vitro was re-
cently reported by our group.32 Time-resolved 1O2

kinetics measurements from ex vivo skin of pig ears
was recently reported by Schlothauer et al.13

In addition to the implicit PDT dosimetry, the
°uorescence of PS can be used in °uorescence
diagnostics, also known as photodiagnostics, which
utilizes elevated concentration of PS in the target
tissues for noninvasive analysis of various cutaneous

lesions.33 This method represents prompt modality
for e±cient diagnostics of early stages of malig-
nancies, which generally o®er, a better prognosis for
the patients. Moreover, the visible °uorescence of
lesions loaded by PS may be used for demarcation of
the lesions in °uorescence-guided tumor resection34

or biopsies.35

The aim of our contribution is to combine our
time- and spectral-resolved set-up for infrared lu-
minescence of PS and 1O2 using optical lightguides
for collection of the signals from biological samples32

with ¯ber-optics °uorescence spectrometer to a
single device. It will enable simultaneous detection
of photobleaching of PS and production of its pho-
toproducts with measurements of kinetics of 1O2

and PS from the very same spot during photody-
namic action. Our approach is similar to the
methodology recently published by Schlothauer
et al.13 and Mallidi et al.10 We report successful
usage of the device on actinically altered skin in
incisions of laboratory rats in vivo treated by
methylester (MAL) of ALA. ALA is a precursor of
potent endogenous PS Protoporphyrin IX (PpIX)
in biosynthesis of heme. Exogenous application of
ALA circumvents feedback regulation of its syn-
thesis in heme biosynthesis pathway and saturates
ferrochelatase (an enzyme converting PpIX to
heme). Due to lower activity of ferrochelatase ac-
companied by low availability of iron in fast pro-
liferating cells of cancerous tissues, the biosynthesis
of heme is interrupted in the PpIX step. Therefore,
PpIX is accumulated in high concentrations in mi-
tochondria of the cells.36 ALA and its methylester
are widely used in clinical practice for both PDT
and photodiagnostics.37,38 MAL exhibits higher
neoplastic tissue speci¯city and better tissue pene-
tration in comparison to ALA with equivalent e±-
cacy of the treatment.39,40 The neoplastic tissues of
healing skin incisions exhibit similar behavior as the
tumor cells after application of ALA/MAL and thus
were used as a model in this study.33

2. Experimental Methods

2.1. Materials

Abdominal skin incisions were performed in 10
adult male Wistar rats (Velaz, Czech Republic)
under ketamine (100mg/kg i.p.) and xylazine
(16mg/kg i.p.) anesthesia. Animals were kept at
ð22� 2Þ�C (relative humidity was 40–70%) under

Fluorescence and phosphorescence monitoring of 1O2 in rats
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12-h light/12-h dark cycle. The lesions were treated
by 16% methylis aminolevulinitis (MAL) (Metvix
cream, containing 160mg/g of methyl aminolevuli-
nate as hydrochloride) in the experimental group (8
animals) 2–3 days after the surgical procedure,
whereas the lesions remained untreated in control
group (2 animals). Approximately 1mm thick layer
of Metvix cream was applied to the lesion and its
small surroundings. The lesions were covered by
bandages to avoid mechanical damage and light
exposure before measurements. The measurements
were carried out after 3 to 6 h after the Metvix ad-
ministration. The animals were kept under keta-
mine/xylazine anesthesia on a heated mat to
maintain their body temperature during the mea-
surements. All experiments were approved by the
Committee for Animal Care and Use of the 3rd
Faculty of Medicine, Charles University in Prague.

2.2. Methods

A special home-made holder which ensures aiming
of the individual lightguides to the same spot on the
skin of the specimen was developed. The holder
consists of one half of a metal cylinder with precisely
drilled holes which serve as ports for the lightguides.
The lightguides are ended by long metal ferrules
which enable tight ¯t to the individual ports as well
as keeping the ends of the lightguides in approxi-
mately only 2mm distance from the specimen sur-
face (i.e., the skin of the animal). The complete
holder equipped by three lightguides raised above
the skin of the animal is shown in Fig. 1.

