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ABSTRACT

The experimental study on in vitro steady-state kinetics of Radachlorin photosensitizer
fluorescence and singlet oxygen phosphorescence as a function of the photosensitizer
concentration in an aqueous solution is presented. The thorough in vitro evaluation of
photophysical properties of photosensitizers applied in photodynamic therapy is a prerequisite of
their efficient usage in medical practice. Among other parameters the photosensitizer
photobleaching is one of the important factors affecting the photodynamic therapy efficiency. The
results obtained were interpreted on the basis of rate equations describing excitation and
degradation of the photosensitizer molecules and singlet oxygen generation. It was demonstrated
that the experimental method used allows to evaluate a bleaching rate coefficient, a diffusion
coefficient, and a ratio of the absorption and fluorescence rate constants which are important
photophysical parameters characterizing singlet oxygen generation. It was also observed that with
an increase of the photosensitizer concentration the singlet oxygen concentration approaches an
upper limit. This result can be utilized for providing optimal photosensitizer concentration and

excitation light intensity for singlet oxygen generation in solutions.

1. INTRODUCTION

The rapidly advancing nowadays field of
photodynamic therapy (PDT) of various diseases
stimulates research activities aimed to the
development and  validation of  novel
photosensitizers (PS). Among the major factors
affecting the photosensitizer efficiency are the
singlet oxygen (SO) quantum yield and PS
photostability. State-of-the-art technologies of
infrared detectors allow monitoring of the very
weak signal of SO phosphorescence at the
wavelength around 1270 nm that can give direct
information on SO kinetics and quantum yield in
the system. Information on PS photostability can be
extracted from the data on its fluorescence kinetics.
Irreversible PS photobleaching may occur due to
photomodification or fragmentation of the
chromophore, both of these processes resulting in
the decay of PS absorption and fluorescence. Note
though that since fluorescence depends also on
quenching its decay is not solely due to the

absorption decay. That is why the combined
recording of both the PS fluorescence kinetics and
SO phosphorescence Kkinetics can provide a
complete set of data on PS photostability and SO
formation in the system.

Studies of PS fluorescence and SO phosphorescence
kinetics are performed either in time-resolved
experiments under pulsed laser excitation with the
following recording of luminescence intensity decay
on the microsecond scale (e.g. [1]), or in steady-
state regime with CW laser excitation and data
collection over long time periods of the order of
minutes or even hours (e.g. [2]). Both approaches
exhibit their own advantages and drawbacks.

The time-resolved approach provides direct
determination of SO quantum yield from its
phosphorescence lifetime. Alternatively, the
fluorescence decay time depends besides the
fluorophore parameters on various factors, such as
pH, viscosity and refractive index of the solute as
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well as on the quenching rate by surrounding
molecules and formation of aggregates [3].

The steady-state approach allows to study the PS
photodegradation using the fluorescence decay rate
as a function of various parameters, such as
illumination time, fluence rate or irradiation
wavelength (see e.g. [4], where fluorescence decay
of Photodithazine® PS was measured as a function
of time and fluence rate for different irradiation
wavelengths). Most of photosensitizers such as
porphyrins, chlorins, phthalocyanines etc. used in
the photodynamic therapy are not photostable.
Almost all of them are degraded by light due to
either fragmentation of macrocycles or
photoproducts formation ([5]). Reversible and
irreversible photobleaching effects have to be taken
into account when determining photodynamic dose
and photosensitizer concentration during PDT.

The properties of PSs required for successful
application in PDT are listed in a variety of sources
(see e.g. [6]). Briefly they are: high quantum yield of
SO; selective accumulation in targeted tissues and
intracellular localization in targeted cells; fast
removal from the body; besides that the absorption
band shifted towards the therapeutic window is
highly desirable.

Radachlorin® is the patented composition of
sodium salts of chlorin e6 (80%), purpurin 5 (15%)
and chlorin p6 (5%). The photosensitizer is
developed and produced by RadaPharma Ltd.
(Moscow, Russia) [7]. It is clinically approved and is
applied for fluorescent diagnostics and
photodynamic therapy of malignant tumors.
According to the developers Radachlorin combines
high cytophototoxicity and low dark toxicity, fast
and sufficiently selective accumulation in target
tissues, beyond that, it is excreted from the body
relatively rapidly (in 1-2 days).

