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Mitochondrial oxygen tension can be measured in vivo
by means of oxygen-dependent quenching of delayed
fluorescence of protoporphyrin IX (PpIX). Here we de-
monstrate that delayed fluorescence is readily observed
from skin in rat and man after topical application of the
PpIX precursor 5-aminolevulinic acid (ALA). Delayed
fluorescence lifetimes respond to changes in inspired
oxygen fraction and blood supply. The signals contain
lifetime distributions and the fitting of rectangular distri-
butions to the data appears more adequate than mono-
exponential fitting. The use of topically applied ALA for
delayed fluorescence lifetime measurements might pave
the way for clinical use of this technique.

1. Introduction

The adequate supply of oxygen by inhalation and
subsequent transport to tissues via the circulating
blood is a conditio sine qua non for mammalian cells
to sustain life. Molecular oxygen is the primary oxi-
dant in biological systems and its ultimate destina-
tion in vivo is the mitochondria where it is used in
oxidative phosphorylation [1]. Besides being indis-
pensible for the energy production of our cells, oxy-
gen is known to play a role in many other biochem-
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the forearm of a volunteer before and after inflation of
a blood pressure cuff.

ical processes and mammalian tissue contains a large
number of oxygen consuming enzymes [2].

Many techniques have been developed for meas-
uring oxygen in vivo [3], because of the importance
of adequate oxygen supply. However, due to inva-
siveness or the need of injection of foreign com-
pounds into the circulation, most techniques have
been restricted to preclinical use in laboratory ani-
mals. An excellent example of this is the phospho-
rescence quenching technique, originally developed
by Vanderkooi and Wilson in the late 1980s [4].
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Oxygen-dependent quenching of phosphorescence
of metallo-porphyrin—based dyes relies on the injec-
tion of the dye in experimental animals. This allows
for the measurement of oxygen tension (PO3) in the
microcirculation [5, 6] or interstitium [7, 8], depend-
ing on the site of injection. The oxygen tension
(PO,) can be calculated from the phosphorescence
decay kinetics. Once calibrated, phosphorescence
lifetime measurements do not require recalibration
[9]. Furthermore, because the technique measures
lifetimes, and not intensities, it is insensitive to
changes in tissue optical properties. Despite these fa-
vorable properties, the need for injection of poten-
tially toxic oxygen-sensitive dyes has prevented its
clinical use till today.

In order to circumvent this drawback we re-
searched the possibilities to use endogenous por-
phyrin for measuring oxygen. Recently we demon-
strated that the optical properties of endogenous
protoporphyrin IX (PpIX) enables quantitative oxy-
gen measurements by means of oxygen-dependent
quenching of delayed fluorescence [10]. 5-Aminole-
vulinic acid (ALA) enhanced PpIX is synthesized in-
side the mitochondria [11] and can act as mitochond-
rially located oxygen-sensitive dye. We successfully
measured mitochondrial PO, (mitoPO;) in cultured
cells [10], rat liver [12] and rat heart [13].

ALA is a precursor in porphyrin synthesis and its
application induces the accumulation of PpIX inside
mitochondria [14]. ALA is clinically used in photo-
dynamic diagnosis and therapy of cancer [15-17].
Besides systemic application by oral intake or intra-
venous injection, ALA can be topically applied to
tissue in order to enhance PpIX levels locally [18,
19]. If the latter approach would prove to be feasible
for delayed fluorescence measurements this could
pave the way for exploring its clinical applications.

In this study we tested the feasibility of measur-
ing oxygen-dependent delayed fluorescence in skin
after topical application of ALA. To this end, 2.5%
ALA cream was topically applied for 3 hours on the
skin of anesthetized and mechanically ventilated rats.
Delayed fluorescence was detected from the side of
application and the oxygen-dependency of the life-
time was tested by various measures. Three different
methods to analyze the delayed fluorescence signals
were compared. We also performed a pilot experi-
ment on the forearm of a healthy volunteer.