In this case, the three lightguides were used:
excitation, °uorescence and near-infrared (NIR)
phosphorescence (either PS or 1O2) detection. The
bottom part of the holder is covered by thin metal
plate with a small elliptic hole. This plate is in di-
rect contact with the skin of the animal during
measurements ensuring constant distance of the
lightguides from the skin. It also prevents pre-
irradiation of the lesion area which is not measured
by the scattered excitation light.

The 6 ns long excitation pulses of � 10�J at
420 nm with 200Hz repetition provided by excimer
laser-pumped dye laser are emitted from the 0.6mm
diameter UV/Vis optical ¯ber (Ocean Optics) per-
pendicular to the animal skin. This creates a cir-
cular spot of diameter of 1.5mm irradiated by
� 113mWcm−2. This value is in the range of
50–200mWcm�2 usually chosen for ALA-induced

PpIX PDT for oncologic indications in dermatology
with total light-doses ranging from 10 to 50 Jcm�2.38

The visible °uorescence of the PS is collected by
one of the side ¯bers (1mm diameter VIS ¯ber from
Ocean Optics) and spectrally resolved in ¯ber-optics
spectrometer Avantes Ava2048. The angle between
excitation and °uorescence ¯bers is 50�, which
strongly reduces the specular re°ection of the exci-
tation light from the animal skin and also limits the
amount of di®usely backscattered excitation light,
whose intensity is the highest in the direction to-
ward the excitation ¯ber and decreases with in-
creasing angle. Moreover, an yellow long-pass ¯lter
is employed to screen the di®usely back-scattered
blue excitation light in the °uorescence collecting
¯ber. The higher detection ¯ber diameter makes the
elliptic spot from which the light is collected slightly
larger than the excitation spot. Therefore, the
emission from the whole area of the irradiated spot
is collected by the ¯ber. The spectral sensitivity of
the set-up was determined by measuring spectral
density of irradiation provided by a radiometric
standard. All the presented °uorescence data were
corrected to the spectral sensitivity, which enables
to provide absolute values of irradiation at the tip of
the collecting ¯ber.

A home-made optical ¯ber with high numerical
aperture of 0.48 and 1mm diameter is employed to
collect the NIR luminescence of the PS or that of
singlet oxygen on the other side of the holder under

Fig. 1. The home-made holder with the three lightguides
above the laboratory animal before placing on the measured
tissue. The middle lightguide serves for excitation and the two
other are used for collecting the °uorescence and NIR phos-
phorescence signal.
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40� angle to limit the collection of the backscattered
light. The diameter together with higher numerical
aperture of the ¯ber again ensures, that the elliptic
area from which the luminescence is collected fully
covers the whole excited spot. The full coverage of
the excitation spot by both the detection ¯bers was
checked using optics design program OSLO
(Lambda Research) taking into account di®erent
materials and di®erent wavelengths of the light for
individual ¯bers. The remaining backscattered ex-
citation light is screened by yellow long-pass ¯lter
(TECHSPEC 450 nm, Edmund Optics) and the
red °uorescence of the PS is screened by two RG7
long-pass ¯lters (toptec) before entering the
monochromator.

The NIR luminescence signal is fed to our home-
made time- and spectral-resolved apparatus, which
employs high luminosity monochromator H20
(Jobin-Yvon), NIR-sensitive photomultiplier
Hamamatsu R5509, and time-resolved photon
counter/multiscaler Becker Hickl MSA 20041 with
5 ns per channel. This setup, equipped by bifurcated
lightguide with °uorescence probe, was successfully
used to detect NIR luminescence of PSs and singlet
oxygen from living mammalian cells in our previous
paper.32

The holder is equipped by ports for additional
¯bers to enable simultaneous detection of other lu-
minescence signals, for instance detection of time-
resolved infrared phosphorescence or delayed °uo-
rescence42,43 of PS to obtain additional information
about kinetics of the PS triplets. However, in this
experiment the additional ports were sealed o® due
to the lack of additional detectors.

It was possible to measure between 10 to 20 in-
dividual spots in each lesion. Altogether, 170 indi-
vidual spots both in lesions and in the healthy skin
were investigated. This provided around 1100 °uo-
rescence spectra and approximately 600 kinetics of
infrared luminescence which made foundation for
thorough statistical treatment of the obtained
parameters.