The major component of Radachlorin, chlorin €6,
was studied for more than 20 years and a large
amount of data on its photophysics is accumulated
by now (see [2, 6, 8-10] and references therein).
Much less attention had been paid to Radachlorin.
A majority of the papers are devoted to clinical PDT
trials with this PS ([11-14]), with only a few papers
considering its photophysical properties ([4]).

In Table 1 we present a summary of the available
data on photophysical parameters of Radachlorin
taken from various sources. The data on chlorin e6
parameters are summarized in Table 2. Table 3
presents data on SO parameters.

2, EXPERIMENTAL APPROACH

The schematic of the experimental setup is shown in
Figure 1. The output beam of a semiconductor laser
(405 nm, 50mW) illuminated the surface of an
aqueous PS solution in the experimental cell at the
fluence rate 3.3 W/cmz2.

Absorption maxima 406 (Soret band), Slightly shift [7]
506, 536, 608, with solute
662 (Q band), nm and pH
405, 660, 960 nm Own
H.O,pH = measurements
7.0
Fluorescence 660-668 nm Slightly shifts [71, [14]
maximum with solute
and pH Own
660 nm measurements
H.O, pH =
7.0
Fluorescence 0.04 [71, [14]
quantum yield
Interconversion 0.96 [7]
quantum yield
Extinction 34200 M-icm! In the [14]
coefficient (662 presence of
nm) human serum
albumin
Singlet oxygen 0.52-0.62 In the [14]

quantum yield presence of
human serum
albumin
Phosphorescence 960 nm Own

maximum measurements

Table 1. Photophysical parameters of Radachlorin

Absorption maxima

O0O0Soret band 402 nm pH=74 [10]
O0O0Q bandd 654 nm
Fluorescence maximum 662 nm pH=74 10
Fluorescence quantum yield 0.18 pH=74 10
Lifetime of the first excited 4.3 ns pH=74 10
singlet state
Lifetime of the first excited 2.1 s pH=74 [10]
triplet state 0.9 Os H.O [15]
Maximum of phosphorescence 830 — 900 nm [o]
from the first excited triplet state
Extinction coefficients: [8]
402 nm 150,000 M-
663 nm lem

59,000 M-cm
Fluorescence quantum yield 0.18 [o]
Quantum yield of triplet 0.74 [o]
formation
Singlet oxygen quantum yield 0.74 [o]

Table 2. Photophysical parameters of chlorin e6

Lifetime of the [, state 3.7 us aqueous media | [15]
0.1s biological media

Radiative lifetime of the 1[0y | 3.3s H.0 [16]

state

Diffusion length 2105 cm?s™! H.O [17]

Quantum yield 4107 H.0 [17]
9.3107 H.0 [16]

Table 3. Singlet oxygen parameters

Two simultaneously operating measurement
channels are utilized. The Radachlorin fluorescence
at the spectral band centered at 660 nm was
measured by the lock-in amplifier with the silicon
photodiode as an input detector. The
phosphorescence of singlet oxygen at about 1270
nm was detected by the cooled NIR PMT module
(Hamamatsu H10330B-45). The data was
accumulated by the homemade photon counter
during the 5-ms period and averaged over 100
periods. Two filters were placed in front of the PMT
module: the interference filter (central wavelength
1280 nm, FWHM 70 nm) and silicon filter with the
short cut at approx. 1050 nm. Note that this set of
filters cuts the weak photosensitizer
phosphorescence at 960 nm (see Table 1). The
reference frequency of 200 kHz was provided by the
opto-mechanical modulator (chopper). The same
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modulator could be inserted into the excitation
beam path to facilitate measurements in a chopped
regime. The both channels provided simultaneous
time-dependent series of signals measured in
chopped and non-chopped modes.

The ability to obtain simultaneous measurements of
PS fluorescence and 10, phosphorescence is
expected to be valuable for assessing the
relationship between PS bleaching and 0.
production. Note that dual-channel fluorescence-
phosphorescence  configurations have been
successfully used for imaging of PS/singlet oxygen
distributions in tissues even in vivo ([18, 19]).