2. Materials and methods

2.1 Principle of measurement

The background of the PpIX delayed fluorescence
technology is described in detail elsewhere [10, 12].
In short, PpIX is the final precursor of heme in

the heme biosynthetic pathway (Figure 1 upper pa-
nel). PpIX is synthesized in the mitochondria, and
administration of ALA substantially enhances the
PpIX concentration. Since the conversion of PpIX to
heme is a rate-limiting step, administration of ALA
causes accumulation of PpIX inside the mitochon-
dria. PpIX possesses a triplet state (77) that reacts
strongly with oxygen, making the 7; lifetime oxy-
gen-dependent (Figure 1 lower panel). Population of
T; occurs upon photo-excitation with a pulse of
light, and bidirectional intersystem crossing causes
the emission of red delayed fluorescence. The life-
time of the delayed fluorescence reflects the 77 life-
time and is therefore also oxygen-dependent.
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Figure 1 (online color at: www.biophotonics-journal.org)
Principle by which ALA administration enhances mito-
chondrial PpIX levels (upper panel) and the Jablonski dia-
gram of states and state transitions of PpIX and its inter-
action with oxygen (lower panel). ALA, S-aminolevulinic
acid; PBG, porphobilinogen; UPIII, uroporphyrinogen III;
CPIII, coporporphyrinogen III; and PpIX, protoporphyrin
IX. So, Si, Sy and S; represent the ground state and first,
second and third excited singlet states, respectively. 7} re-
present the first excited triplet states of PpIX and 30, and
10, are the triplet ground state and excited singlet state of
oxygen. Absorption (i), fluorescence and delayed fluores-
cence (ii), radiationless transitions (iii and v), phosphores-
cence (iv), energy transfer (vi), internal conversion (vii)
and bi-directional intersystemcrossing (viii).
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2.2 Lifetime analysis

When excited by a light pulse, the delayed fluores-
cence (~610-740 nm) intensity decreases at a rate
dependent on the surrounding oxygen pressure. The
relationship between the measured decay time and
the PO, is given by the Stern-Volmer equation:

1 1

PO, =11 (1)
ky

where 7 is the measured decay time, 7 is the decay
time at an oxygen pressure of zero and k, is the
quenching constant. Although the calibration con-
stants have been determined in rat liver [12] and rat
heart [13], 79 and &, are not validated for our current
application in skin. Especially the temperature de-
pendency of 7p and k, remain to be determined.
Therefore, instead of providing quantitative PO, val-
ues we restrict ourselves to reporting our data in
terms of reciprocal lifetimes (R;):

1 1
R, =— =k, PO, +— 2
T kq 2 o ()

Equations (1) and (2) describe the relationship be-
tween the PO, and the phosphorescence lifetime in
case of a homogeneous oxygen distribution. How-
ever, large nonuniformities in oxygen pressure exist
in vivo, resulting in a phosphorescence signal that in
general can be described by an integral over an ex-
ponential kernel:

t

¥(t) = j exp (—1) f(2) dA 3)
0

where f(1) denotes the spectrum of reciprocal life-
times that should be determined from the finite data
set y(7). The Exponential Series Method (ESM) has
been proven reliable and robust [12, 20] for retriev-
ing information about the spectrum f(4) in the case
of delayed luminescence lifetime measurements. Ac-
cording to ESM the reciprocal lifetime distribution
can be retrieved from the data by finding the weight
factors of a finite set of discrete reciprocal lifetimes:

Y(6) = wiexp (—Rut) (4)

where Y*(f) are the normalized phosphorescence
data and w; is the weight factor for the according
reciprocal lifetime R, (w;=0 and > w;=1). For
analysis of our data we used a set of 15 equally dis-
tributed R;’s in the range 0.005 to 0.122 us~!, corre-
sponding to a broad lifetime range from 8 till 200 ps.
The average value of R;, denoted by (R;), can be re-
trieved from the distribution by:

<Rr> = Z wiRy; (5)

