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Introduction

Temperature and oxygen-concentration
dependence of singlet oxygen production by
RuPhen as induced by quasi-continuous excitation

Jaroslav Varchola,? Veronika Huntosova, Daniel Jancura,®® Georges Wagniéres,©
Pavol Miskovsky®® and Gregor Bané*®°

Assessment of partial pressure of oxygen (pO,) by luminescence lifetime measurements of ruthenium
coordination complexes has been studied intensively during the last few decades. RuPhen (dichlorotris-
(1,10-phenanthroline) ruthenium(i) hydrate) is a water soluble molecule that has been tested previously
for in vivo pO, detection. In this work we intended to shed light on the production of singlet oxygen by
RuPhen. The quantum yield of singlet oxygen production by RuPhen dissolved in 0.9% aqueous NaCl
solution (pH = 6) was measured at physiological temperatures (285-310 K) and various concentrations of
molecular oxygen. In order to minimize the bleaching of RuPhen, the samples were excited with low
power (<2 mW) laser pulses (20 ps long), created by pulsing a cw laser beam with an acousto-optical
modulator. We show that, whereas the RuPhen phosphorescence lifetime decreases rapidly with an
increase of temperature (keeping the oxygenation level constant), the quantum yield of singlet oxygen
production by RuPhen is almost identical in the temperature range of 285-310 K. For air-saturated con-
ditions at 310 K the measured quantum yield is about 0.25. The depopulation rate constants of the
RuPhen *MLCT (metal-to-ligand charge-transfer) state are determined in the absence and in the pres-
ence of oxygen. We determined that the excitation energy for the RuPhen *MLCT—d~d transition is 49 kJ
mol™ in the 0.9% NaCl solution (pH = 6).

Oxygen concentration can be assessed, among other
methods, by detecting luminescence characteristics of oxygen

Photodynamic therapy (PDT) is one modality currently used
for treating cancerous or non-cancerous diseases in different
organs of the human body."™ The ordinary PDT action is
based on the interaction of light-activated drugs with the
ground state (triplet, O,(*%,")) molecular oxygen, resulting in
the production of reactive oxygen species (in most cases
singlet oxygen in the O,('A,) state). Thus, appropriate oxygen-
ation of the treated area is of great importance for achieving
high therapeutic efficiency of PDT. Monitoring the tissue oxy-
genation before, during and after the treatment is of interest
to understand the mechanisms behind PDT and for optimiz-
ing the therapy procedures.*” In addition, measuring the
partial pressure of oxygen (pO,) also provides valuable infor-
mation on tissue metabolism.®°
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sensitive molecular probes.’® In general, time-resolved or
intensity-based luminescence techniques can be applied.'™"?
The very first molecular probes used for pO, detection by time-
resolved phosphorescence measurements were metallo-por-
phyrins, oxygen-sensitive molecules with phosphorescence life-
times of hundreds of microseconds."”** The main
limitation of using metallo-porphyrins for in vivo pO, detec-
tion is their high photo-toxicity induced by singlet oxygen pro-
duction.>'™" In this context, polypyridyl coordination
complexes represent an attractive alternative with advan-
tageous optical properties, and good chemical and photo-
stability."®'” These complexes possess a relatively long-lived
triplet *MLCT (metal-to-ligand charge transfer) state with
strong phosphorescence emission in the visible spectral
region. Effective quenching of the *MLCT state by molecular
oxygen makes polypyridyl coordination complexes suitable for
pO, measurements.*®

RuPhen ([Ru(Phen);]**, dichlorotris(1,10-phenanthroline)
ruthenium(u) hydrate) is a water-soluble member of the poly-
pyridyl coordination complex family with a broad absorption
band between 350 and 500 nm.'®?° The phosphorescence
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emission from the RuPhen *MLCT state (centered at 600 nm)
was reported to be sensitive to local oxygen concentration.>">*
From a clinical point of view, low dark toxicity and a relatively
high clearance rate make RuPhen attractive for in vivo time-
resolved pO, detection.>**® There are a few publications
reporting on a weak photo-cytotoxicity of RuPhen.?”-*® These
observations are in agreement with our preliminary results
obtained in vivo with RuPhen applied to the chorioallantoic
membrane (CAM) system.> By contrast, photodamage induced
in vitro by RuPhen localized in the extracellular space has been
reported.®® Indeed, photo-excited RuPhen is known to produce
singlet oxygen.**> Moreover, many ruthenium polypyridyl
complexes show antitumor activities related to DNA binding
and photocleavage. The mechanism of these activities is par-
tially connected to singlet oxygen production, but electron
transfer processes and superoxide anion radical production
may also play an important role here.**3¢

Detailed studies on RuPhen *MLCT state depopulation and
singlet oxygen production in deuterated methanol and deuter-
ated water solutions have been published recently.*’** To the
best of our knowledge, however, there are no data available in
the literature for the quantum yield of singlet oxygen pro-
duction by the highly environment sensitive RuPhen dissolved
in water.