3. Results and Discussion

PpIX synthesized in the tissues of the laboratory
animals after the Metvix treatment was checked
using visual observation of the PS °uorescence.
Figure 2 shows the incision on the skin of the rat
treated by Metvix under blue illumination through
a yellow long-pass ¯lter.

In the center of the shaved area on the animal's
abdomen, a large weakly red-luminescent spot can
be observed. It corresponds to the area of the skin,
where the drug was applied and the PS was syn-
thesized. Much brighter luminescent spots are lo-
cated in the incision in the middle of the treated
spot. The much higher luminescence intensity cor-
responds to much higher concentration of PpIX
accumulated in the lesion. The °uorescence inten-
sity is not homogeneous in the scar re°ecting un-
even distribution of PS in the lesion. The di®erences
in distribution of the PS in the lesion are attributed
to di®erences of metabolism of individual groups of
cells in the healing scar (places with di®erent
nutritional transport due to damaged arteriolae and
capillaries, places with local in°ammation or even
necrosis).

Following the visual inspection of the lesion, the
¯ber holder was guided to the bright spots using the
°uorescence signal in the ¯ber-optics spectrometer.
As soon as such a spot was found, time evolution of
°uorescence spectra was detected in parallel to ac-
cumulation of time-resolved NIR luminescence ki-
netics at selected wavelengths.

The time-evolution of PpIX °uorescence spectra
during the treatment of the lesion is demonstrated

Fig. 2. The lesion on the rat after treatment by Metvix illu-
minated by blue light and observed through a yellow ¯lter. The
weak red luminescence around the lesion correspond to the
PpIX in the healthy tissue while the bright red spots in the scar
correspond to much higher concentration of the PS in the scar.
The inhomogeneous °uorescence intensity in the scar re°ects
uneven distribution of PS in the lesion.

Fluorescence and phosphorescence monitoring of 1O2 in rats
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in Fig. 3. The changes of intensities of maxima of
°uorescence bands at 635 and 675 nm are docu-
mented in the inset of the ¯gure. The decay of the
°uorescence signal at 635 nm can be well approxi-
mated by monoexponential function. Besides grad-
ual photobleaching of PpIX, signal around 675 nm
slightly increases in the beginning of the treatment
and then it also slowly decreases. Behavior of the
band re°ects formation and bleaching of the pho-
toproduct of PpIX, Photoprotoporphyrin IX.9,44,45

Singular value decomposition (SVD) of the set of
bleaching °uorescence spectra provided two princi-
pal components. The virtual spectra obtained from
SVD were rotated in such a way, that the compo-
nent 1 corresponds well to the °uorescence spec-
trum of pure PpIX, whereas the component 2 may
be ascribed to the emission spectrum of the photo-
products (Fig. 4). The obtained spectrum of the
photoproducts corresponds well to the spectrum of
Photoprotoporphyrin, a product of reaction of 1O2

with PpIX.9,44

Besides these two principal °uorophores, another
emitting species was observed in several spots in
lesion of one of the MAL-treated animals (see
Fig. 5). It manifests itself as a shoulder of the
635 nm PpIX emission band around 622 nm. The
°uorescence signal at 622 nm (400 nm excitation) is
used for characterization of amount of Copropor-
phyrin according to Ref. 46. Dietel et al.47 have
assigned a °uorescence peak near 620 nm to the
presence of Uroporphyrin and Coproporphyrin in

Ehrlich ascite carcinoma cells incubated with ALA.
Fluorescence peak around 620 nm was found by
Finlay et al. in aqueous solutions of Uroporphyrin
and Coproporphyrin containing lipids at physio-
logical conditions in vitro.48 The subtraction of the
two principal components obtained from SVD
reveals another emission band of this species at
689 nm (see inset in Fig. 5). The emission spectrum
of this °uorophore exhibits no detectable bleaching
in the investigated range of expositions (data not
shown).

Qualitatively the same behavior was observed in
the lesions of the control animals, but the absolute
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values of the °uorescence signals in the incision of
control animals were comparable to those obtained
outside the lesion (see Fig. 8) which is in line with
much lower concentration of naturally occurring
PpIX in the incision compared to the Metvix trea-
ted one. However, Fig. 6 documents that the
bleaching of the °uorescence spectra during expo-
sition was qualitatively the same as in the MAL-
treated lesions.

