The Excitation Spectra of Singlet Oxygen
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THE EXCITATION SPECTRA
OF SINGLET OXYGEN AND PHOTOLUMINESCENCE
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OF METHYL PHEOPHORBIDE-a

The correlation between the photoluminescence intensity of a dye-sensitizer (methyl pheophor-
bide-a, MPP-a) and the efficiency of the singlet oxygen (*O2) generation is studied. The
excitation spectrum of 'Oz emission at 1270 nm has one strong band at 403 nm that coincides
with the Soret band of MPP-a and only a weak peak at 667 nm, which practically coincides with
the strongest band of the MPP-a excitation spectrum. Therefore, the choice of an excitation
wavelength for the efficient *O2 generation should be based on direct measurements of the
excitation spectra of the sensitized 1Oz emission.
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1. Introduction

In many applications, the efficiency of a dye sensitizer
is assessed by the intensity of its visible photolumi-
nescence, because the direct detection of singlet oxy-
gen is rather difficult. We studied the correlation be-
tween the photoluminescence (PL) intensity of a dye
sensitizer to generate singlet oxygen (1O,) and the
intrinsic singlet oxygen emission at 1270 nm by the
example of methyl pheophorbide-a (MPP-a) [1, 2].
Particularly, such study is of interest for the practice
of photodynamic therapy (PDT). PDT is a medical
technique, which uses a combination of photosensitiz-
ing preparation and light to induce a selective damage
on the target [3]. Applications of the photodynamic
effects mainly explored on the cancer treatment as an
alternative to the chemotherapy or radiotherapy pro-
cedure. Moreover, the photodynamic methods are al-
ready in use either routinely or in experimental stud-
ies on several medical fields, such as dermatology,
ophthalmology, gastroenterology, cardiology, neona-
tology, and against fungal and bacterial infections.
In PDT under suitable illumination, the photosen-
sitizer can give rise to activated species, which are
very reactive to biological environment [4, 5]. Follow-
ing the light absorption, the photosensitizer molecule
promotes the excited singlet state with a short life-
time (ns). The photosensitizer can return to it ground
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state by emitting a photon (fluorescence) or by inter-
nal conversion with energy loss as heat. The intersys-
tem crossing can transfer the excited photosensitizer
molecule to a triplet state with a longer lifetime (ms),
by increasing the probability of the energy transfer to
other molecules [6, 7]. The triplet state of a photo-
sensitizer can react with biomolecules following two
mechanisms known as Type I and Type II reactions.
Type I reaction involves the electron/hydrogen trans-
fer directly from a photosensitizer producing ions or
the electron/hydrogen absorption from a substrate
molecule to form free radicals. The second one (Type
IT reaction) produces the electronically excited highly
reactive singlet state of molecular oxygen known as
singlet oxygen [8, 9]. In many applications, includ-
ing PDT, the efficiency of excitation of a dye sen-
sitizer to generate singlet oxygen often assessed by
the intensity of dye’s visible PL, because the di-
rect detection of singlet oxygen is rather difficult.
The generation rate of 'O can monitored by mea-
suring the intensity of emission at 1270 nm. Un-
fortunately, this emission is very faint because the
corresponding transition between the singlet excited
and triplet ground states is forbidden in the dipole
approximation.

2. Results and Discussion

Spectra of PL of MPP-a dissolved in chloroform (6x
x107% M) and the band of sensitized 'Oy emis-
sion were recorded with a VIS IR spectrophotome-
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Fig. 1. Absorption spectra of the MPP-a dissolved in chloro-
form (6 x 1072 M) before (1) and after (2) irradiation by a
laser at 405 nm
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Fig. 2. Excitation spectra of intrinsic photoluminescence of

MPP-a dissolved in chloroform (6 x 107°) (1) and O3 emis-
sion (2)

ter based on a wide-aperture double monochromator
equipped with a cooled photodiode InGaAs (IGA-30
EOS, USA). The obtained spectrum of PL of MPP-a
was similar to that presented in [2].

We study the correlation between the rates of
degradation of photoluminescence of MPP-a in visi-
ble and sensitized 'O, emission during irradiation by
a semiconductor laser operating at 405 nm. We found
that the intensity of PL in visible and the intensity
of 1Oy emission decrease, but the degradation rate of
PL of the dye is by a factor of 1.5+ 2.5 less than that
of the emission of singlet oxygen. This shows that the
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emission by MPP-a

dye efficiency assessment based on the intensity of its
visible PL is acceptable.

One can assume that the degradation of PL of the
dye occurs due to the degradation of the dye itself
under excitation laser irradiation. To prove this as-
sumption, the absorption spectra of MPP-a dissolved
in chloroform before and after laser irradiation were
recorded with a Specord UV VIS spectrophotometer.
The obtained absorption spectrum of MPP-a is sim-
ilar to that presented in [2], and all its bands com-
pletely disappeared after irradiation when visible PL
cannot be more observable (Fig. 1).