Besides the ESM method, we used Mono-Exponen-
tial Analysis (MEA) and the approach published by
Golub et al. [21] in which the heterogeneity in oxy-
gen pressure is analyzed by fitting distributions of
quencher concentration to the delayed luminescence
data. Corresponding to their work, the fitting func-
tion for a simple rectangular distribution with a
mean PO, Q,, and a PO, range from Q,, — o till
On+0is

Yr(t) = exp [—(ko + k4Om) t] - sinh (k,0t) /k,0t  (6)

where Yg(f) is the normalized phosphorescence
data, ko is the first-order rate constant for phosphor-
escent decay in the absence of quencher, and ¢ is
half the width of the rectangular distribution. For the
case of unknown calibration constants Eq. (5) can be
rewritten as:

Yr(t) = exp [—R:f] - sinh (At) /At (7)

where 4 is a measure of the heterogeneity in reci-
procal lifetime R,. We refer to this approach as the
Rectangular Distribution Method (RDM).

2.3 Experimental setup

The excitation source was an Opolette 355-1 (Opo-
tek, Carlsbad, CA, USA), a compact computer-con-
trolled tunable laser providing pulses with a speci-
fied duration of 4-10ns and typically 2—4 mJ/pulse
over the tunable range of 410 to 670 nm. The laser
was coupled into a Fiber Delivery System (Opotek,
Carlsbad, CA, USA) consisting of 50 mm plano-
convex lens, X-Y fibermount and a 2 meter fiber
with a core diameter of 1000 um. This fiber was
coupled to a custom made reflection probe by an In-
Line Fiber Optic Attenuator (FOA-Inline, Avantes
b.v., Eerbeek, The Netherlands). The reflection probe
consisted of two 1000 um fibers with a length of
2 meters (P1000-2-VIS-NIR, Ocean Optics, Dunedin,
FL, USA) mounted at the common end into a stain-
less steel holder with a separation of 1 mm between
the fibers. The light output of the excitation branch
was set at 200 uJ/pulse as measured by a FieldMate
laser power meter with PowerMax PS19 measuring
head (Coherent Inc., Santa Clara, CA, USA). Meas-
urements were performed with the reflection probe
at Smm from the skin. Due to an output angle of
25.4° this resulted in an illuminated spot with a dia-
meter of approximately 3.3 mm. Corresponding flu-
encies were 2.4 mJ/cm? per pulse and 0.15 J/cm? per
measurement.

The PpIX signal was detected by a gated mi-
crochannel plate photomultiplier tube (MCP-PMT
R5916U series, Hamamatsu Photonics, Hamamatsu,
Japan). The MCP-PMT was custom adapted with an
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enhanced red-sensitive photocathode having a quan-
tum efficiency of 24% at 650 nm. The MCP-PMT was
mounted on a gated socket assembly (E3059-501, Ha-
mamatsu Photonics, Hamamatsu, Japan) and cooled
to —30°C by a thermoelectric cooler (C10373, Ha-
mamatsu Photonics, Hamamatsu, Japan). The MCP-
PMT was operated at a voltage in the range of
2300 V-3000 V by a regulated high-voltage DC
power supply (C4848-02, Hamamatsu Photonics, Ha-
mamatsu, Japan). The detection fiber was fit into an
Oriel Fiber Bundle Focusing Assembly (Model 77799,
Newport, Irvine, CA, USA) which was coupled to
the MCP-PMT by an in-house built optics consisting
of a filter-holder, a plano convex lens (BK-7, Opto-
Sigma, Santa Ana, CA, USA) with focal length of
90 mm and an electronic shutter (04 UTS 203,
Melles Griot, Albuquerque, NM, USA). The shutter
was controlled by an OEM Shutter Controller Board
(59 OSC 205, Melles Griot, Albuquerque, NM,
USA) and served as protection for the PMT, which
was configured for the “normally on” mode. The
PpIX emission light was filtered by a combination of
a 590 nm longpass filter (OG590, Newport, Irvine,
CA, USA) and a broadband (600-750 nm) band-
passfilter (Omega Optical, Brattleboro, VT, USA).