Laser I
Chopper Photomultiplier
Photodiode IR filter

cell

e\

N\ Photon counter

Figure 1: Basic schematic of the experimental setup.

3. RESULTS AND DISCUSSION
3.1 Photosensitizer fluorescence kinetics

Figure 2 presents temporal decay of the
fluorescence intensity of Radachlorin dissolved in
water with PH = 7.0 at different concentrations.
Measurements were taken in the chopped regime.

60 -

0 10 20 30 40 50 60
Time, s

Figure 2. Radachlorin fluorescence intensity in the spectral band
centered at 660 nm as a function of time. Symbols represent
different Radachlorin concentrations, N, in water:

¥: Nk = 1.2 -10%5cm3

A: Nr = 2.3-10%5cm3

@®: Nk = 4.5-10%cm3

@®: Nk = 9.0 -10'5¢cm3

W: Nr =1.75 -10'°cm3

The symbols in Figure 2 represent our experimental
data and solid curves are fit. Different curves in this
figure relate to different photosensitizer
concentrations, Nr. As can be seen from Figure 2
under the condition of continuous wave exposure
the fluorescence intensities exhibit maxima at the
beginning of laser irradiation (t=0) and then a slow
decrease steadily approaching a plateau at long
times. The physical reason of the decrease is the dye
photobleaching inside the interaction volume which
is a cylinder with a base equal to the laser beam
cross section S ~ 1.5 mm2 and a height h of about 5
mm. The plateaus correspond to an equilibrium
between the dye molecules bleached inside the
interaction volume and those coming into the
interaction volume from the surrounding solution
due to diffusion flux.

All fitting curves in Figure 2 can be described by a
simple exponential expression:

Ifl = Cle_At + Cz, (1)
where C,, A, and C, are fitting parameters.
The fitting parameters in eq. (1) determined from

the experimental data in Figure 2 are presented in
Table 3.

NR, 105 C1 C2 A
cm3
1.2 3.2 (0.1) 5.8 (0.1) 0.10 (0.01)
2.3 9.7 (0.5) 7.9 (0.4) 0.09 (0.02)
4.5 11.6 (0.6) 14.1(0.3) 0.15 (0.02)
9.0 11.9 (1.0) 23.2 (0.5) 0.19 (0.04)
17.5 26.2 (2.5) 29.2 (1.2) 0.16 (0.04)

Table 3. Fitting parameter values determined from Figure 2.

As can be shown if the laser light absorption by the
dye molecules is weak the parameters C;, A, and C,
in eq. (1) can be presented in terms of the clear
physical quantities describing photobleaching of the
photosensitizer molecules and molecular diffusion
through the interaction volume interface. The
relationship between the fitting parameter values
and physical quantities can be approximated in the
form:

~ NRVfab _ D_m
€~y Lo (1 - %), )
NRVfab D
C, ~ y & abOm
2 14 ffl a4’ (3)
A= —affab + D, (4)
fl
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where Dy, =2(%+2) is a modified diffusion
T TO ZO

coefficient, D is a diffusion coefficient, r, and z, are
dimensions of the cylindrical absorption volume V,
fa and f;y are the dye molecule absorption and
fluorescence rate constants, Nr is the dye
concentration outside the absorption volume
indicated in the caption to Figure 2, y is the
fluorescence detection efficiency, and « is a
bleaching rate coefficient describing a relative
number of the dye molecules destroyed by laser
light per second.

The fluorescence rate constant f; in egs. (2)-(4) is
directly related to the fluorescence lifetime:

Jn =1/7 and the absorption rate constant fu is
proportional to the laser light intensity I,:

fav = Io 0 / (S hv), where o is the dye molecule
absorption cross section, S is the laser beam cross
section, and hv is the laser photon energy.

The weak absorption approximation in egs. (2)-(4)
is valid for the three lowest curves in Figure 2. These
data, egs. (2)-(4) and the fitting parameter values in
Table 3 can be used for determination of the
physical quantities describing the dye molecules
evolution in experiments.