We also measured the excitation spectra of intrinsic
PL of MPP-a at 730 nm and the sensitized emission
of singlet oxygen at 1270 nm under the same condi-
tions of excitation with a UV-Vis spectrophotometer
Varian Cary Eclipse (VCE). The excitation spectra of
intrinsic photoluminescence of MPP-a were recorded
using the standard option of VCE. To register an
extremely faint sensitized 'O, emission, we used a
cooled InGaAs photodiode covered with a set of fil-
ters providing a narrow band of transmission centered
at 1270 nm. The photodiode detector was inserted to
the cuvette section of VCE directly next to the sam-
ple. The photodiode was connected to the input of
its own registration system independent of the VCE
fluorescence intensity registration. The registration
of 1Oy emission was synchronized in time with the
wavelength scanning of an excitation monochroma-
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tor of VCE. In the excitation spectrum of intrinsic
PL of MPP-a, one can observe two strong bands at
403 nm and 670 nm and three week bands at 503 nm,
538 nm, and 616 nm.

The overall view of the PL excitation spectrum of
MPP-a displayed in Fig. 2 is in rather good agree-
ment with its absorption spectrum shown in Fig. 1
and with the PL excitation spectrum in Fig. 4.4. in
[2]. In the excitation spectrum of PL of MPP-a, the
bands at 403 nm and 670 nm dominate, and the band
at 670 nm has a major peak intensity. At the same
time, the band with a maximum at 403 nm dominates
in the excitation spectrum of the emission of singlet
oxygen, and only a weak peak can be seen at 667 nm,
i.e. in a very close vicinity of 670 nm. This means the
effective excitation of PL of the dye-sensitizer in the
visible spectrum does not always evidence the effec-
tive excitation of molecular oxygen, i.e. the effective
generation of singlet oxygen. Therefore, the common
opinion that a PDT dye has to have an absorption
band in the “windows of transparency” of typical tis-
sues (600-900 nm) for the best one-photon PDT ac-
tivation is not undisputable.

Main transitions involved in the formation of spec-
tra shown in Figs. 1 and 2 and in the process of singlet
oxygen photosensitization are summarized in Fig. 3.

On the left, we present the Jablonski diagram
adapted to MPP-a with regard for the assignment of
transitions in similar pheophorbide derivatives [4, 5].
The transition from the Sy ground state of MPP-a
molecule to the Sy excited state forms the so-called
Soret band at 403 nm in absorption and excitation
spectra.

The @,(0,0) absorption transition from the Sy
ground state of MPP-a molecule to the S; excited
state forms the band at 670 nm in absorption and ex-
citation spectra. Back transitions from the excited
S1 state to the Sy ground state contribute to the
red photolumenscence of MPP-a. Three weak ab-
sorption peaks at 503, 535, and 615 nm (Fig. 1) and
the corresponding peaks at 503, 538, and 616 nm in
the excitation spectra (Fig. 2) may be assigned to
Q2(0,1), Q(0,0), and @, (0, 1) transitions not shown
in Fig. 3 [4].

The right side of Fig. 3 displays the triplet ground
state (302) and the lowest singlet excited state (1O3)
of molecular oxygen. The 'O, state is populated by
the energy transfer from the triplet 7} state of MPP-
a molecule. The rate of 'O, generation depends both
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on the rate of energy transfer and the T} state popula-
tion. The T; state of MPP-a can be populated by the
intersystem crossing (ISC) from S; and Ss states. In
addition, the T7 state may be efficiently populated
due to transitions from the 75 state that may be
populated, in turn, by ISC from the S, state. From
the comparison of excitation spectra of the PL of
MPP-a in the visible and sensitized emission of sin-
glet oxygen, it follows that the probability of tran-
sitions S; — Sy is significantly greater than that of
S, — T1.

3. Conclusion

The effective excitation of PL of the dye-sensitizer
in the visible spectrum does not always evidence
the effective excitation of molecular oxygen. The ef-
ficiency of the singlet oxygen generation cannot be
directly connect with the intensity of visible photolu-
minescence of the dye-sensitizer. A choice of the dye-
sensitizer excitation band to generate singlet oxygen
with regard for only the dye-sensitizer PL intensity
may be incorrect. The selection of an excitation wave-
length for the efficient 'O, generation should be based
on direct measurements of the excitation spectra of
sensitized 'Oy emission.

We express our gratitude to Prof. V.M. Yashchuk
for the useful discussion.
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CIIEKTPU 3BY/I2KEHH{ CUHIVIETHOI'O KMNCHIO
I ®OTOJIFOMIHECIHEHIIS METIJIGEODPOPBIAY-a

Peszowme

JlociizKeHO KOPEJIAIIo MiXK IHTEHCUBHICTIO (DOTOTIOMIHECIIEH-
uil 6apsHuKa-cencubinizaropa merindeodbopbiny-a (MPP-a) i
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edexrusnicTio reneparnii cunrmernoro xucuio (10g). CrexTp
36yKennst emicii 1Og mpu 1270 HM Mae OJHY CHIBHY CMY-
ry, upu 403 uM 30iraerbes 3i cmyroro Cope MPP-a i Timbku
cabKuil mkK npu 667 HM TpaKTUYHO 30ira€ThbCcsd 3 CaMOIO iH-
TEHCHBHOIO CMyTOIo crekTpa 30ymxenus MPP-a. Tomy Bubip
JOBXKUHY XBUJI 30y/12KEHHST 17151 €(PEKTUBHOI IreHepariil 103 mo-
BUHEH OyTH 3aCHOBaHUI HA NMPsIMUX BUMipax clieKTpa 30ym1Ke-
HH# ceHcubinizoBanol emicii 1 Og.
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