The output current of the photomultiplier was
voltage-converted by an in-house built amplifier with
an input impedance of 440 ohm, 400 times volt-
age amplification and a bandwidth around 20 Mhz.
Data-acquisition was performed by a PC-based data-
acquisition system containing a 10 MS/s simultaneous
sampling data-acquisition board (NI-PCI-6115, Na-
tional Instruments, Austin, TX). The amplifier was
coupled to the DAQ-board by a BNC interface
(BNC-2090A, National Instruments, Austin, TX).
The data-acquisition ran at a rate of 10 mega sam-
ples per second and 64 laser pulses (repetition rate
20 Hz) were averaged prior to analysis. Control of
the setup and analysis of the data was performed
with software written in LabView (Version 8.6, Na-
tional Instruments, Austin, TX, USA).

2.4 Experimental procedures

The protocol was approved by the Animal Research
Committee of the ErasmusMC University Medical
Center Rotterdam. Animal care and handling were
performed in accordance with the guidelines for In-
stitutional and Animal Care and Use Committees.

A total of 6 male Wistar rats (Charles River, Wil-
mington, MA, USA, body weight 292 + 25,5 g) were
used in this study. The animals were anesthetized by
an intraperitoneal injection of a mixture of ketamine
90 mg kg~! (Alfasan, Woerden, The Netherlands),
medetomidine 0.5 mg kg~! (Sedator Eurovet Animal
Health BV, Bladel, The Netherlands), and atropine

0.05 mg kg~! (Centrofarm Services BV, Etten-Leur,
The Netherlands). Mechanical ventilation was per-
formed via tracheotomy. Ventilation was adjusted on
end-tidal PCO,, keeping the arterial PCO; between
35 and 40 mmHg. Variations in FiO,, the fraction of
inspired oxygen, were made by mixtures of oxygen
and nitrogen.

A polyethylene catheter (outer diameter 0.9 mm)
was inserted into the right jugular vein for the in-
travenous administration of fluids. Arterial blood
pressure and heart rate were monitored with a si-
milar catheter in the right carotid artery. Ketamine
(50mgkg'h~!) and crystalloid solution (Ringer
lactate, 5mL kg~!'h™!) were infused intravenously
for maintaining anaesthesia and fluid balance. Body
temperature was rectally measured and kept at 38°C
+ 0.5 °C by means of a heating pad.

PpIX was induced by topical application of 2.5%
ALA cream. A mixture of hydrophilic cremor lanette
(Lanettecreme I FNA, Bipharma, Weesp, The Neth-
erlands) and 2.5% 5-aminolevulinic acid (Sigma-
Aldrich, St. Louis, MO, USA) was made just before
use and administered topically on the abdominal
skin after hair removal. The latter was accomplished
by shaving and hair removal cream (Veet, Reckitt
Benckiser Co., Slough, UK). The exposed skin was
covered with an adhesive film and, to prevent pre-
mature exposure of PpIX to light, the area was cov-
ered with aluminium foil. The delayed fluorescence
lifetime measurements were started three hours after
the application of ALA cream. First the baseline
delayed fluorescence was measured at an FiO, of
0.4 and subsequently, after a stabilisation period of
5 minutes, measurements were performed during 1.0
FiO, ventilation. The experiment was terminated
by euthanasia of the animal using an overdose of
Euthasol (ST Farma, Raamsdonksveer, The Nether-
lands).

The experiment in human skin was voluntarily
performed on the forearm of the principal investiga-
tor (E.G.M.). A small aliquot of 2.5% ALA-cream
was topically applied under adhesive foil and protec-
tion from light for 3 hours. Delayed fluorescence was
measured under normal conditions and 2 minutes
after cessation of blood flow by inflation of a blood-
pressure cuff around the arm.