Singlet oxygen O,('Ag) can be detected through its phos-
phorescence around 1270 nm.*”*® Previous RuPhen-related
singlet oxygen measurements were carried out by two different
experimental approaches. In the first case, 355 nm laser pulses
(third harmonic of a Q-switched Nd:YAG laser) were used for
RuPhen photo-excitation, and the time-resolved luminescence
of singlet oxygen was detected with a germanium photo-
diode.”® When working with low repetition rate and short
pulse (high peak power) lasers, one usually faces serious pro-
blems due to the photo-bleaching of the sample. An extra-
polation of the measured singlet oxygen emission intensity
slopes to zero excitation pulse energies was used by Schmidt
and co-authors to correct the bleaching effects.***® In the
second case, excitation from a Xe/Hg lamp combined with a
monochromator was used to induce singlet oxygen production
by RuPhen.’’ Using this second approach, data evaluation
relied on the steady-state phosphorescence intensity values.

In this work we applied a modified illumination strategy for
time-resolved singlet oxygen measurements, where bleaching
was circumvented by the use of low power laser excitation.
Studied specimens were illuminated in a quasi-continuous
mode: long (20 ps) laser pulses were applied to reach steady-
state emission intensities and excited molecule concentrations
in the sample. Once the laser was switched off, phosphor-
escence decays of both RuPhen and Oz[lAg) were detected. The
residual phosphorescence emission from RuPhen at 1270 nm
was readily distinguished from the O,("A,) signal based on the
different decay times.

Long-pulse laser excitation was applied previously by Lee
and co-authors to induce singlet oxygen production in a series
of PDT-related measurements in vitro*" and in vivo.*> As the
length of the excitation pulses was limited to less than 10 ps,
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steady-state emission intensities were typically not reached in
these studies. The evolution of singlet oxygen concentration
was simulated by the numerical solution of the corresponding
kinetic model.*"**> By contrast, in the present work the length
of the excitation laser pulses was set to be longer (20 ps). In
this quasi-continuous excitation mode the highest possible
(steady-state) luminescence intensities were reached (for a
given laser power) at the end of laser pulses. Moreover, the
kinetic model describing excited state populations of RuPhen
and molecular oxygen after switching the laser off could be
solved analytically, facilitating thus the data evaluation pro-
cedure (see the Data analysis section below).

Our primary goal in this work was to quantify singlet
oxygen production by photoexcited RuPhen in 0.9% isotonic
aqueous NaCl solution (used in biological and clinical appli-
cations), covering the physiologically relevant temperatures
and molecular oxygen concentrations. Moreover, temperature
dependent rate constants for depopulation processes of the
RuPhen *MLCT state were determined as a function of oxygen
concentration. The possible consequences of singlet oxygen
production by RuPhen for its utilization as in vivo pO, sensor
are also discussed.

Experimental
Materials

RuPhen  (dichlorotris(1,10-phenanthroline)  ruthenium(u)
hydrate) was purchased from Sigma-Aldrich and dissolved in
0.9% isotonic aqueous NaCl solution (pH = 6, Braun). Rose
Bengal (Sigma-Aldrich) dissolved in water was used as a refer-
ence sample to calibrate the experimental apparatus for quan-
titative singlet oxygen measurements.