The rate of photobleaching is described by expo-
sition EB under which the intensity of the °uores-
cence in maximum of the emission band drops to 1

e of
the initial value. The slowest photobleaching with
EB ¼ ð10:0� 1:3Þ J cm�2 was observed in spots in
scars with PS. However, the spots in scar without PS
exhibited almost the same rate of photobleaching of
(9.0� 1:2) J cm2. Therefore, there is no statistically
signi¯cant di®erence. Faster photobleaching was
observed in spots treated by PS outside the scars with
EB ¼ ð6:0� 0:5Þ J cm�2. However, the di®erence is

not statistically signi¯cant due to quite wide dis-
tributions of the values in di®erent spots.

The rate of the photobleaching of the 635 nm
band was in all cases faster than that of the 675 nm.
There were spots, where the latter did not bleach at
all on the time scale of our experiment (data not
shown). Due to the di®erences in the photobleach-
ing rate between the two bands, the 675 nm band
becomes dominant in some spots for the exposition
ED. In the others, where the °uence was not su±-
cient to achieve this e®ect, extrapolation of the
photobleaching curves enables estimation of ED.
Similar values of ED were obtained for spots outside
the scar treated by PS and spots without PS (see
Table 1). Almost order of magnitude larger ED

values were determined in spots in scars treated by
PS. The e®ect is illustrated in Fig. 6, in which plot
a) corresponds to a spot in lesion treated by MAL.
The di®erence of ED is statistically signi¯cant with
p ¼ 0:04. Therefore, determination of ED from
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Fig. 6. Typical bleaching curves of the tree main °uorescence bands (635 nm triangles, 675 nm circles and 705 nm squares) in
animals treated by MAL (top) and control (bottom) in lesion (left) and out of lesion (right).
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di®erences in bleaching of °uorescence at 635 and
675 nm o®ers a potential measure for photo-
diagnostic applications.

Figure 7 shows phosphorescence kinetics of PpIX
and 1O2. The PpIX and 1O2 phosphorescence ki-
netics are collected on the same experimental ani-
mal, however, at di®erent spots in the incision due
to the lack of the second phosphorescence channel
which would enable simultaneous detection. A se-
quential detection of the kinetics is not applicable
due to the bleaching of the spots. Nevertheless, the
di®erences of phosphorescence kinetics in di®erent
spots in the lesion are such small that it makes
comparison of the two phosphorescence kinetics
possible. The PpIX phosphorescence follows com-
plex time evolution which was approximated by
linear combination of three exponential decays with
lifetimes of (0.42� 0.05), (2.6� 0.1) and (40� 5)�s.
Such a complicated behavior was observed in our
previous experiments on living cells.32 It re°ects
heterogeneous environment of di®erent groups of
PS in di®erent locations in the cells. The heteroge-
neity of environment causes di®erences in the e±-
ciency of quenching of PS triplets by oxygen,
analogous to our earlier studies of two groups of

PpIX in liposomes quenched by oxygen with dif-
ferent e±ciencies.23,24 It is re°ected in the presence
of multiple decay components in PS phosphores-
cence. The compound character of the PpIX decay
suggests that the decay of 1O2 should follow simi-
larly complex time development. Nevertheless, the
kinetics of 1O2 can be approximated by plain con-
volution of two exponentials with lifetimes of
(1.6� 0.2) and (10.7� 0.5)�s quite well. More
complex models were also tested. However, such ¯ts
were less reliable than the simple model. Unfortu-
nately, neither the rise nor the decay component of
1O2 kinetics of (10.7� 0.5)�s corresponds to a sin-
gle lifetime in the PpIX kinetics. This e®ect was
already reported in 3T3 mouse ¯broblasts with
ALA-induced PpIX in vitro.32 The discrepancy may
originate in the fact, that the molecules quenched
less e±ciently by oxygen are more pronounced in
PpIX emission kinetics. On the contrary, their
contribution to the 1O2 kinetics is weaker. There-
fore, the e®ective lifetimes observed in both kinetics
di®er. The role of e®ective value is supported by
fact, that it lies between the lifetimes of the longer
components of PpIX decay.