3. Results

Topical application of ALA to the abdominal skin of
rats induced detectable delayed fluorescence signal.
Figure 2 shows the signals observed in a rat from
areas of the skin with and without direct ALA expo-
sure. The area on which ALA was topically applied
shows a clear signal. This is in contrast to the area
without ALA in which the signal is very faint. The
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Figure 2 Examples of signals obtained from areas of skin
on the abdomen of a rat not exposed (upper panel) and
exposed to topically administered ALA for 3 hours.

latter was most probably due to some systemic ALA
uptake and distribution. No signal was detectable in
skin from rats not exposed to ALA.

The oxygen-dependency of the delayed fluores-
cence is demonstrated in Figure 3. A change in in-
spired oxygen fraction from 0.4 (40% oxygen in the
ventilation gas) to 1.0 (breathing with 100% oxygen)
resulted in a faster decay of the delayed fluorescence
signal, corresponding to higher oxygen levels in the
skin tissue. Conversely, cessation of microvascular
blood flow by applying pressure to the skin with the
detection probe resulted in a slower decay. This is in
accordance with decreased oxygen levels in the skin
tissue due to oxygen consumption under blocked
oxygen supply.

Analysis of the delayed fluorescence by means of
the ESM method reveals that the delayed fluor-
escence signal is not simply mono-exponential, as
would be the case if oxygen would be homoge-
neously distributed in the skin. The distribution of
reciprocal lifetimes shows a much more complex pat-
tern of which examples are shown in Figure 4. The
ESM analysis generally shows a left-skewed distribu-
tion (i.e. towards short reciprocal lifetimes corre-
sponding to low oxygen levels) with a considerable
part of the signal arising from areas emitting long
lived delayed fluorescence. Upon increasing the
FiO; from 0.4 to 1.0 the distribution moves towards
the right and the fraction of the shortest reciprocal
lifetime decreases. Both phenomena correspond to
an increase in oxygen levels in the skin.

1.0-
e —FiO, = 0.4
0.6+ —Fi0,=1.0

Normalized signal

250 500 750 1000

10 Time (us)
% 0.8
E ” ——no pressure

—— pressure
S 2
©
£
)
]
2
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Time (ps)

Figure 3 Normalized delayed fluorescence traces meas-
ured in abdominal skin of rats after 3 hours exposure to
topically administered ALA. Increasing FiO, from 0.4 to
1.0 results in faster decay of delayed fluorescence (upper
panel). Application of pressure on the skin by the meas-
urement probe results in a slower decay of delayed fluor-
escence (lower panel).

Although the exponential series method (ESM)
has been proven to be reliable and robust for de-
layed fluorescence measurements, the calculations
are relatively time consuming (seconds to tens of
seconds) and in its current form too slow for real-
time implementation under non-steady state circum-
stances. Therefore we compared the average life-
times retrieved by both mono-exponential analysis
(MEA) and the rectangular distribution method
(RDM) to the ESM. Figure 5 shows the effects of
increasing FiO, in 6 rats on the average reciprocal
lifetime (R;) as found with the ESM. 5 out of 6 rats
respond to an increase in FiO; with the expected in-
crease in (R;). The lower two panels show that in
general MEA has the tendency to overestimate the
average delayed fluorescence lifetime. The average
lifetimes obtained by RDM are in good agreement
with the ESM.

To test whether topical application of ALA also
induces measurable oxygen-dependent delayed fluor-
escence in hairless human skin we conducted a pilot
experiment on inside of the forearm of the principal
investigator. Figure 6 shows that delayed fluorescence
is readily measured after 3 hours of topical applica-
tion of ALA. Also, cessation of blood flow to the limb
by inflating a cuff around the arm leads to slower de-
cay kinetics of the delayed fluorescence signal.
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4. Discussion and conclusion

In this work, we present a method to induce and
measure oxygen-dependent delayed fluorescence in
skin. The clear advantage of topical application of
ALA over systemic administration is the reduction
of potential side effects. The measurement equip-
ment is fiber-based and robust and can be adapted
for clinical use. We demonstrate that 3 hours after to-
pical application of a low-dose ALA créeme (2.5%),
oxygen-dependent delayed fluorescence is easily ob-
served from abdominal skin in rats and also human
skin on the forearm. The delayed fluorescence signal
contained a complex (reciprocal) lifetime distribu-
tion as determined with ESM. While MEA had the
tendency to overestimate the average lifetime, RDM
provided results that were comparable to ESM ana-
lysis.