Experimental setup and procedures

The diagram of the experimental setup is shown in Fig. 1a.
CW lasers operating at wavelengths of 476 nm (Coherent 90C
FreD) and 532 nm (Cobolt Samba) were used for RuPhen and
Rose Bengal excitation, respectively. The laser beams passed
through an acousto-optical modulator (AOM, Isomet 1205C)

/ [rsimasiam]

gas inlet
FM
(’/— Arion laser, 476 nm therrnocouplsx_
h cuvette with
the sample

TE thermostat

delay multichannel
generator] analyzer

rotating
magnet E I

magnetic stirrer

laser beam

b)

Fig. 1 (a) Diagram of the optical setup and the sample cell (top view).
AOM - acousto-optic modulator, APD - avalanche photo-diode, F;:
>500 nm long-pass filter, F,: 1250-1350 nm band-pass filter, FM —
flipping mirror. (b) Side-view of the sample cell.
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operated in switching (ON/OFF) mode. The AOM was driven by
electrical pulses from a delay generator. The repetition rate of
20 ps laser pulses was set to 2 kHz. The laser beam diameter
was 2 mm at the AOM, which limited the switching time of the
AOM to approx. 400 ns.

2 ml of the sample solution was poured into a quartz
cuvette (10 x 10 x 40 mm), which was placed in a temperature
regulated sample cell (Fig. 1b). The absorbance of the RuPhen
and Rose Bengal solutions were set to be equal (0.052) at the
excitation wavelengths of 476 and 532 nm, as measured with a
Shimadzu UV-2401PC UV-VIS spectrophotometer. The corres-
ponding concentration of RuPhen (about 10 pM) was low
enough to avoid self-absorption of the phosphorescence inside
the cuvette.”” The sample temperature was monitored directly
in the solution by a thermocouple enclosed in a glass capillary.
The cell was either cooled or heated thermoelectrically using
an automated regulation scheme.

Two gas-flow controllers were applied to mix pure N, and
O, gases to a final O, concentration of 5-40% in the gas
phase. 25 standard cubic centimeters per minute (sccm) of the
gas mixture were introduced into the cuvette through a glass
capillary for 1 hour before the measurements, thus enabling
the system to reach steady-state oxygen concentration. The
mixed gas was continuously flowing through the cuvette
during the measurements. The dissolved-oxygen concentration
in the air-saturated 0.9% NacCl solution was evaluated by inter-
polating the tabulated data of Benson and Krause.*> A mag-
netic stirrer was applied to stir the solutions during the
measurements.

The laser beam entered the cuvette from the bottom
(Fig. 1b). The average laser power at the sample was 0.7 mW
for 476 nm and 1.7 mW for 532 nm. Emission from the
sample was detected at 90° in two channels. The visible phos-
phorescence signal from RuPhen passed through a long-pass
filter (>500 nm), and was measured with an avalanche photo-
diode (APD, Thorlabs APD110A2) connected to a 2.5 GHz
digital oscilloscope. An infrared PMT (Hamamatsu
H10330A-75) operated in photon counting mode detected the
singlet oxygen phosphorescence. The spectral window of the
PMT was limited to 1250-1350 nm by means of a band-pass
filter. The pulses from the PMT were registered with a multi-
channel scaler (Stanford Res. Systems SR430). Results of ten
consecutive measurements were recorded at all experimental
conditions, taking the sum of 320 000 pulses in each measure-
ment. This way the effect of photo-bleaching could be readily
monitored throughout the experiment.

Absorption spectra of RuPhen in 0.9% NaCl isotonic solu-
tion were collected at different temperatures with a Varian
CARY 500 Scan/UV-VIS-NIR spectrophotometer. The corres-
ponding luminescence spectra were obtained by a Horiba
Jobin-Yvon FluoroLog spectrophotometer at 447 nm excitation.

Data analysis

Typical evolution of the phosphorescence signals detected by
the PMT around 1270 nm and the APD in the visible region is
shown in Fig. 2. It can be seen that steady-state emission
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Fig. 2 Time-dependence of the emission intensities (logarithmic scale)
at the end of the laser pulse and after switching the laser off at t = 0.
(a) Experimental data (open circles) detected by the PMT around
1270 nm and fitted by eqn (6) — red curve. The contributions from
singlet oxygen (dotted blue line) and RuPhen (solid green line) — as
determined from the fitting procedure — are shown separately. The inset
shows the PMT signal during the entire process (laser pulse and after
switching the laser off) on a linear scale. (b) The APD signal in the visible
spectral range fitted by a single exponential decay.

intensities are reached before the end of the 20 ps laser pulses.
The time-scale zero-point (¢ = 0) is set at the end of the laser
pulse in Fig. 2. After the laser is switched off, the APD signal
starts to decay exponentially (Fig. 2b). This signal belongs to
the decaying phosphorescence emission from the RuPhen
MLCT state. The intensity changes observed at 1270 nm
(Fig. 2a) can be described by two components. First, there is a
faster-decreasing signal originating from the infrared tail of
the RuPhen phosphorescence spectrum. Second, a longer-lived
component is observed, which belongs to singlet oxygen
emission.