The lack of a component in PpIX phosphores-
cence kinetics exhibiting the same lifetime as one of
the time-constants of 1O2 kinetics makes assign-
ment of the time-constants to lifetimes of 1O2 and
PpIX triplets di±cult. On one hand, a number of
studies on cell cultures report dramatically short-
ened lifetime of 1O2 in cellular environment com-
pared to water solutions due to faster quenching by
biological molecules. For instance, there were pub-
lished 1O2 lifetimes around 0.6�s in AML or P388
leukemia cells with AlPcS4 (aluminum phtalocyanine
tetrasulfonate),1,18 1.7�s in human skin ¯broblasts
with TMPyP (5,10,15,20-tetrakis(N-methyl-4-pyr-
idyl)-porphine) and TPPS4 (5,10,15,20-tetrakis(4-
sulphonatophenyl) porphine,25 or 1.4–2.0�s in
Staphylococcus aureus or E. coli bacterial suspen-
sions with TMPyP.49 The results were obtained on
hydrophilic PSs which localize inside lysosomes
(AlPcS4 and TPPS4) or nuclei of the cells
(TMPyP).25,32 Similar 1O2 lifetime of 0.6�s was
identi¯ed also in in vitro ALA-sensitized AML5
leukemia cells.14 Authors of this paper have inves-
tigated 1O2 kinetics in in vitro 3T3 mouse ¯broblast
suspensions with TPPS4, TMPyP and lipophilic
ALA-induced PpIX using the same experimental
set-up as has been used in this study.32 ALA-in-
duced PpIX localizes in mitochondria of the cells in
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Fig. 7. Typical phosphorescence kinetics of PpIX at 910 nm
approximated by combination of three exponential decays (top)
and singlet oxygen at 1278 nm approximated by combination of
single-exponential rise and decay (bottom).

Table 1. Characteristic expositions for PpIX
bleaching (EB) and dominance of the 675 nm
spectral band (ED).

Spot EB J cm�2 ED J cm�2

scar with PS 10.0 � 1.3 22.0 � 5.3
out of scar with PS 6.0 � 0.5 4.2 � 0.6
no PS 9.0 � 1.2 3.1 � 0.9

R. D�edic et al.

1550037-8

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
5.

08
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



contrast to the externally applied one, which loca-
lizes in cell membranes. The 1O2 lifetimes of 0.8�s
obtained in the study matched perfectly those
obtained using TPPS4. All these evidence supports
assignment of the shorter time-constant to the 1O2

lifetime. On the other hand, a number of studies
carried on ex vivo porcine skin unequivocally iden-
tify the longer time-constant of 1O2 kinetics with its
lifetime using external quenchers or changes in ox-
ygen partial pressure. For example, 12.5–19.2�s
obtained with pheophorbide-a13,50 or 18�s with 1H-
phenalen-1-one or 5,10,15,20-tetra phenyl porphine
(TPP).51 In both cases, externally applied lipophilic
PSs were used. Exogenous lipophilic PSs usually
localize in cell membranes. Therefore, the lifetime of
1O2 can be compared to those obtained in lipids (6–
14�s in phosphatidylcholine21,52) or in liposomes
(7�s for TPP in phosphatidylcholine unilamellar
liposomes23,24). It must be added, that 8�s decay
component in 1O2 phosphorescence was observed
under ultraviolet (UVA) excitation of endogenous
PSs in porcine skin ex vivo, however, direct assign-
ment of this component to 1O2 or PS triplet states
was not provided.53 Unfortunately, the data pre-
sented in this paper are not able to assign the 1O2

kinetic components unequivocally. However, in our
opinion, behavior of the 1O2 kinetics described later
in the text suggest identi¯cation of the shorter time-
constant with lifetime of 1O2.