3.2 Singlet oxygen phosphorescence kinetics

Singlet oxygen phosphorescence intensity at 1270
nm as a function of time is presented in Figure 3.
Measurements were taken in the non-chopped
regime. Different curves in this figure relate to
different PS concentrations, Ny, in agreement with
Figure 2. As can be seen from Figure 3 the
phosphorescence intensity first rises sharply during
about a second after the beginning of irradiation
(t=0) and then remains almost constant at relatively
high PS concentrations, or decreases slowly steadily
approaching a plateau at relatively low PS
concentrations (three low-lying curves in Figure 3).
As can be seen in Figure 3 at relatively low PS
concentrations the maximum phosphorescence
intensity increases with Ng, however at relatively
high PS  concentrations the maximum
phosphorescence intensity approaches the limit of
about 50 a.u. which does not depend on N.

The phosphorescence intensity in Figure 3 is
directly proportional to the SO concentration, Nso,
which evolves in time according to the following rate
equation:

ONso _ Nso
Y YsoNgr — < (5)
q

where Ngris the concentration of excited triplet PS
molecules, 0 is the rate constant describing SO

generation due to collisions between ground state
oxygen molecules and the excited triplet PS
molecules: 3o = No <vaso >, 7q is the SO lifetime
describing SO quenching due to collisions with PS
molecules and with water molecules:

741 = Ng < vog > +Ngr < vogr > +N,, <vo,, >,  (6)
where Ny, and oy, are, respectively, water molecules

concentration and SO quenching cross section due
to collisions with water molecules.

sy A

v

\'\v v

A
e
—
i
T T T 1

30 40 50 60 70

Time, s

Figure 3: Singlet oxygen phosphorescence intensity at 1270 nm
as function of time.
Different  symbols
concentrations, Nr:

% : Nr= 6.0 -10%cm3
w: Nr=1.2-10%5cm3
A: Nr=2.3-10%5cm3
®: Nr= 0.0 -10%5cm3
H: Nr=1.75-10%cm™3

represent  different =~ Radachlorin

The relatively sharp rise of the phosphorescence
intensity in the vicinity of t=0 is described by the
first term in the rhs in eq. (5). Note that the
phosphorescence intensities in Figure 3 were
recorded in a single photon counting regime and
then averaged over the time of about 0.5 s.
Therefore, the slope of lines in the vicinity of the
origin does not represent the dynamics of a real
photochemical process, but just a result of the signal
averaging.

Having in mind a relatively slow variation of the SO
phosphorescence intensity in Figure 3, SO
concentration at time t > 1 s can be presented as a
stationary solution of eq. (5):

Ngo () = ¥s0Tq(t)Npr (t) , @)
where N in eq. (6) and Nrr in eq. (7) decrease in

time due to photobleaching of the photosensitizer
molecules.
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As can be seen from egs. (6) and (7) at low PS
concentrations when quenching of SO due to
interaction with water molecules is a major
contribution in eq. (6) the SO concentration is
proportional to the excited triplet PS molecule
concentration which decreases slowly steadily
approaching a plateau (see three low-lying curves in
Figure 3).

At high PS concentration when quenching of SO due
to interaction with PS molecules is a major
contribution in eq. (6) the SO concentration
practically does not depend on Nx (see two higher-
lying curves in Figure 3). Therefore, the simple
theoretical model used is in a good qualitative
agreement with the experimental data.

CONCLUSIONS

The paper presents in vitro steady-state
experiments on simultaneous recording of
Radachlorin photosensitizer fluorescence kinetics
and singlet oxygen phosphorescence Kkinetics
induced in the PS aqueous solution by CW laser
radiation in the PS Soret absorption band. The
results obtained were interpreted on the basis of a
set of rate equations describing excitation and
degradation of the photosensitizer molecules and
singlet oxygen generation. As shown, the
photosensitizer fluorescence kinetics obeys a simple
exponential law with the intensity approximately
proportional to the photosensitizer concentration.
This result is interpreted in terms of a competition
between the photosensitizer bleaching and diffusion
flux into the interaction volume from the
surrounding solution. The singlet oxygen
phosphorescence intensity demonstrated a well
defined upper limit achieved with the increase of
photosensitizer =~ concentration = which  was
interpreted as a result of quenching collisions
between the singlet oxygen and the photosensitizer
molecules. It was shown that the experimental
method used allows to evaluate important
photophysical parameters and to determine optimal
values of photosensitizer concentration and
excitation light intensity for efficient generation of
singlet oxygen in the system.
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