In the following we give a brief theoretical background for
the analysis of the data acquired.

After switching the excitation beam off (at ¢t = 0), the con-
centration of the RuPhen *MLCT state [T] decreases exponen-
tially with a time constant zr:

Tl = ko + kq[O3]. (1)

Here, k, is the quenching rate constant of the *MLCT state

in the absence of oxygen, and kq corresponds to the rate con-
stant of *MLCT depopulation in reactions with ground state
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molecular oxygen. The quenching rate constant k, can be
further decomposed as**

ko = ke + knr + K'exp(—AE/kT), (2)

with k. and k,, being the rate constants of radiative and non-
radiative deactivation, respectively. The third Arrhenius term
in (2) stands for *MLCT transition to short-lived metal-cen-
tered d-d state of RuPhen, with a pre-exponential factor k' and
an excitation energy of AE.*®
Concentration changes [A] of O,('A,) after the laser pulse
can be expressed as:
da]

- kq[O2][T]fy — o

Al 3)
The first term on the right side represents the production
of O,('A,) by interaction of photo-excited RuPhen with mole-
cular oxygen, fa being the fraction of RuPhen *MLCT states
quenched by oxygen yielding singlet oxygen. 7, is the O,('A,)
lifetime. Denoting the first term on the right side of (3) at
initial time (t = 0) as Sy = kq[0,][T]of4, assuming steady-state
concentrations [A] and [T] at ¢ = 0 and constant [O,] during the
studied process, we obtain the solution of (3) as follows:

_t _t
TA€ T —Tpe T .

The measured intensity decay at 1270 nm is a linear combi-
nation of phosphorescence contributions from O,('A,) and
*MLCT:

So7a

[A] = (4)

TA — 71

1270
Imeas

= c(k3[A] + i3 [T)), (5)

where ki and k7 are the phosphorescence emission rate con-
stants of 0,(*A,) and *MLCT, respectively, and ¢ is an equip-
ment specific proportionality factor. Substituting for [A] and
[T] into (5), the final fitting function for the measured infrared
signal is obtained:

1270 __
Imeas =F

(6)

TA ( _t _ L) _t
Tp€ T8 —7T7€ Tr | +Fye T,
A — 77

with four variable parameters: F; = Sokic, F, = [T]okTc, 7o and
7r. It can be seen from Fig. 2a that the measured experimental
data are well fitted with function (6). Assuming that the
quenching of singlet oxygen by RuPhen is negligible (which is
the case at low RuPhen concentration used in this work’®), the
precision of the fitting procedure can be improved using pre-
defined 7, values. This is especially true at low pO, levels with
weak singlet oxygen signals. The temperature dependence of
7, in water was reported by Jensen and co-authors*® and there
is an indication that 7, is independent of the solution
salinity.*”

The O,('A,) phosphorescence contribution to the steady-
state signal at ¢ = 0, which can be determined from the fitted
parameters, is proportional to the O,(*A,) concentration at
equilibrium [A]y:

5 = Fiiey = ci§ A,

(7)
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[A], is also related to the quantum yield of O,('A,) production
@, as: [A]y = P,®@ata, where P, is the absorbed photon flux. It
follows that @, can be determined by comparing the measured
F; values with those obtained for a reference molecule of
known quantum yield @

Fy /»LRef PRef

las ” las

Dy = q)Ref ,
Fiqef j'las Pias

(8)
where the product of the excitation laser power and wave-
length, Py,4-A1as, is proportional to the absorbed photon flux P,.
It is assumed here that the absorbances, the phosphorescence
emission rate constants of singlet oxygen ki and the equip-
ment specific proportionality factor c are identical for the refer-
ence and measured samples. Rose Bengal dissolved in water
was used in this work as a reference molecule with the corres-
ponding quantum yield of the singlet oxygen production (at
room temperature and air-saturated conditions) ®* = 0.76.*®

Because of the relatively long switching time of the AOM
(~400 ns), the PMT data acquired during the switching period
do not obey function (6). Due to this fact, the very first 400 ns
of the emission decay curves were not taken into account in
the fitting procedure. The long switching time of the AOM also
introduces an uncertainty into the timescale zero-point, which
in principle may lead to erroneous evaluation of the extra-
polated O,('A,) phosphorescence intensity at ¢ = 0 (see (7) and
Fig. 2a). Detailed analysis of the experimental curves showed
that moving the timescale zero-point by 200 ns results in a
~5% difference in the fitted F; parameter, while the decay
times 7, and 7y do not change. Regarding the quantum yield
of singlet oxygen production as defined by (8), the error of Fy
is partially compensated by using the same fitting procedure
(the same zero-point) for the reference sample.