The �ð11� 5Þ�s decays obtained in our study
are slightly shorter than (16� 2)�s obtained earlier
by Jarvi et al.18 and 13–19�s presented by Schlo-
thauer et al.13 The 1O2 rise times of 1.3–1.6�s are
shorter than (2.4� 0.5)�s published in Ref. 18 but
faster than 0.3–0.9�s reported in Ref. 13. However,
the rise-components of 1O2 in the latter study may
be in°uenced by the fact, that ¯rst 1.6�s of the ki-
netics were excluded from the ¯tting due to overlap
with signal artifacts.Compared to our previous study
on living 3T3 mouse ¯broblasts with endogenous
PpIX,32 both time-constants of 1O2 kinetics are lon-
ger than (0.8� 0.1) and (6.2� 0.4)�s obtained in
cultured cells. It can be explained by higher concen-
tration of dissolved oxygen in cell suspension com-
pared to the tissues of living animals.

Figure 8 presents the relationship between max-
imal °uorescence signal at 635 nm and 1O2 lumi-
nescence intensity integrated over the whole decay
at individual spots during initial exposition. Un-
fortunately, there is no straight correlation between
these two features with Pearson's correlation

coe±cient of r ¼ 0:4. It is best documented by the
fact, that there are numerous spots exhibiting very
strong signal of PpIX °uorescence and only weak
1O2 phosphorescence (lower right part of the plot).
Therefore, high PpIX °uorescence signal seems to
be a necessary but not a su±cient condition for
obtaining strong 1O2 luminescence. This is in con-
trast with linear correlation between PpIX °uores-
cence and singlet oxygen signal in ALA treated
healthy human skin reported by Mallidi et al.10 The
discrepancy is probably caused by higher heteroge-
neity of the scar tissue compared to the human skin
samples. It results in presence of high amounts of
PpIX which is not able to transfer energy to singlet
oxygen e±ciently in particular spots in the lesions.
This fact makes utilization of the PpIX °uorescence
signal for dosimetry of singlet oxygen production in
in vivo systems questionable.

Moreover, neither the rate of photobleaching of
PpIX °uorescence (EB) nor the exposition when the
photoproduct °uorescence band becomes dominant
(ED) correlate with

1O2 luminescence intensity well
with r ¼ 0:2 and r ¼ 0:3, respectively (data not
shown). Nevertheless, a separated treatment of the
spots in and outside of the lesion provides better
correlation between the total intensity of 1O2
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Fig. 8. The lack of direct correlation between the maximal
PpIX °uorescence signal at 635 nm and the total intensity of
1O2 luminescence at the initial exposition at individual spots is
documented by abundance of points with high °uorescence but
low 1O2 phosphorescence appearing in the lower right part of
the plot. Circles represent MAL-treated animals whereas tri-
angles correspond to the control ones in lesion (open symbols)
as well as outside of it (full symbols).
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luminescence and ED value with Pearson's coe±-
cients of r ¼ �0:6 for both sets of values (see Fig. 9).
However, the ¯gure documents, that the depen-
dence is probably not linear. Unfortunately, it is not
possible to speculate about the mechanism that
should provide a better ¯tting model. Anyway, the
correlation conforms with the idea that the higher
production of 1O2 correlates with lower exposition
needed to reach the dominance of the photoproduct
in PS °uorescence spectrum due to faster produc-
tion of the photoproduct. However, similar values of
1O2 luminescence provide di®erent ED expositions
in spots in and outside of the lesion. No such cor-
relation was found in the case of PpIX bleaching
rate expressed by EB value. That is probably caused
by di®erent in°uence of non-1O2 mediated PpIX
photobleaching mechanisms7,9 in di®erent spots of
the inhomogeneous scar tissues.

The total intensity of 1O2 luminescence (i.e., in-
tegrated over the whole decay) decreases during the
light treatment similarly to the °uorescence of PpIX
in the Metvix treated animals (see Fig. 10). The
decrease re°ects drop in 1O2 concentration which
may be caused either by decreasing concentration of
the PS (observed by decrease of its °uorescence) or
by decrease of the oxygen concentration in the
treated tissue due to light-induced oxidation

reactions. If the decay time-constant of 1O2 kinetics
corresponds to PpIX triplet lifetimes, the latter
phenomenon is in line also with slight increase of the
lifetimes of the PS (displayed in Fig. 11) which may
be caused by lower quenching of the PS triplets by
oxygen. Moreover, the e®ect of increased intracel-
lular viscosity in response to photodynamic treat-
ment54 may also lead to weaker quenching and thus
reduced 1O2 production. Taking into account the
hypothesis that the decay time-constants represent
1O2 lifetime, the increase can be explained by lower
quenching of 1O2 due to depletion of its reaction
targets by oxidative reactions. Similar e®ect was
reported for instance in reactions of singlet oxygen
with human serum albumin (HSA) in TPPS4 solu-
tions.19 Taking into account the abundance of
oxidation targets in cellular environment, this ex-
planation seems less probable, supporting the
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photoproduct °uorescence band becomes dominant (ED) at
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approximations of the dependencies.
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identi¯cation of the longer time-constant with PpIX
triplet lifetime.