Although ALA is systemically administered to
patients in the setting of photodynamic therapy and
diagnosis [14-16] without significant side effects, the
photosensitization of the entire skin and retina asks
for special precautions. The topical application of
ALA derivatives has become a widely used method
in photodynamic therapy of non-melanoma skin can-
cers [22]. Since concerns about photosensitization
are limited to the exposed skin area, which can ea-
sily be protected from light, patients remain ambu-
lant and are often treated in an out-of-hospital set-
ting. Furthermore, the safety of this approach has
led to the use of photodynamic therapy on benign
skin lesions, like acne [23] and hidradenitis [24].
Therefore, our finding that topical application of a
relatively low dose of ALA creme induces measur-
able levels of oxygen-dependent delayed fluores-
cence might prove an important step in bringing this

QQQ'Q'Q' - 'Q'Q'Q'Q‘QQ
R, (us™)

technique to applications in human beings. However,
repeated delayed fluorescence measurements could
exceed the light doses used for photodynamic ther-
apy. Therefore, for clinical use one should strive to
minimize excitation light levels.

In its calibrated form, the technique of oxygen-
dependent quenching of delayed fluorescence of
PpIX allows for the measurement of mitochondrial
oxygen tension in living cells [10] and ex vivo and in
vivo tissues [12, 13]. For its application in skin, the
calibration constants remain to be determined, but
the oxygen-dependence of the signal was evident in
the present study from analysis of the reciprocal life-
time distributions. The reciprocal lifetimes are line-
arly dependent on the oxygen levels and this makes
the technique useful even in the absence of true cali-
bration. For example, dynamic measurement of the
reciprocal lifetimes during photodynamic therapy
can give insight in the rate of oxygen disappearance
due to oxygen-radical formation. This could be help-
ful for optimizing the effect of treatment [25, 26].

The ESM in its current form is too slow for
real-time analysis of delayed fluorescence signals
and therefore we applied two other methods for life-
time analysis, mono-exponential analysis (MEA)
and the rectangular distribution method (RDM). As
in the case of phosphorescence lifetime measure-
ments, the MEA overestimates the average lifetime
[27]. Although the underlying distributions are more
complex than a simple rectangular distribution, the
RDM provided average lifetimes comparable to
those obtained by ESM.

Overall, our study shows that implementation of
the technique of oxygen-dependent quenching of de-
layed fluorescence is feasible in skin using topical
application of ALA créme. The delayed fluorescence
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Figure 5 Effect of the increase in FiO, from 0.4 to 1.0 on
the average reciprocal lifetime (R;) as obtained with
ESM (upper panel). Average lifetime obtained by mono-
exponential analysis (MEA), rectangular distribution me-
thod (RDM) and exponential series method (ESM) at
FiO; = 0.4 (middle panel) and at FiO, = 1.0 (lower panel).
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Figure 6 Measurement of delayed fluorescence on the fore-
arm of a volunteer. Topical ALA administration induced a

delayed fluorescence signal of which the lifetime increased
upon inflation of a blood pressure cuff around the arm.

signals contain complex lifetime distributions and
the lifetime analysis has to be adapted accordingly.
The RDM is a fast and easy to implement alterna-
tive to the ESM if one needs real-time analysis in
non-steady state situations. Clinical applications of
the technique might range from measuring oxygen
during photodynamic therapy to monitoring cellular
oxygen availability in the skin of critically ill pa-
tients.
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