The pO, dependence of &, can be derived from the
quantum yield of *MLCT state photo-excitation @ as***°

Dy = OrPYf, )
where
kq[Os]
PR =1 10
T ko + kq[02] (10)

According to previous investigations, @y equals 1 for Ru(u)
complexes.**?° P2 stands for the fraction of *MLCT states
quenched by interactions with oxygen. The values of &, and &4
can be obtained experimentally by fitting the pO, dependence
of measured 7z values with eqn (1). It follows that after the
substitution of k, and k, into (10) one can fit the measured
PO, dependence of @, with (9) using a single fitting parameter
of fa (the fraction of RuPhen *MLCT states quenched by

oxygen yielding singlet oxygen).

Results and discussion

Absorption and emission spectra of air-saturated RuPhen solu-
tions measured at different temperatures are shown in Fig. 3.
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Fig. 3 Absorption and phosphorescence emission spectra of RuPhen
dissolved in air-saturated 0.9% aqueous NaCl solution (pH = 6)
measured at different temperatures. The RuPhen concentration was
33 uM and 1 pyM in the case of absorption and emission measurements,
respectively.

It is observed that while the absorption is practically indepen-
dent of temperature (in the studied temperature range), the
phosphorescence signal decreases rapidly with an increase of
temperature. Because of this fact, RuPhen can be also used as
a temperature sensor, as it was shown by Kose and co-
authors.*®

Emission decay curves of RuPhen dissolved in 0.9%
aqueous NaCl solution (pH = 6) were recorded in the tempera-
ture range of 285-310 K for different oxygen concentrations
(not shown). The lifetime of the *MLCT state, 7y, was evaluated
first from the decay of the phosphorescence signal in the
visible region detected by the APD (see Fig. 2b). It is noted that
minor deviations from single exponential decay were observed
in these data. The APD signal was better fitted by a two-expo-
nential decay (not shown in Fig. 2b), where the second (longer-
lived) component was possibly caused by a RuPhen photo-
product. As the intensity contribution of this component was
typically below 1%, it was assumed that its effect on singlet
oxygen production is negligible. The reciprocal values of the
measured 7 data are shown in Fig. 4 (solid symbols) as a func-
tion of pO,.

The *MLCT lifetime was also obtained by fitting the emis-
sion intensity in the infrared region (PMT signal, Fig. 2a) by
(6). The corresponding reciprocal 7 values as a function of O,
molar concentration are plotted in Fig. 4 with open symbols.
There is a good match between the two data sets measured in
the visible and infrared regions. The experimental data of
Fig. 4 were fitted as linear functions of O, molar concen-
tration. The obtained fitting parameters ko, and k4 (see eqn (1))
are presented for various temperatures in Table 1. The stan-
dard errors of the fitted parameters are below 5% in all cases.
To the best of our knowledge, the temperature dependence of
k4 for RuPhen in water has not been reported yet. The experi-
mental value of kq = 4.1 x 10° M~ ' s™! measured here at 293 K
for RuPhen dissolved in 0.9% aqueous NaCl solution is in a
good agreement with the room temperature data reported for
RuPhen dissolved in water, kq = 4.05 x 10° M~ ' s7'.>?

This journal is © The Royal Society of Chemistry and Owner Societies 2014
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Fig. 4 Reciprocal values of RuPhen *MLCT lifetimes in 0.9% aqueous
NaCl solution (pH = 6) measured at different temperatures and oxygen
concentrations. Solid symbols: data evaluated from the decay of the
APD signal (Fig. 2b) in the visible spectral domain. Open symbols: the
3MLCT lifetime obtained by fitting the PMT signal measured around
1270 nm (Fig. 2a) with function (6). All the data are fitted with linear
functions in accordance with (1).