Despite the fact that PpIX °uorescence bleaches
also in the control animals, no matching decrease of
total 1O2 luminescence intensity was observed
(Fig. 10). Substantially lower amounts of singlet
oxygen are photogenerated in the control animals.
It is re°ected in much lower 1O2 phosphorescence
intensities. Lower amounts of 1O2 imply also slower
PDT-induced depletion of oxygen in the treated
tissues. However, the increasing trend in lifetimes of
PpIX triplets obtained from 1O2 decays (Fig. 11)
does not ¯t in this line.

The exposition dependence of 1O2 rise-times was
examined as well. The rise-times of 1O2 plotted in
Fig. 12 exhibit dependence on exposition of the tissue
during the irradiation neither for Metvix treated nor
for control animals. However, the rise-times in con-
trol animals are slightly higher. This e®ect can be
explained in the case of the rise-time corresponding to
the lifetime of 1O2 due to lower quenching of 1O2 by
either PpIX or 1O2 itself. Under assumption that the
rise-times correspond to the PpIX lifetimes, lower
quenching of PpIX by oxygen would explain this
phenomenon. However, there is no reason for such a
lower quenching in the control group.

The statistic analysis of variance revealed a sta-
tistically signi¯cant di®erence in lifetimes of 1O2 lu-
minescence between spots in and outside the incisions
with p ¼ 0:05 but no signi¯cant correlations between
spots treated and untreated by MAL (p ¼ 0:31). On
the contrary, the di®erence in PpIX triplet lumines-
cence decay times may exhibit statistical di®erence
with null hypothesis probability p ¼ 0:07 between
spots treated and untreated by MAL, whereas no

signi¯cant di®erence was obtained between spots in
and outside the lesions (p ¼ 0:67).

4. Conclusions

The results show that the sensitivity of the used set-
up is su±cient to obtain time-resolved kinetics of
weak infrared singlet oxygen luminescence from
cutaneous lesions treated by MAL in laboratory
animals in vivo during photodynamic treatment.
The usage of optical lightguides for collection of the
emission signals provides easy access to di®erent
spots of the lesions bringing signi¯cant advantage
for potential clinical application, possibly even in
combination with endoscopic equipment. Moreover,
the employment of lightguides opens possibility of
simultaneous detection of additional emission sig-
nals, e.g., spectrally resolved visible °uorescence of
the PS, which was also demonstrated. The simul-
taneous detection of °uorescence enables not only
guiding of the device to the lesion, but also °uo-
rescence diagnosis and implicit PDT dosimetry.
However, there was found no proportionality be-
tween °uorescence intensity and production of sin-
glet oxygen. Anyway, strong signal of PSs
°uorescence was proved to be a necessary but not a
su±cient condition for higher singlet oxygen pro-
duction under in vivo conditions. On the contrary,
the rate of production of the PS photoproduct
represented as a exposition under which the pho-
toproduct emission band becomes dominant feature
in the °uorescence spectrum was shown to be a good
indicator for di®erentiation between normal skin
and lesion treated by MAL. Moreover, this param-
eter correlates rather well with production of singlet
oxygen. A statistically signi¯cant correlation be-
tween spots outside and in the lesion were found
also for rise-times of singlet oxygen kinetics corre-
sponding to the lifetimes of singlet oxygen itself
with no correlation to the MAL treatment of the
spot. In contrast, the lifetimes of PS triplets re°ec-
ted in decay-times of singlet oxygen luminescence
exhibit weak di®erence between spots treated and
untreated by MAL, whereas no di®erence was found
between spots in and outside of the lesion.
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