Table 1 The quenching rate constant of the *MLCT state in the
absence of oxygen, ko, and the rate constant of *MLCT depopulation in
reactions with ground state oxygen, kg, as determined by fitting the
experimental data of Fig. 4 with (1)

Temperature [K] ko [10° s71] kq[10°M ' s7Y

285 5.8 3.1
293 8.1 4.1
303 12.4 5.6
310 17.2 6.4

The quenching rate constant of the *MLCT state in the
absence of oxygen, k,, can be analyzed according to (2). The
experimental k, values fitted with (2) are plotted as a function
of 1/T in Fig. 5. For comparison, the results published for
RuPhen dissolved in pure water (dashed line) and in sodium
lauryl sulfate (NaLS) micellar solutions (dotted curve)*® are
also shown. From these data we can see that the presence of
0.9% NaCl in water changes the temperature dependence of k,
as compared to RuPhen dissolved in pure water. Determi-
nation of k, was realized also in N,-saturated aqueous RuPhen
solution. The results (open circles in Fig. 5) are in good agree-
ment with previous data of Dressick and co-authors (dashed
line).*> According to our present results, adding 0.9% NaCl to
water leads to an increase of the excitation energy of the
*MLCT—d-d transition of RuPhen from 40.5 to 49 k] mol™*
(see the table inset in Fig. 5). At the same time, the sum of the
de-excitation rate constants, k. + k., remains practically
unchanged (about 3.2 x 10°> s7*). The higher AE in NaCl solu-
tion is close to the value reported for the NaLS micellar solu-
tion (AE = 50.5 k] mol™).

The quantum yield of singlet oxygen production by RuPhen
evaluated at different temperatures is plotted against O, molar
concentration in Fig. 6. The experimental data were fitted by
(9) using fa as the only fitting parameter, while PQ* was deter-
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Fig. 5 The quenching rate constant (ko) of the RuPhen *MLCT state in
the absence of oxygen as a function of 1/T. Solid circles: present experi-
mental data measured in 0.9% aqueous NaCl solution (as evaluated from
the linear fits in Fig. 4). Solid line: fit to the experimental points accord-
ing to (2). Open circles: present values measured in N,-saturated water.
Dashed and dotted lines are data published for RuPhen dissolved in
water and in NaLS micellar solutions,*” respectively. The parameters of
k. + ko, k' and AE (see (2)) are indicated in the inset.

mined from the obtained rate constants k, and kq (see
Table 1). The observed [O,] dependence of singlet oxygen pro-
duction by photo-excited RuPhen is well fitted by (9). The
effect of temperature on the quantum yield of O,('A,) pro-
duction is negligible. Within the experimental error the
obtained values of fA are identical (0.49 + 0.03) in the entire
studied temperature range (285-310 K).

As was mentioned in the Introduction section, the photo-
toxicity of RuPhen is still an open question. According to our
present results, the quantum yield of singlet oxygen pro-
duction under air-saturated conditions (and physiological
temperatures, 310 K) is around 0.25. This value is not negli-
gible, and thus singlet oxygen production has to be considered
when thinking of the possible mechanisms of RuPhen photo-
toxicity.>® On the other hand, our preliminary results obtained
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Fig. 6 The quantum yield of singlet oxygen production by RuPhen dis-
solved in 0.9% aqueous NaCl solution as a function of O, molar concen-
tration. The experimental points were fitted by (9), the obtained values
of f} are shown in the inset.
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with the CAM,? and the results of Dobrucki*® and Asiedu
et al.*’ indicate that under certain conditions (RuPhen concen-
trations below 1 mg kg™ of body weight and light doses of less
than 10 ] cm ™2 at 470 nm) the photo-toxicity of RuPhen is very
low. Logically, the damage induced by photo-excited RuPhen
will depend on the concentration used.”® Importantly, the ana-
lysis of our results as well as the literature strongly suggest
that, the tissular and intra-cellular localization play a key role
on the potency of RuPhen. Further experiments are needed to
find feasible conditions for the application of RuPhen as an
in vivo pO, sensor, including the development of optimized
derivations and formulations. These are beyond the scope of
this work, however.

Conclusions

The quantum yield of singlet oxygen production by photo-
excited RuPhen (dissolved in 0.9% aqueous NaCl solutions)
and the depopulation rates of the RuPhen *MLCT state have
been measured at different temperatures and oxygenation con-
ditions. The quasi-continuous excitation scheme was success-
fully tested for the suppression of RuPhen photo-bleaching. It
was shown that RuPhen is able to generate singlet oxygen with
significant quantum yield in a broad temperature range,
which needs to be taken into account when using RuPhen for
in vivo pO, measurements.
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